Iranian Journal of Science and Technology, Transactions of Mechanical Engineering (2020) 44:783-797
https://doi.org/10.1007/540997-019-00285-0

RESEARCH PAPER q

Check for
updates

Computational Investigation of Porous Media Combustion Technology
in Spark Ignition Engine

Debojit Sharma’ - Biplab Kumar Debnath’

Received: 18 February 2018 / Accepted: 12 February 2019 / Published online: 4 March 2019
© Shiraz University 2019

Abstract

In the present work, computational fluid dynamics approach is adopted to study the possibility of using porous media in
combustion and emission in a single-cylinder four-stroke spark ignition engine. The combustion behavior inside the engine
without and with application of porous media is studied. The analysis with application of PM signifies enhanced combustion
behavior. The compression ratio is kept at 7. Two different types of fluid computational domains are considered, namely,
without and with PM. The three-dimensional modeling, meshing and simulations of the combustion chambers are performed
with the ANSYS 17.1-FLUENT software. The k—e turbulence model, the premixed combustion model and the spark ignition
model are used in the study. The parameters to be analyzed are the variation of cylinder pressure, temperature and turbulence
at different crank angles. The results of the computational work without PM are validated with the experimental work, which
is executed on the research engine setup operated in SI mode. The work is performed at different engine loads by varying
the engine torque, viz. 6 Nm (25%), 12 Nm (50%), 18 Nm (75%) and 24 Nm (100%) along with the no-load condition. The
analyses of the results indicate that the peak value of total pressure (1,986,868.99 Pa) and average value of total temperature
(632.63 K) with PM at 100% load are lower than without PM (1,992,314.50 Pa and 604.81 K). The concentrations of NOy
emissions are significantly reduced by the use of PM for all the loads. The percentage reductions in NOy emissions at no
load, 25%, 50%, 75% and 100%, are found to be 2.5%, 11.1%, 9.4%, 9% and 2.12%, respectively.
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Subscripts

p Pore

m Mean

u Unburnt

S, 8 Solid and fluid phase

Abbreviations

ATDC After top dead center (°)
BTDC Before top dead center (°)
BDC  Bottom dead center

C Computational

CAD  Crank angle degree (°)

CI Compression ignition

E Experimental

HRR Heat release rate (J/°)

ICE Internal combustion engine
PM Porous media

PPI Pore per inch

1 Introduction

The rapid advancement in the technology and improved liv-
ing standards of the society is responsible for the rise in
the abundant use of the fossil fuels. This poses a couple
of harmful indications attributed by fast depletion of the
fossil resources, along with the environmental pollution.
Researchers all around the world are trying various com-
binations of technologies to accomplish homogenous mix-
ture formation. One such technique to realize homogenous
mixture formation in internal combustion engines (ICE) is
porous medium (PM) combustion. The PM combustion is
advantageous compared to free flame combustion, since it
delivers homogeneous combustion process, higher burn-
ing rates, low emissions of the pollutants, to name a few. A
porous media (PM) can be defined as the substance having
inter-connected voids or pores. The skeletal of the PM is
often called the matrix or frame. Many natural materials
such as rock and soil obtained from aquifers, petroleum res-
ervoirs, zeolites, biological tissues of bones, woods, cork,
man-made materials, such as cements and ceramics can be
called as PM (Patel et al. 2015). The specific properties of
PM, especially the ceramic ones, which are attributed to
the homogeneous combustion are the high specific heat,
high melting point, lower thermal expansion coefficient
and good thermal and compressive strength, etc. (Das et al.
2015). Permeability is directly proportional to the increase
of porosity (Liu et al. 2009). Tensile strength of PM is found
to be inversely proportional to the increase of porosity. The
longevity of a material under fatigue at high stress level is
markedly reduced by a small amount of porosity. This is
because the pores turn as sites for the initiation of crack and
its growth (Shi et al. 2011). There are different applications
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of PM, namely filtration, acoustics, soil mechanics, petro-
leum engineering, bioremediation, geophysics, etc. (Weclas
2005). Some of the advantages of using PM are:

e Large specific surface area of PM improves the homoge-
neity of the combustion (Das et al. 2015).

e The addition of PM in a compressor or expander provides
the thermal stability during the compression or expan-
sion process. As a result, the thermodynamic efficiency
of the system increases for a fixed power density (Weclas
2005).

e High heat capacity of PM controls the combustion tem-
perature over a wide range of mixture compositions
(Krishna et al. 2016).

e PM acts as flame stabilizer during combustion process
and helps to trim down the harmful gases like NOy, CO
etc. (Zhao and Lai 1995).

From 1917 onward, numerous researchers patented the
application of PM in different areas by varying its geo-
metrical and material properties. Later on, PM was used
to improve the individual engine process, especially the
intake system and the combustion chamber (Park and Kavi-
any 2002). The greater portion of the literature was written
during the last 10-15 years, while the awareness of the role
and potential of the PM combustion technology on IC engine
gradually increased.

