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Abstract
The attainment of homogenous combustion in diesel engines has always been a challenge. The erstwhile literatures reported 
the potential of porous media (PM) in enhancing the homogeneity of fuel–air mixture in various combustion devices. Taking 
cognisance of this fact, it was attempted to apply PM on the piston bowl of the diesel engine to study the consequent efficacy 
of homogenous combustion. It was revealed from the study that with the application of PM on the piston bowl, the evaporation 
rate of the fuel mixture was enhanced (shorter ignition delay) and mechanical efficiency was also improved as compared to 
the conventional engine. Compression tests were performed for the three commercially available PMs, like silicon carbide, 
alumina and zirconia, to determine their load bearing capacity inside the engine during operation. Silicon carbide was found 
to have better material strength to resist load. Also, experimental analysis was conducted by the use of cylindrical shaped 
silicon carbide fixed in the cylindrical piston bowl, which was modified from the traditional hemispherical one. The standard 
volumetric compression ratio of 17.5 and the porosity of ~ 78% were considered for PM. The experiments were performed 
at different part loads with PM for the safe operation of the engine. The mechanical efficiency ( �

m
 ) was found to enhance 

by ~ 9% and ignition delay got advanced by ~ 2° crank angle with PM. Emission parameters with PM, such as nitrogen oxides 
(NOX) and carbon dioxide (CO2) were reduced up to ~ 62% and ~ 39%, respectively, than those of conventional diesel engine.
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Abbreviations
3D	� Three-dimensional
Al2O3	� Alumina
BP	� Brake power (kW)
BTDC	� Before top dead center (°)
BTHE	� Brake thermal efficiency (%)
CA	� Crank angle (°)
CFD	� Computational fluid dynamics
CO	� Carbon monoxide (ppm)
CO2	� Carbon dioxide (%)
CR	� Compression ratio
EGR	� Exhaust gas recirculation
HC	� Hydrocarbon
HRR	� Heat release rate (J/°)
ID	� Ignition delay (°)
IP	� Indicated power (kW)
NO	� Nitric oxide (ppm)

NO2	� Nitrogen dioxide (ppm)
NOX	� Nitrogen oxides (ppm)
PM	� Porous media
SiC	� Silicon carbide
UTM	� Universal testing machine
ZrO2	� Zirconia

List of symbols
Cp	� Specific heat (J/kg-K)
dm	� Mean pore diameter (mm)
k	� Effective thermal conductivity (W/m-K)
Pe	� Peclet number
SL	� Laminar flame speed (m/s)

Greek symbols
�
m

	� Mechanical efficiency (%)
ρ	� Density (kg/m3)
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1  Introduction

Diesel engine occupies a major global market due to its 
high power delivery, rigid structure, higher brake thermal 
efficiency (BTHE), as well as fuel economy; in comparison 
with the gasoline engines [1]. Low specific fuel consump-
tion and high emission levels are the traits of compres-
sion ignition engines. Several methods such as exhaust gas 
recirculation (EGR), catalytic converter water injection 
and water-diesel emulsified fuel have been introduced to 
reduce the level of emissions as it poses a serious threat 
to the environment and human health [2, 3]. The use of 
reciprocating porous media (PM) as a regenerator inside 
the cylinder of diesel engines has been identified as a 
potential substitute for reducing fuel consumption along 
with polluting emissions such as nitrogen oxides (NOX), 
hydrocarbons (HC), carbon monoxide (CO), and smoke. 
The thermal efficiency is found to be improved with PM 
compared to the conventional diesel engines [4].

The salient features of PM combustion include the 
attainment of high radiant output, high speed of the 
flame, higher density of power and modulation along 
with low NOX and CO emissions. The major difference 
between the conventional combustion systems and PM 
is that it improves the effective transport of energy from 
the burnt mixture to the unburned one [5]. PM assists 
toward homogenous combustion inside the cylinder by 
instant release of energy in the whole region of PM matrix 
through consistent distribution of temperature due to the 
three-dimensional (3D) ignition [6]. The unique changes 
in the mass transfer characteristics through the 3D topol-
ogy of the PM and heat recuperation permit appropriate 
mixing, which results in charge homogenization inside the 
PM [6]. In PM combustion, the quenching of  the flame 
is described by a modified Peclet number (Pe), given in 
Eq. (1) [7, 8].