The novel concept of the utilization of PM in direct-
injection CI engines to achieve a homogeneous combus-
tion of a well-premixed charge was developed by Weclas
and Durst in the year 2001. They performed a systematic
experimental study on a test engine, which was a modified
diesel engine by inserting a silicon carbide (SiC) PM into
the cylinder head between the intake and exhaust valves.
Fuel was injected into the PM volume, and consequently,
all combustion events, i.e., fuel vaporization, fuel air mix-
ture formation and homogenization, as well as combustion
reactions, occurred inside the PM. Their results showed the
extraordinary characteristics of the PM engine in compari-
son with the conventional one, such as very low emissions,
high cycle efficiency and low combustion noise (Durst and
Weclas 2001).

A real three-dimensional (3D) porous structure positioned
downstream of the throttle of the engine carburetor was pro-
posed by Schladitz and Hutzenlaub as described in a German
patent in 1978. A system with very similar in operation was
proposed by Bernecker, 1978, where carburetor has a hous-
ing filled with ceramic pieces (as a porous element) fulfilling
the task of vaporization and homogenization. A liquid-fuel
vaporizer concept was proposed by Gladigow and Schaetz-
ing in a US patent in 1997. In this case, an additional pre-
chamber containing a porous structure was localized in the
engine head between intake and exhaust valves. Another
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system with a porous element for in-cylinder engine applica-
tion was proposed by Mueller as described in a German
patent application in 1975. In 1984, Siewert proposed a cata-
lytic grid to be applied in proximity to the fuel injector of a
gasoline direct-injection engine. The concept was suggested
for utilizing a late direct gasoline injection strategy for a
stratified charge with catalytic ignition (Durst and Weclas
2001). The effects of PM properties on the fuel injection
parameters, spray characteristics and multi-jet splitting
effects have been investigated experimentally by Navid and
Jamil in the year 2010. They found the rich core zone of the
spray reduces in the presence of PM. Further, a better inter-
action between fuel and air is encountered at various fuel
injection pressures (Shaahangian and Ghoje 2010). How-
ever, in both cases the PM is applied to the locations, which
do not have any motion during combustion. Hence, the
extent of deposition of carbon on PM and the use of PM for
the long-run is not clear from the earlier studies. The thermal
regeneration concept for diesel engines is explained by Park
and Kaviany (2002) for in-cylinder reciprocating porous
regenerator. During the regenerative heating stroke (com-
pression stroke), as the temperature and pressure of the
charge inside the cylinder increase, there is subsequent heat-
ing of the PM surface. The interaction between the com-
pressed charge and the heated surface of PM results in a
rapid chemical reaction between fuel and air. Whereas dur-
ing the cooling stroke, i.e., expansion stroke, the exhaust
charge deposits some sensible heat, which gets stored in the
PM. This stored energy is further utilized for heating the
fresh charge during the suction stroke. This enhances the
reaction rate resulting in improved thermal efficiency
(Polasek and Macek 2003). Hanamura et al. (1997) per-
formed one-dimensional numerical study on a reciprocating
heat engine with superadiabatic combustion in PM. The
results showed that the thermal diffusion by radiation
decreases in the PM, and the maximum temperature
increases. This results in the extension of the flammability
limit for the heat engine. Jugjai and Polmart (2003) devel-
oped a novel down-flow compact burner without the need of
using a spray atomizer. They introduced a packed bed emit-
ter installed downstream of the porous burner. The results of
the experiment revealed an efficient method for enhancement
of evaporation and combustion of the liquid fuels without a
spray atomizer. As per the physics described by Nield and
Bejan (2006), the topology (3D interconnected porosity) of
PM triggers the generation of small turbulence scales in the
flow motions. This continuously breaks down the thermal
boundary layer causing effective heat transfer (Nield and
Bejan 2006). As a result, the heat transfer rate between the
reactant mixtures is further enhanced by the increased spe-
cific surface area and high emissivity. In SI engine, this type
of study is yet to be performed. Further, there is hardly any
literature, which reports the application of PM in modified

piston in SI engine. To date, the PM is reported to be applied
in the cylinder head, valves or in the pre-chamber near to the
fuel injector. However, for small-scale diesel engines (viz.
3.5 kW), which are found to be used as pump sets, small gen
sets for decentralized locality, etc., there is a clearance vol-
ume ranging between 30 and 80 cc. The applications of PM
in this small volume range at the aforementioned locations
will barely produce any significant improvement of combus-
tion because of the limitation in size. Further, during the
occurrence of combustion all these parts remain still. The
only dynamic component during combustion is the piston.
If PM is fixed in the piston top, then the dynamicity of piston
will induce a relative motion between the combustible prod-
ucts inside and outside the PM. This will eliminate any
chances of formation of carbon deposits inside PM. Armed
with the improved combustion characteristics, this will ben-
efit the SI engine performance in the long run. Further, the
3D topology of the PM will induce localized turbulence
scales, which will help with better fuel-air mixing (Zhou
et al. 2014). This, coupled with the high heat capacity of the
ceramic PM, will provide the regenerative heat transfer for
the incoming fresh charge and reduce the fuel consumption.
Patel et al. (2015) performed a technical review on the study
of effect of PM combustion chamber on diesel engine per-
formance and emission based on PMs like SiC, Al,O; mix-
ture, Ni Cr Al foam, ZrO, foam, which were mounted on the
cylinder head. According to them, the efficiency of diesel
engine can be increased from 37 to 56% by using PM com-
bustion chamber. Shahangian and Ghojel (2010) performed
experimental work to investigate the role of PM in homog-
enization of high-pressure diesel fuel spray combustion and
found the efficiency of combustion to be lower in the PM
cases relative to the free jet ones. Mohammadi et al. (2012)
performed a computational work on simulation of open PM
engine that was carried out with KIVA-3V code, in which
methane was injected directly in hot cylindrical PM mounted
in the engine head. They found that at early stage of expan-
sion, for almost any injection duration, solid phase of PM
prevents the temperature of gas phase and combustion prod-
ucts from increasing. This reduces the NO production drasti-
cally (Mohammadi et al. 2012). Zhou et al. (2014) created a
numerical model for combustion processes in PM with
porous burners with porosity 0.87, 0.8, 0.7, respectively.
They found that at all equivalence ratios, lower levels of HC,
NOy and CO are generated in the PM engine compared with
the equivalent engine without PM (Zhou et al. 2014). Liu
et al. (2009) performed computational work of a porous
medium (PM) engine using a 2-zone combustion model and
found that the combustion process in the PM zone is rela-
tively steady and is a function of the initial PM temperature.
Jamalabadi et al. (2015) performed computational work on
effect of fuel injection angle on the thermal behavior of a 2D
axisymmetric non-premixed methane—air flame in vertical
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cylinder filled by porous media. It was found that porous
combustion reduces the temperature with more uniform dis-
tribution throughout the domain (Jamalabadi et al. 2015).
Chidambaram and Thulasi (2016) developed a mathematical
model for analyzing the combustion, performance and emis-
sion characteristics of a conventional engine and a cylinder
head PM engine. The developed mathematical model was
found to be suitable for the prediction of the combustion and
performance characteristics of the conventional and the cyl-
inder head PM engines. NO, emission was found to be rela-
tively lower in the cylinder head PM engine. CO and HC
emissions were found to be lower than the conventional
engine owing to the complete vaporization and clean com-
bustion of fuel (Chidambaram and Thulasi 2016). There are
many theoretical models based on the application of PM
proposed by the researchers in the past few years. The major-
ity of previous works reported on PM are limited to the
experimentation in a constant volume chamber. Only a lim-
ited number of works have been reported on simulation
model of PM engines and that too was confined to gaseous
fuels. In this work, an attempt is made to predict the perfor-
mance and emission characteristics of PM engine using lig-
uid fuels (Patel et al. 2015; Shahangian and Ghojel 2010;
Mohammadi et al. 2012; Zhou et al. 2014; Liu et al. 2009;
Jamalabadi et al. 2015; Chidambaram and Thulasi 2016).
The effects of major PM parameters on the SI engine perfor-
mance, which have not yet been reported in earlier literature,
will also be studied in the proposed work.

2 Experimental Setup for Baseline Tests

In order to perform the computational work, some SI (spark
ignition) engine parameters are needed to be considered as
per an experimental setup. The specifications of the same
are obtained from an engine in SI mode, available at NIT
Meghalaya, and are presented in Table 1.

A four-stroke, single-cylinder, water-cooled, verti-
cal engine coupled to an eddy current dynamometer is

Table 1 Baseline engine specifications

Parameters Size and features

Make and model Kirloskar TV1

Type Single-cylinder, four-stroke
petrol, water cooled

Power 5.2 kW (6.97 BHP) at 1500 rpm

Stroke, L (mm) 110

Bore, B (mm) 87.5

Compression ratio, CR 7:1

Capacity (cc) 661

Spark timing (° BTDC) 48

72, € Springer

considered for the current study. The engine compression
ratio is varied by using a screw rod and a hand wheel assem-
bly, which actuates an auxiliary piston. Depending on the
fuel type, the provisions are made for mounting each spark
plug and diesel injector (one at a time) at the same hole on
the cylinder head. The present work is based on the tradi-
tional petrol engine run in SI mode. For petrol run, carbure-
tor and ignition arrangement, are made. Since in the carbu-
reted engine fuel-air mixture is supposed to be in almost
stoichiometric condition, the same is considered during the
start of simulation. The display panel is equipped with digital
indicators for measuring air flow rate, fuel flow rate, torque,
temperature, cooling water flow, speed and signal conditioner
for PV-P@ (interface unit). A load controller is mounted on
the same panel for varying different loads to be applied in the
engine crank shaft. A cantilever-type load cell is mounted
on the loading end of the dynamometer to sense the engine
load, which provides the readings in terms of torque (Nm)
by digital torque indicator. It is also provided with necessary
sensors and transmitters for recording combustion pressure
with respect to the various crank angles. All these signals are
interfaced to computer through signal conditioner and signal
converter for computerized data acquisition. The schematic
diagram of experimental setup is presented in Fig. 1.