The modified Pe defines the ratio between the discharge 
of energy owing to the ignition in a PM cavity and the quan-
tity of energy escaped through the cavity walls. Moreover, 
it pronounces the ratio of the characteristic diameter of the 
PM cavity to the thickness of the front of laminar flame [6]. 
As reported by Trimis and Wawrzinek (2004), the spread 
of flame in PM is hardly hindered if Pe 65 ± 45 [8]. Igni-
tion process is the significant aspect for a PM, in connec-
tion with the homogeneous combustion in an engine. Out 
of the total of four ignition methods (a) local ignition by 
the spark plug, (b) thermal self-ignition by compression, (c) 
controlled (low-temperature chemical) auto-ignition, and (d) 

(1)Pe =

S
L
d
m
C
p
�

k

3D thermal PM self-ignition, the succeeding three methods 
can deliver a homogeneous combustion process [6].

Porous burner has proved to be a  very promising 
technology in enhancing the combustion efficiency and 
minimizing the formation of pollutants [9]. Based on 
this encouraging feature of porous burner, the feasibility 
of achieving homogeneous combustion in diesel engine 
with PM (SiC) on cylinder head was experimentally evalu-
ated by Durst and Weclas [10]. Their attempt proved to 
be successful, resulting in the decrement of emission, 
enhanced efficacy of the cycle and reduction in the noise of 
combustion to that of a traditional diesel engine. However, 
they did not report the in-cylinder analysis of combustion, 
such as pressure rise rate, heat release rate (HRR), mass 
fraction burnt, and ignition delay. Hall and Paroutka per-
formed experimental analysis of the combustion stability 
with a conventional fuel injector. Using it, they injected 
methanol fuel inside the PM made burner [11]. They con-
sidered various combinations of flow rates of air and fuel 
to obtain steady combustion. Within the range of equiva-
lence ratio of 0.2 to 0.65, they reported stable combustion. 
However, they could not achieve complete combustion 
of methanol under all conditions, especially when non-
premixed (diffusion) flames were released downstream 
of the ceramic. Reijenders and his associates carried out 
experimental and numerical investigations on porous noz-
zle [12]. The investigation revealed the advantage that 
porous nozzle spray can provide a homogenous mixture 
of fuel and air. Also, they reported that the ignition delay 
was shorter for PM injector compared to the conventional 
one. The influence of the properties of PM on the charac-
teristics of fuel injection, splitting effects of multi-jets and 
features of spray in a stainless constant volume chamber 
was studied experimentally by Shaahangian et al. [13]. 
According to them, in the presence of PM, the rich core 
zone of the spray reduces. Additionally, in the presence of 
PM, improved interaction between air and fuel was noticed 
at different fuel injection pressures. This is a significant 
factor for combustion efficacy.

The inference from the literatures revealed the influ-
ences of PM on the combustion behavior in diesel engines 
by applying it at the stationary components, such as, cyl-
inder head and fuel injector. The performance effects due 
to the to-and-from motion of the engine’s dynamic com-
ponents, namely, the piston, in which PM is fixed on the 
modified bowl, are yet to be investigated. In the present 
work, experimental analysis was performed with PM fixed 
on the modified piston bowl (cylindrical shape) by consid-
ering performance, combustion and emission parameters. 
These parameters are compared with the conventional die-
sel engine parameters to evaluate the advantage of using 
PM towards engine application. All the experiments are 
performed for the load variations, represented as torque 
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from 0.5 kg (0.90Nm) or No load to 6.4 kg (11.61Nm) in 
five steps.

2 � Experimental methodology

2.1 � Compression test of PMs 

The high-pressure environment inside the combustion 
chamber raises the concern regarding the tolerance of PM 
to withstand it. So, before putting the PM inside the engine, 
compression tests of different PMs were performed in a 
hydraulic universal testing machine (UTM). This is done to 
find the material load bearing capacity, during engine opera-
tion. The selection of the PMs for the application in diesel 
engine is based on the favorable thermo-physical properties 
shown in Table 1 [10, 14]. The PMs, namely SiC, Al2O3 and 
ZrO2, are procured from Eltech ceramics, Coimbatore, India, 
and presented in Fig. 1a–c [15]. The PMs are cylindrical 
in shape, and the dimensions are customized in accordance 
with the modified piston bowl dimension, which is cylindri-
cal in shape (diameter = 52 mm and height = 22 mm).