3 Computational Analysis

The flow mechanism, heat transfer and the behavior of com-
bustion in PM can be explicitly analyzed with the help of
computational fluid dynamics (CFD) (Zhou et al. 2014).
The CFD tool ANSYS 17.1-FLUENT is used in the present
work. It uses finite volume approach to discretize the gov-
erning equations, which are solved using implicit method.
The second-order upwind scheme has been used for spatial
discretization of the convective terms. The diffusion term
is differenced centrally with second order to obtain better
accuracy in the results (Fluent 6.3 Documentation 2010).

3.1 Computational Modeling

In the present work, CFD approach is adopted to study
the possibility of using PM in combustion and emission
in a single-cylinder four-stroke SI engine. Two different
computational domains are prepared to perform the study,
namely without and with PM. The geometrical models of
computational domain (without and with PM) are shown
in Fig. 2. The porous volume is considered by removing
the hemispherical bowl volume of diameter 52 mm and
attaching a cylindrical PM in it of the same diameter. The
solid volume in the PM should be equal to the solid part
removed from the hemispherical bowl so that the same
compression ratio is maintained. The height of the PM
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Fig. 1 Schematic diagram of the
experimental setup
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should be 26 mm. The spark timing is the standard set by
the manufacturer at 48° BTDC. Hence, the height of the
PM is decided such that the volume of the piston bowl
remains constant and the height of the computational
domain is not affected. As a result, the porosity of the PM
is found to be 67%. In case of PM combustion, silicon
carbide (SiC) is considered as the material for the analysis.
The three-dimensional (3D) modeling and meshing of the
combustion chambers are performed in ANSYS 17.1-FLU-
ENT software. The baseline specification of the engine, on
the basis of which the parameters are set, is of Kirloskar
TV1 model with bore and stroke length of 87.5 mm and
110 mm, respectively.

The compression ratio is maintained at 7 for both the
domains (without and with PM). The simulation is carried
out for the crank angle range of 50° BTDC to 50° ATDC,
as during this range the primary combustion behavior
is observed. Hence, the maximum height of the compu-
tational domain is 42.74 mm. This is the height of the
computational domain at the start of simulation and will
be attained again once the simulation is completed in the
expansion stroke.

3.2 Meshing

The present work is carried out with time-dependent vari-
ation with dynamic mesh motion. Therefore, the meshing
elements are of hexahedral and tetrahedral types for bet-
ter convergence and accuracy. To maintain the quality of
dynamic mesh, skewness factor of 0.84 is found to be opti-
mum for both hemispherical and cylindrical piston bowl
computational domain. The meshing of the cylindrical part
is performed with hexahedral elements, since it participates
in both the compression and the expansion processes. The
piston bowl is meshed with tetrahedral elements. This is
because with minimum node points the simulation can be
performed and significant computational time can be saved.
The cylindrical PM zone is, however, meshed with hexahe-
dral elements. The computational domains with aforesaid
meshing are represented in Fig. 3.

3.3 Grid Independence Test

The grid independence test is essential to determine the
optimum mesh, where a fairly accurate solution for a
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3.4 Computational Approach

The combustion behavior inside the IC engine is a highly
complex phenomenon. During the propagation of flame
front, the combustion of unburnt reactants occurs, which
converts unburnt premixed reactants to burnt products.
The premixed combustion model, especially for SI engine,
considers the reacting flow field to be divided into regions
of burnt and unburnt species, separated by the flame sheet.
The flame front propagation is modeled by solving a trans-
port equation for the density-weighted mean reaction pro-
gress variable as given in Eq. 1 (Heywood 1988):

opc b g [ pur oc
—_—t+—=— +pS,
ot ()xj ()xj S 6x &y

where, ¢, SC , S, are the reaction progress variable, turbulent
Schmidt number and reaction rate source term, respectively.
The progress variable is defined as a normalized sum of the

product species as given in Eq. 2:

T ¥

g= =kl T
zzzl Yk,eq

@

The simulation is carried out with premixed combus-
tion model. The NOy, model is also applied to calculate its
different compositions, namely NO, HCN, NH; and N,0O
(Park and Kaviany 2002).

3.5 Governing Equations

The computational methodology in ANSYS 17.1-FLUENT
utilizes the partial differential equations of flow variables
to calculate and simulate numerous kinds of analyses con-
cerning the fluid flow. The essential governing equations
utilized are mass, momentum and energy conservation
equations. The continuity equation or the mass conserva-
tion equation for a fluid flow through PM is expressed
(Eq. 3) as (Stone 1997):

=
ox;

d) + pu; ) m 3)
where, p is the fluid density, u; is the jth Cartesian compo-
nent of instantaneous velocity, and ¢ is the porosity of the
medium. This equation is valid for the incompressible as
well as compressible flow. Moreover, m, the rate generated
in the system, can be defined as the mass added to con-
tinuous phase from the dispersed second phase such as the
vaporization of the liquid droplets or any other user-defined
sources.

The conservation of momentum in ith direction for an iner-
tial reference frame can be explained (Eq. 4) as (Stone 1997):

9 9 _op 97
E(pui)+a—xj(pu[uj) = d_yci+d_)cj+pgi+Fi )

where, p is the static pressure, z;; is the stress or tensor, pg;
is the gravitational body force, and F; is the external body
force from interaction with dispersed phase in ith direction.
The stress tensor in Eq. 5 is given as below:

ou, Ou, 2 (ou
gi=u( =+ =2 ) - zu( =) )
v ox;  0x; 3" \ox. ) Y

where, u is the fluid dynamic viscosity and 6 is the Kro-
necker delta.

The energy conservation equation can be written (Eq. 6)
as (Stone 1997):

%] 5
©)

where, K is the effective conductivity, i.e., k+k, (where,
k,=turbulent thermal conductivity), J; is the diffusion flux of
species j, Sy, is the additional volumetric heat source (exam-
ple: heat of chemical reaction), 4 is the sensible enthalpy,
and e is the specific total energy.

J 0 d
E(pe)+d_)ci[ui(pe+p)] = ox i[ effa Z}h‘] +M

3.6 Viscous and Inertial Resistance

The PM model of ANSYS 17.1-FLUENT requires the input
values of viscous resistance (1/a) and inertial resistance (5).
These constants are used to determine the effect of porosity
in PM combustion. The viscous resistance is obtained from
Darcy’s law given by Eq. 7 (Nield and Bejan 2006):

D P’

_ _P 2
T 160 (1= x5 ©)

where D, ¢ and S are mean pore diameter, porosity and
Sphericity, respectively.

The inertial resistance is obtained from Forchheimer’s
equation expressed in Eq. 9 (Bejan 2004):

dP _u

o gu+ﬁpu (8)

where,

©))

where, — dP/dx is the externally controlled pressure gradient,
u is the dynamic viscosity, u is the component of velocity
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along the direction of flow, and K is an empirical constant
called permeability.

3.7 Effective Conductivity in the PM

The effective thermal conductivity of PM includes the fluid
and solid conductivities as shown in Eq. 10 (Bejan 2004):

ket = @k + (1 — ks (10
where, ¢ is for porosity of PM, k; is the fluid thermal con-
ductivity, and kg is the solid thermal conductivity.

3.8 Peclet Number

Flame quenching processes are analyzed by relating the heat
release within the flame to the heat loss to the walls under
conditions, where just quenching occurs. The parameter,
which identifies flame quenching is called Peclet number
(Pe) (Ergun 1952). It is a global parameter, which is approxi-
mately constant for any given geometrical configuration. It
is the product of Reynolds number (Re) and Prandtl number
(Pr). There are number of ways of identifying Re for use in
comparing flow characteristics and heat transfer in engines
of different sizes, speeds and geometries. Choosing the best
characteristics length and velocity is sometimes difficult.
One way of defining Re for engines that fairly correlates
data is given by Eq. 11 as (Bejan 2004):

1
/

Re = 12 (n
%

where, 1”2 is the characteristics length of the effective pore

diameter, and v is the kinematic viscosity of gas in the cyl-
inder. Similarly, Prandtl number (Pr) can be represented by
(Eq. 12) as:
Hy X C
Pr= E_P (12)
kX &+ (1 - §) Xk,

where, ¢, is the specific heat of the mixture at constant pres-
sure. The Pe is a significant term for flame propagation in
PM. The value of critical Pe is 65. Below this value, the
flame is reported to be quenched. Moreover, it should be
within the permissible limit of 65 +45 (Trimis and Waw-
rzinek 2004).

3.9 Heat Release Rate

Heat release rate (HRR) is the rate, at which the chemical
energy of the fuel is released in the combustion chamber
per degree of crank angle. Heat release rate for a combus-
tion process can be calculated from the in-cylinder pressure
values using the first law of thermodynamics as expressed
in Eq. 13 (Ceper et al. 2016):
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d v 1 dP
©__1rp Ve (13)

o y—-1 do

y—1
where, Q is the heat release in a process, y is the specific
heat capacity ratio,  is the crank angle, P is the in-cylinder
total pressure, and V is the cylinder volume at particular
crank angle. The above equation is used to calculate the heat
release rate at all the load conditions.