2.2 � Compressiontest in hydraulic universal testing 
machine (UTM)

As ceramic PMs are brittle in nature and fail in shear, 
the compression tests were performed, where it can pro-
vide the limit of load that the PM can sustain inside a 
compression ignition engine during its actual operation. 

The compression tests showed that the specimen fractures 
because of the bulging action with compression loading 
and material crumbling. The specifications of the UTM 
are mentioned in Table 2. The compression tests are per-
formed for different PMs, namely SiC, Al2O3 and ZrO2. 
Load vs. displacement and stress vs. strain curves are 

Table 1   The thermo-physical 
properties of the PMs [10, 14]

Properties Materials

SiC Al2O3 ZrO2

Maximum permissible temperature in air (°C) 1600 1900 1800
Thermal expansion coefficient (20–1000 °C) (10–6/K) 4–5 8 10–13
Thermal conductivity (1000 °C) (W/m-K) 20–50 5–6 2–4
Total emissivity (2000 K) 0.9 0.28 0.31

Fig. 1   Images of porous struc-
ture of a SiC, b Al2O3, c ZrO2

Table 2   UTM specifications (BSUT-100-JD)

Specifications Values

Maximum capacity (kN) 1000
Load range with accuracy of measure-

ment ± 1% (kN)
20–1000

Resolution of piston movement (displacement) 
(mm)

0.01

Tensile testing space (mm) 80–850
Compression space (mm) 0–765
Clearance between columns (mm) 710
Piston stroke (mm) 250
Crosshead moving speed (mm/min) 0–80
Power (kW) 2.2, 415/380 V, 3ph
Load frame (L × W × H) (mm) 980 × 650 × 2500
Clamping jaws for flat specimens of diameters 

(mm)
13–35, 35–55

Clamping jaws for flat specimens of thickness 
(mm)

0–40

Width (mm) 82
Pair of compression plate of diameter (mm) 205 × 205 × 30
Roller diameter (mm) 50
Maximum clearance between supports (mm) 700(� 20)
Radius of punch tops (mm) 30
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taken into consideration for the analysis, and the results 
obtained from the compression test are presented in results 
and discussion section.

Moreover, from the earlier study performed using compu-
tational fluid dynamics (CFD) by the same group of authors, 
and from the literatures, SiC was found suitable for engine 
application [16]. This is because the use of SiC showed 
higher peak cylinder temperature with a shorter ignition 
delay comparable to Al2O3 and ZrO2. This is an indication 
of the combustion homogenization as desired from PM [10]. 
Hence, experimentation was performed with SiC. Thereaf-
ter, this PM has been fitted on the cylindrical piston bowl, 
modified from the conventional hemispherical one. This is 
because PM is commercially available in cylindrical shape. 
The diameter of the cylindrical piston bowl of 52 mm is the 
same to that of the hemispherical piston bowl of the con-
ventional compression ignition engine. This bowl height of 
22 mm is the maximum permissible modification limit in 
the piston bowl, as beyond this the piston bowl may rupture. 
Based on the dimension of the cylindrical piston bowl, the 
porosity of the PM is calculated as ~ 78% (“Appendix”). This 
porosity is required to retain the CR of 17.5 of the conven-
tional compression ignition engine.

The SiC foam is customized to have a diametric tolerance 
of 2 mm (i.e., diameter ~ 50 mm) with a height of 22 mm. 
This is considered from the actual dimensions of the piston 
bowl available in the diesel engine. The circumference of the 
PM is covered by an aluminum ring (Fig. 2), to mount and 
lock it on the piston bowl.