3.10 Laminar Flame Velocity

The velocity of laminar flame, S;, is defined by Eq. 14 as
mentioned below (Heywood 1988):

T\ b
e () ()

where, 7,=298 K and P,=1 atm are the reference tempera-
ture and pressure and S; ,, @ and 8 are constant for a given
fuel, equivalence ratio and burned gas diluents fraction.

3.11 Input Parameters for the Computational
Analysis

The computational analysis is performed in ANSYS
17.1-FLUENT. The computational domain is initialized
based on the experimental values of the pressure and tem-
perature at 50° BTDC. In the present work, part simulation
is carried out for the crank angle range of 50° BTDC to 50°
ATDC, which do not include the processes of the intake
ports. The reason of using 50° BTDC to start the simulation
is that the standard spark timing of the equivalent baseline
engine is 48° BTDC. Further, the simulation is continued up
to 50° ATDC, owing to have the same height of expansion of
computational domain, as it was available, when simulation
was started at 50° BTDC. Moreover, the intake and exhaust
valves remain closed during the simulated crank angles.
Hence, to make the work computationally viable with the
available computational facility at NIT Meghalaya, com-
plete simulation is avoided. The following parameters are
taken as input to ANSYS 17.1-FLUENT (Tables 3, 4). The
k—¢ turbulence model and premixed combustion model are
considered in the study. The spark ignition model has also
been activated. The location and heat flux for the spark plug
are being specified.

3.12 Boundary Conditions

The mechanism of fluid behavior depends on the initial and
boundary conditions taken to discretize the governing equa-
tions. The entire computational domain is initialized at 50°
BTDC with average value of total pressure (P,,;) at the
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Table 3 Properties of gasoline

Property Value

Density (kg/m®) 703
Specific heat, ¢, (J/kg K)
Thermal conductivity (W/m K)

Dynamic viscosity (Ns/m?)

Piecewise polynomial
Piecewise polynomial

Piecewise polynomial

Molecular weight (kg/K mol) 114.228
Laminar flame speed (m/s)* 0.398
Heat of combustion (J/kg)* 538,299.4
Adiabatic unburnt temperature, T, (K)* 410.48

#Calculated parameters for the empirical equations

Table 4 In-cylinder engine properties

Property Value
Crank shaft speed (rpm) 1500
Starting crank angle (°) 310
Crank period (°) 410
Crank angle step size (°) 0.5
Crank radius (mm) (Fluent 6.3 Documentation 2010) 55
Connecting rod length (mm) (Fluent 6.3 Documentation 234
2010)

respective load conditions. The boundary values of pressure
and temperature at respective load conditions are shown in
Table 5.

The dynamic mesh zones are created for the entire
domain as listed in Table 6. The dynamic meshing in
ANSYS 17.1-FLUENT utilizes three different dynamic
meshing schemes, namely, smoothing, layering and
remeshing. For the present problem layering method is

enabled. The combustion zone, porous zone and moving
piston bowl are assigned with the rigid body condition,
while the head is assigned with stationary wall condi-
tion. In addition, the events occurred at the specific crank
angles are being specified. The inputs for defining PM
zone in the computational domain are shown in Table 7.

The solution method for pressure—velocity coupling is
considered with the pressure-implicit scheme with split-
ting of operators (PISO) scheme. This is because PISO
significantly reduces the convergence difficulties associ-
ated with the highly distorted meshes.

4 Results and Discussion

This experimental work is based on a single-cylinder four-
stroke spark ignition engine and performed on the research
setup without PM to obtain the baseline data. Comparison
of both the results of experimental and CFD simulations
are made at no-load, 25%, 50%, 75% and 100% load con-
ditions. Moreover, the mass fractions of the fuel burned
are also calculated for all the load conditions. As the
standard spark timing of the engine, the specification of
which is considered for the computational modeling, is 48°
BTDC. Hence the analysis of the combustion phenomenon
is performed for the crank angle duration, starting from
50° BTDC to 50° ATDC. The CFD analysis of domains
(without and with PM) is done on the basis of in-cylinder
average values of total pressure, total temperature and tur-
bulent kinetic energy of the domain. In addition, emission
analysis is also performed on the basis of the production
of NOy for both the domains.

Table 5 Boundary conditions at
different load conditions

Zones

Boundary type

Load condition  Total pressure (Pa)  Temperature (K) &

Top wall Wall

Combustion zone ~ Wall

Piston surface Wall

No load 244,000 410.48 0.68
25% 291,000 430.32 0.71
50% 363,000 440.34 0.78
75% 376,000 450.05 0.83
100% 506,000 496.46 0.93
No load 244,000 410.48 0.68
25% 291,000 430.32 0.71
50% 363,000 440.34 0.78
75% 376,000 450.05 0.83
100% 506,000 496.46 0.93
No load 244,000 410.48 0.68
25% 291,000 430.32 0.71
50% 363,000 440.34 0.78
75% 376,000 450.05 0.83
100% 506,000 496.46 0.93
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Table 6 Conditions for dynamic meshing

Zone Body Motion Lift/stroke (mm) Cell
height
(mm)

Domain Rigid 0,0,1) 23.47 -

Head Stationary — -

Piston surface Rigid 0,0,1) 23.47 -

Piston porous Rigid 0,0,1) 2347 0

domain

Table 7 Properties of PM

Property Value

Mean pore diameter, D, (mm) 1.6

Porosity, ¢ 0.67

Sphericity, S 0.8

Viscous resistance in PM (I/mz) 33,149,332.78

Inertial resistance (1/m) 3000
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642000 -

Fig.5 Variation of total pressure with crank angle for 100% load con-
dition

4.1 Pressure Variation

Pressure is a very important parameter in studying the
behavior of fluid. The variation of in-cylinder pressure
with crank angle displacement (CA) is depicted in Fig. 5
for both the experimental (without PM) and computational
(without and with PM) domains. The curves are plotted
only for full-load condition. The plot shows that the in-cyl-
inder total pressure with PM is lower than without PM. The
peak pressure without PM is found to be 963,089.07 Pa
and with PM is 943,088.27 Pa, respectively, at 370° CA
at no-load condition. The comparison of peak values of
total pressure at no load, 25%, 50%, 75% and 100% load

A @ Springer

= 2500000
& * S Experimental

2 r Z2Without PM

% 2000000 ¢ @With PM §%§f
%1500000: " - §é§§§
3 , \Z \ 1\
5 500000 s o\
F | g .
: A a

100
Engine load (%)
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Fig.7 Contours of pressure variation at 100% load for a without PM,
b with PM at 361° CA

is depicted in Fig. 6 for the experimental (without PM)
and computational (without and with PM) domains. The
peak value of total in-cylinder pressure for the compu-
tational domain without PM is 1,427,735.52 Pa, whereas
with PM it is found to be 1,407,736.12 Pa at 364° CA and
for experiment it is 1,422,212.50 Pa, respectively, at 365°
CA for 50% load condition. The peak value of total in-cyl-
inder pressure for the computational domain without PM is
1,992,314.50 Pa, with PM is found to be 1,966,568.49 Pa
at 361° CA and for experiment is 1,986,868.994 Pa,
respectively, at 361° CA for 100% load condition. The
contours of pressure variation without and with PM at
100% load condition are shown in Fig. 7.

Lower in-cylinder pressure with PM combustion is
reported. As the fluid particles accelerate through the
pores, the mass flow rate of the charge increases, which
results in a pressure drop throughout the domain. This
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Fig.8 Variation of mean total temperature with crank angle for 100%
load condition

phenomenon results in high heat transfer rate and homo-
geneous combustion throughout the domain.' Initially, the
velocity is very low inside the PM, but when the piston
reaches TDC, the velocity of the fuel mixture increases.
As a result, the inertial resistance effect contributes the
controlled pressure rise in PM cylindrical piston bowl.
The percentage of difference between the computational
and experimental results without PM was calculated to be
1.1%, 0.35%, 0.38% and 0.27%, respectively, at no load,
25%, 50%, 75% and 100% loads, respectively, at peak pres-
sure condition.

Moreover, the percentage reductions in the peak values
of total pressures without PM as compared to with PM for
the computational domains are found to be 2%, 1.7%, 1.4%,
1.3% and 1.1%, respectively, at no load, 25%, 50%, 75% and
100% loads, respectively.

4.2 Temperature Variation

The variations of the total temperature in the hemispherical
piston bowl and porous cylindrical piston bowl for full-load
condition at different crank angles are shown in Fig. 8. The
plot shows that the in-cylinder total temperature with PM
is lower than without PM. The comparison of mean total
temperature at all load conditions is shown in Fig. 9. The
contours of temperature variations without and with PM at
TDC are presented in Fig. 10.

It is found that with the increase in load, the total in-cyl-
inder temperature increases. The maximum average values
of total temperatures of domains at 360° CA for without PM

! Instruction Manual, Computer Based Four Stroke Single Cylinder
Variable Compression Ratio Multifuel Engine with Eddy Current
Dynamometer, Tech-Ed Equipment Company, Bengaluru, 560072,
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Fig. 10 Contours of temperature variation at 100% load for a without
PM, b with PM at 360° CA

are found to be 523.96 K, 549.29 K, 562.23 K, 574.29 K
and 604.81 K and with PM these are 491.42 K, 530.14 K,
543.29 K, 549.25 K and 632.63 K at no-load, 25%, 50%,
75% and 100% load conditions, respectively. The percentage
reduction in temperature are found to be 6.2%, 3.4%, 3.36%,
4.36% and 4.39%, respectively, at no load, 25%, 50%, 75%
and 100% loads, respectively, for maximum average value
of total temperature of domain. The above result shows the
similar trends, as obtained by Mujeebu et al. (2010) in their
work on 3D numerical model for the regenerative engine
using modified version of the KIVA-3V code. Hence, it con-
firms a significant reduction in domain temperatures toward
the application of PM.
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4.3 Turbulent Kinetic Energy Variation