2.3 � Compression ignition engine experimental test 
rig

A 3.2-kW diesel engine (make: Kirloskar) coupled with an 
eddy-current-type, water-cooled dynamometer is used for 
the experiments. A panel box constitutes air box, fuel tank, 

display for measurement of temperature, rpm, and load con-
trol knob. To control the flow of cooling water in the test 
rig and calorimeter, two rotameters are also fitted [17]. The 
specifications of the diesel engine and the data acquisition 
rate are summarized in Tables 3 and 4. The schematic dia-
gram of the engine set up is shown in Fig. 3. The engine-out 
emissions, namely NOX and carbon dioxide (CO2), released 
through the exhaust pipe of the engine are measured using 
TESTO 350 flue gas analyzer. The specifications of the flue 
gas analyzer are mentioned in Table 5.

2.4 � Experimental procedure

The experimental procedure was initiated with the disman-
tling of the engine component from the engine head to the 
connecting rod of the piston at the bottom. The modification 
of the piston bowl from the hemispherical one (Fig. 4) to the 
cylindrical one was performed to accommodate the cylin-
drical PM, commercially available as shown in Fig. 1. This 
dismantling was done to fit the PM (SiC) on the modified 
piston bowl (cylindrical) as shown in Fig. 5.

Before fitting the PM to the cylindrical piston bowl, high-
temperature ceramic glue, named Zircon [19], was applied to 
the circumference of the aluminium ring of the PM. This is 
because during the engine operation, the rigorous dynamic 
motion of the piston may displace the PM from the bowl. 
This may break the PM and create damage in the engine. The 
PM is attached on the cylindrical piston bowl as shown in 
Fig. 6, by the process of press fitting on the lathe. Thereafter, 
the entire piston with PM is put inside an electric furnace 
(VFI 1400) for curing of the ceramic glue. The modified 

SiC Porous 
Media

Aluminium 
Ring

Fig. 2   SiC attached with aluminum ring

Table 3   Specifications of the engine

Parameter Specification

Make Kirloskar
Type 1 cylinder, 

diesel,4-
stroke, 
water-cooled

Rated power (kW), speed (rpm) 3.5, 1500
Cylinder diameter (mm), volumetric displacement 

(cm3)
87.5, 661

Compression ratio (CR) 17.5
Stroke (mm) 110
Injection timing (°BTDC) 23
Injection Pressure (bar) 200 
Dynamometer Eddy cur-

rent type, 
0–12 kg, 
185 mm 
radius

Temperature sensors PT100, K type
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piston is then reassembled in the engine, along with all the 
components to perform experiments with PM.

The PM-fitted engine was run with diesel fuel as per 
the baseline settings of CR 17.5 and fuel injection timing 
of 23 degree before top dead center (°BTDC), at a con-
stant speed of 1500 ± 50 rpm. As SiC is brittle in nature, 

hence, for the safe operation of the engine, the experiment 
was performed at different part loads. The load variations 
represented as torque are 0.90 (No load), 2.90, 5.80, 8.71 
and 11.61 Nm. The baseline tests of the engine with diesel 
fuel, in the presence of conventional hemispherical pis-
ton, are also performed at the standard settings. The load 

Table 4   Data acquisition rate 
[18]

Parameter Specification

Fuel flow meter DP transmitter, range 0–500 mm WC
Air flow transmitter Pressure transmitter (-) 250 mm WC
Pressure sensors Piezo-type, range 5000 PSI, with low noise cable
Temperature sensors and transmitter PT 100 (RTD) type, range 0–100 °C, output 4–20 mA (4 nos) 

K (ungrounded) type, range 0–1200 °C, output 4–20 mA (2 
nos)

Load sensor and indicator Strain gauge type load cell with digital indicator, range 0–50 kg
Speed sensor and indicator Resolution 1°CA, range (5500 rpm) with TDC pulse
Data acquisition device NI USB -6210, 16 bit, 250 kS/s

Fig. 3   Schematic diagram of the diesel engine test bench

Table 5   Specifications of the 
flue gas analyzer

Parameter Resolution Accuracy Range

CO2 0.01 Vol. % (0–25 Vol.%), 
0.1 Vol.% (> 25 Vol. %)

 ± 0.3%Vol. % ± 1% of reading, (0–25 Vol. %),
 ± 0.5Vol.% ± 1.5% of reading (rest of range)

0–50 vol.%

NO 1 ppm  ± 5 ppm (0-99 ppm)
 ± 5% of reading (100–1999.9 ppm)
 ± 10% of reading (rest of range)

0–4000 ppm

NO2 0.1 ppm  ± 5 ppm (0–99.9 ppm)
 ± 5% of reading (rest of range)

0–500 ppm

HC 1 ppm 400 ppm < 4000 ppm 0–40,000 ppm
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variations considered are equal to those of the PM set-
tings for comparing the performance of the engine with the 
baseline data. At each load, different parameters, namely, 
combustion and fuel pressures with respect to CA varia-
tions, temperatures, air, and fuel flow rate, speed, were 
recorded at least for three cycles from the experiments 
with baseline and PM and averaged at a particular load for 
analysis. Based on this, performance along with combus-
tion analysis was performed with baseline and PM. Emis-
sion parameters, namely NOX and CO2, were also recorded 

from the flue gas analyzer for both, baseline and with PM. 
The samples of flue gases were flown through the probe, 
once the engine reached steady-state. All the experiments 
were performed at 25 ± 2 °C and atmospheric condition.

3 � Results and discussion

As stated in the experimental methodology section, the out-
come of the compression tests performed for SiC, Al2O3 and 
ZrO2 is presented first. Also, the results obtained from the 
experimentation for baseline test and PM are discussed. The 
results of performance, ignition delay (ID) and emissions 
are shown with load variation. The findings of combustion 
analysis are reported with the variation of CA.

3.1 � Compression tests outcome

The compression test was performed in UTM. Initially, the 
load was applied gradually by displacing the head on the 
surface of SiC. After reaching maximum load of 15.03 kN 
at displacement of 1.9 mm, the material crosses its limit to 
withstand the load and the material fracture starts (Fig. 7). 
Similarly, for Al2O3 and ZrO2, the maximum load, at which 
the material started to fracture was 14.54 kN and 15.49 
kN, respectively. The displacement of load in Al2O3 was 
1.3 mm, which is less as compared to SiC. The displacement 
for ZrO2 was 0.9 mm, which is lesser than SiC and Al2O3. 
Although ZrO2 withstood a little higher load than SiC, its 
rupture occurred 1 mm earlier than SiC. Therefore, it can 
be understood that SiC can withstand load for longer period 
as compared to ZrO2 and Al2O3. The material failures for 
Al2O3 and ZrO2 are also shown in Fig. 7. The stress vs strain 
curve is shown in Fig. 8. This curve shows that SiC has bet-
ter material strength to resist load in comparison with Al2O3 
and ZrO2. The range of values of stress for Al2O3 and ZrO2 

Φ- 52mm

Fig. 4   Hemispherical piston bowl

Fig. 5   Cylindrical piston bowl

SiC PM

Fig. 6   PM-fitted piston
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is well within the permissible limit reported in the literature 
[20]. This is also validated based on the thermo-physical 
properties of PMs (Table 1). Although SiC has a little lower 
melting point (yet sufficient for diesel engine combustion) 
and lower thermal expansion coefficient, it has reasonably 
higher thermal conductivity, as well as higher emissivity. It 
implies that SiC can transfer heat more quickly to the piston 
material than other PMs and hence the piston will experi-
ence less thermal stress zone. The absorbed heat will be 
emitted at a faster rate from the surface of SiC due to higher 
emissivity [21].

3.2 � Performance analysis

The parameters that are used to evaluate the engine per-
formance are BTHE and mechanical efficiency ( �

m
 ). The 

variations of BTHE at part loads for baseline and PM are 
shown in Fig. 9. BTHE is defined as the ratio of BP (net 
power obtained at the output of the crankshaft considering 
frictional loss) and the product of fuel consumption and 
calorific value [22].

It is seen from Fig. 9 that both for baseline and with 
PM, BTHE increases with the increase in load. But 
BTHE is found to be lower in PM than in baseline test. 
This indicates that fuel consumption in PM mode is a bit 
higher than in the conventional engine. BTHE signifies 
the conversion of the amount of heat generated from fuel 

Fig. 7   Material failure in SiC, Al2O3 and ZrO2
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to mechanical energy, i.e., work output. In PM, due to 
the rich fuel region, the entire fuel quantity may not get 
combusted and hence the energy conversion is lesser. Fur-
ther, the regeneration effect in PM that carries away some 
amount of heat, generated from the combustion of fuel, 
may result in lowering the BTHE [4].

The performance of a system is determined in terms of 
efficiency. In the present work, the comparisons of the per-
formance with baseline and PM are also measured in terms 
of �

m
 . It is defined as the ratio of the delivered BP to the 

indicated power (IP) [23]. Figure 10 depicts the increment 
of �

m
 with load for PM, to that of baseline test. The aver-

age increment of �
m

 at the loads of 0.90, 2.90, 5.80, 8.71, 
and 11.61 Nm for PM are 13.64, 21.62, 31.87, 39.47, and 
46.11%, respectively, to that of baseline results of 11.53, 
18.85, 29.47, 36.3, 42.94%, respectively. This increment in 
�
m

 for PM represents the reduction in heat energy loss apart 
from mechanical loss, which is a very significant factor in 
engine performance. Also, an earlier CFD study by the same 
authors reveals that the turbulent kinetic energy, which is 
important phenomenon in realising efficient combustion, is 
found to be augmented with PM, leading to generation of 
higher thermal energy [24]. The thermal energy recupera-
tion [4] effect in PM avails enhanced energy efficiency as 
compared to the baseline run.

3.3 � Combustion analysis

The results of combustion analysis with baseline test and PM 
are presented for the variation of average cylinder pressure, 
pressure rise rate, HRR and ignition delay (ID) at different 
part loads. The variations of average cylinder pressure inside 
the engine decode the combustion behavior. Till date, no 
literature reported the variation of pressure with respect to 
CA ( P − � ) for PM combustion in an internal combustion 
engine. With the increase in the load, the peak cylinder pres-
sure increases (Table 6). This is because the mass flow rate 
of fuel is increased with the increase in load, resulting in 

higher heat generation. The cylinder pressure variations at 
different loads  with baseline and PM are shown in Fig. 11.

Along with Table 6, it reports that the average cylinder 
pressure is lower for PM than in baseline test. The drops in 
the peak pressure are reported as 6.75, 4.15, 3.79, 5.94, and 
4.56 bar, at respective loads tested. This drop in pressure 
variation with PM is attributed to the inertial and viscous 
resistance of PM. The effect of viscous resistance results in 
controlled pressure variation in PM and with inertial resist-
ance the gas mixture density decreases, which may lead 
to higher frictional losses [24]. The peak pressure devel-
oped, power produced and the smoothness with which the 
gas forces produced during combustion are transmitted to 
the piston are influenced by the rate of pressure rise in the 
engine combustion [22]. The variations of the pressure rise 
rate with CA at different loads are plotted in Fig. 12. It is 
observed from the plot that at 0.9 Nm, the pressure rise rate 
is lower in PM than that of baseline test. Also, the fuel is 
ignited a little earlier baseline test than with PM. This is 
because at a lower load, sufficient amount of energy is not 
stored in PM to assist in rapid evaporation of the fuel. Con-
sequently, at 2.90Nm and 5.80Nm, the rate of pressure rise 
is greater with PM than the engine run in baseline mode. 
This is due to the release of stored energy from the earlier 
cycle with PM, which accounts for the regeneration of heat.

It is also observed that the ignition point is advanced for 
PM in both the loads and subsequently observed for 8.71Nm 
and 11.61 Nm. This leads to a relative earlier ignition of 
the premixed charge and rapid evaporation of fuel result-
ing in shorter ignition delay. Therefore, the accumulation of 
fuel is lesser in the combustion chamber. These results in a 
reduction in pressure rise rate at 8.71Nm and 11.61Nm [25]. 
From Fig. 12, it is seen that at 8.71Nm and 11.61Nm, the 
pressure rise rate is lowered with PM than in baseline test, 
which accounts for the effect of the viscous and the iner-
tial resistances. The ignition delay accounts for the duration 
between fuel injection and fuel ignition [21]. The variation 
of ignition delay with fuel injection timing along with mass 
fraction burnt for 10%, 50%, and 90% with load is presented 
in Fig. 13. The values of peak rate of pressure rise and the 
CAs of combustion initiation for baseline and PM at differ-
ent loads are illustrated in Table 7.
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Table 6   Peak cylinder pressure 
variation with load

Torque (Nm) Peak cylinder 
pressure (bar)

Baseline PM

0.9 45.98 39.23
2.90 47.47 43.32
5.80 48.49 44.70
8.71 52.66 46.72

11.61 54.77 50.21
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Fig. 11   Variation of cylinder pressure with CA at part load
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The mass fraction burnt (MFB) is used to estimate the 
ignition delay and combustion duration to the amount of 
accumulated fuel or accumulated heat during the combus-
tion period by the total fuel or total heat release [26]. The 
duration of 10%, 50%, and 90% MFB can be stated as (a) the 
point where the fuel injection starts and the point of igni-
tion delay is the region for 10% MFB, (b) 50% MFB occurs 
when injected fuel is converted to heat energy, and (c) 10% 
to 90% MFB is the combustion duration [27]. From Fig. 13, 
the MFB for 10%, 50%, and 90% in PM is found to be lower 
than in baseline test. This is due to the combustion stability 
[8] within PM matrix, due to which the fuel burning rate 
progresses steadily.

HRR is a very significant combustion parameter, which is 
calculated by invoking the 1st law of thermodynamics using 
the in-cylinder gas pressure variables. Different phases of 
combustion are classified through HRR, namely, premixed, 
mixed phase and late combustion phase [28]. The variations 
of HRR with different combustion phases for PM and base-
line test with the CA at part loads are shown in Fig. 14. In all 
the loads, the premix phase or the ignition delay is advanced 
up to 3ºCA BTDC with PM than that of the baseline tests. 
With PM, it is found to be advanced till TDC. This advance-
ment of premix phase with load increment indicated faster 
evaporation of charge with PM than in baseline test, i.e., 
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Table 7   Peak rate of pressure rise variation and CAs of combustion 
initiation

Sl. no Torque (Nm) Peak rate of pressure 
rise (bar/°)

Combustion 
initiation (°CA)

Baseline PM Baseline PM

1 0.9 2.67 2.03 363 364
2 2.90 2.87 3.34 363 361
3 5.80 3.29 4.02 362 360
4 8.71 4.83 3.74 362 359
5 11.61 5.65 3.85 361 358
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Fig. 14   Variation of HRR with CA at part load
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efficient heat transfer between fuel and air. The mixed phase 
in the plot depicts the combustion duration which is also 
found to be reduced with PM. This reduction of combustion 
duration in PM is due to the effect of its ignition delay. The 
late combustion phase is the duration where the after burn-
ing of fuel charge occurs [23]. This duration is found to be 
enhanced with the increment of load in PM than in baseline 
test due to efficient turbulent mixing [24] of unburnt and 
partially burnt fuel with the air.

HRR is found to be lower in PM at (0.9, 8.71, 11.61) 
Nm to that of the baseline test. However, there is a slight 
increment in HRR at 2.90Nm and 5.80Nm. This enhance-
ment of HRR at 2.90Nm and 5.80Nm with PM is the result 
of the accumulation of fuel which resulted in temperature 
rise. Whereas at 0.9, 8.71, and 11.61Nm, a lion’s share of 
the generated energy is spent to the piston movement, to 
produce more power. For HRR at 2.90Nm and 5.80Nm, a 
part of energy is also spent in piston movement, but due to 
more heat produced, the energy accumulation at PM will be 
higher than the latter. Thus, the expense of energy is higher 
at those loads, than that at the lower loads, resulting in the 
decrement in HRR. The comparisons of peak values of HRR 
with baseline and PM are shown in Table 8.

3.4 � Emissions

A diesel engine usually produces higher content of oxides of 
nitrogen and sulfur than petrol engine in addition to unburnt 
hydrocarbon and oxides of carbon during combustion. The 
foremost causes for the emissions are non-homogeneity in 
combustion, nitrogen dissociation and contamination in fuel 
and air [23]. The variations of NOX, CO2 and HC at part 
loads with baseline and PM are plotted in Figs. 15, 16 and 
17.

With the increase in load, the NOX emission reduced 
by 62.1, 50.5, 30.8, 55.3, and 57.7% and CO2 emission 
dropped by 39.5, 12.3, 15.9, 26.6, and 10.4%. The decre-
ment in NOX in PM is attributed to the controlled com-
bustion temperature inside the cylinder as reported in an 
earlier work of the same group of authors [24]. NOX is a 
function of temperature. As the combustion occurs, there 
is high generation of heat resulting in high temperature. 

With the application of PM in diesel engine, the property 
of energy recuperation is activated [9], and hence the some 
portion of the heat generated from combustion is stored in 
the PM, owing to its high heat capacity. Moreover, the rate 
of heat transfer from the gases to the PM is improved by 
the high specific heat surface area provided by the matrix 
structure of the PM with high porosity. These factors con-
tribute in keeping the maximum temperature of the com-
bustible gases in check as compared to that of the baseline 
case. This is how combustion temperature is controlled 

Table 8   Variation of peak values of HRR with load

Sl. no Torque (Nm) Peak values of HRR (J/°)

Baseline PM

1 0.9 50.35 41.34
2 2.90 51.77 52.01
3 5.80 55.33 55.47
4 8.71 76.22 50.22
5 11.61 82.11 48.88 0.5
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with the introduction of PM insert on the piston. The CO2 
formation with PM is observed to be lower than baseline 
test, owing to prompt evaporation of fuel as well as better 
oxidation of CO to CO2.

The hydrocarbon (HC) emissions depend on the fuel 
components, combustion chamber geometry and engine 
operating parameters. The HC is formed because when fuel-
rich mixture cannot react with enough quantity of oxygen. 
With lean mixture, the excess oxygen content leads to poor 
combustion resulting in HC emissions [23]. In this current 
work, the average HC emission reduction in PM is found 
to be 60% than in the baseline test. The variation of HC 
emissions with load for baseline test and PM is shown in 
Fig. 17. It is seen from the plot that the HC emission content 
increases with the increment in load for both the conditions. 
This is because with the increment in load, the pressure and 
temperature inside the cylinder increase leading to a higher 
burning rate. For baseline, the HC emission is higher due to 
inhomogeneity of the charge, whereas for PM, due to fuel-
rich mixture and change in piston bowl geometry, the forma-
tion occurs. However, the potential to achieve homogeneity 
with PM leads to lower concentration of emissions than in 
baseline test.

4 � Uncertainty analysis

The quantification of the instability of the output, owing to 
the variable input, is done using uncertainty analysis [29]. In 
the present work, sequential perturbation technique is con-
sidered to estimate the uncertainty of the parameters [30]. 
The parameters are air flow rate (1.2%), liquid fuel flow rate 
(0.2%), engine load (0.5%), engine speed (1.5%), etc. From 
the calculations, the accuracy of the performance and com-
bustion is found to be within ± 3.9%. Also the accuracy for 
emission parameter is calculated to be ± 2.5%.

5 � Conclusion

The experimental investigation by the application of SiC as 
ceramic PM on the modified piston bowl inside the compres-
sion ignition engine was performed. The results of the inves-
tigation were evaluated through the performance, combus-
tion, and emission analysis, both with baseline and PM. The 
key outcomes of the investigation are summarized below:

(a)	 The performance parameter �
m

 with part load for PM 
was found to be augmented up to ~ 9% to that of the 
baseline test, and the values of BTHE were found a 
little lower than in baseline test.

(b)	 Further, with the use of PM it was found that the igni-
tion delay got advanced by around 2°CA. This means 

faster evaporation of fuel and efficient burning of the 
charge in comparison with baseline test. However, the 
average HRR dropped by around 21% with PM due to 
the regeneration effect.

(c)	 The characteristic features of PM have assisted in a 
significant reduction of engine out gases such as NOX, 
CO2 and HC. The average drop of NOX, CO2 and HC 
with load for PM was found to be around 62%, 39%, 
and 60%, respectively.

It has been observed from the experimental findings that 
the application of PM on the piston bowl in diesel engine 
has the potential to enhance the performance and control the 
engine-out gases. The current work was attempted at part 
load conditions and constant speed. However in the future, 
the work can also be extended for higher loads and at dif-
ferent speeds.

Appendix

Calculation of Height of the PM

Hemispherical piston bowl volume = 36.81 cc.

where L = 2.6 cm.

Porosity of the PM

Machined cylindrical shape piston bowl volume 
(r = h = 2.2 cm) = 46.7 cc

Therefore, the minimum porosity applicable = (36.81/46.7) = 78% 
(for CR = 17.5).
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