The turbulence consists of randomly dispersed vortices of
varying sizes superimposed in the charge flow stream. It is a
3D unsteady random motion, observed in fluids at moderate
to high Reynolds number. The turbulence is characterized
in terms of turbulent intensity and turbulent kinetic energy.
The variations of the turbulent kinetic energy (TKE) in the
hemispherical piston bowl and modified porous cylindrical
piston bowl at different crank angles are shown in Fig. 11 for
100% load condition. The values of TKE decrease, but the
turbulence dissipation rate increases at the end of compres-
sion stroke. The comparison of TKE at all the load condi-
tions is performed at 360° CA in Fig. 12. It is found that
with the increase in load, the TKE decreases. It is owing
to a significant difference between the in-cylinder tumble
and swirl components. The swirl continuously weakens by
compression, thereby resulting in a decrease in TKE level
(Fukang et al. 2015). The physical reason behind the TKE
increase with porous media (PM) is due to increased vortices

32

7
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Fig. 13 Contours of TKE variation at 100% load for a without PM, b
with PM

within the charge during PM combustion (Singh and Singh
2012). This is discussed by adding two new references as
mentioned below. Upon considering the motion of the charge
in PM, the fluid is not supposed to move in a streamline
motion. The charge moves in the traverses around the pores
of the PM (Yuan and Finkelstein 1956). The interaction of
the charge at the porous wall increases the friction coefficient
due to the increased momentum exchange with the main
flow. This phenomenon leads to the increase in the turbu-
lence within the charge flowing through PM. This is appreci-
ated physically by the increase in TKE level. The maximum
values of TKEs during computational study at 360° CA for
without PM are found to be 1651.19 m%/s?, 1985.33 m%/s?,
1596.64 m*/s?, 1708.96 m*/s* and 1582.28 m*/s%, and with
PM, the values reported are 2494.62 m%/s%, 2314.23 m?/
s?, 2033.24 m%s?, 1827.96 m*/s* and 1771.13 m%/s” at 0%,
25%, 50%, 75% and 100% load conditions, respectively. The
turbulent kinetic energy does not remain constant during
compression and power stroke. The formation of eddies is
due to the resistance experienced by the fluid flowing inside
the PM. These eddies enhance the heat transfer rate of the
charge. This results in homogeneous combustion of the
charge inside the combustion zone.

The percentage enhancements in the TKEs due to applica-
tion of PM are found to be 33.83%, 14.21%, 21.47%, 6.5% and
10.66% at no load, 25%, 50%, 75% and 100% loads, respec-
tively. It is found that the maximum enhancement of TKE is
at no-load condition. The contours of TKE distribution for the
domains without and with PM are shown in Fig. 13.

4.4 NO, Emissions

The variations of the NOy emissions without and with PM
at different crank angles are shown in Fig. 14. NOy emis-
sion increases with the increase in load conditions. Due
to the increase in temperature, there is an increase in NOy
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Fig. 15 Experimental results of the variation of mass fraction of
CgH 5 burned

emissions at higher loads. At higher loads the combus-
tion is more effective and also a lesser amount of residual
gases remain inside the combustion chamber. As mentioned
in the different literature, formation of NOy is a strong func-
tion of combustion temperature (Suhas et al. 2013).

The percentage differences of NOy emissions in experi-
mental and computational domains without PM is found to
be 17.5%, 12%, 10.96%, 10.5% and 2.4% for no load, 25%,
50%, 75% and 100% loads, respectively. The significant dif-
ference in experimental and computational results is pri-
marily because of the impurities present in the fuel (e.g.,
lead, fuel impurities). Moreover, it is observed that NOy
formation is significantly reduced with PM. The percentage
reductions in NO, emissions at no load, 25%, 50%, 75%
and 100% are found to be 21%, 9%, 9.4%, 11.1% and 2.5%,
respectively. This is because of the fact that the residual
time of the fuel burning is enhanced in the presence of PM,
which results in better mixing and evaporation of the charge.
Moreover, PM is also heated up by the flame, which results
in flame stabilization at high temperature. This process may
reduce the fuel consumption.

25% 25%

50% 50%

75% 75%

100%

100%

Fig. 16 Computational results of the variation of mean mass fraction
of CgH g for a without PM, b with PM at 396° CA

4.5 Mass Fraction Burned

The variation of mass fraction of CgH g at no-load, 25%,
50%, 75% and 100% load conditions is shown in Fig. 15. The
rate of burning is proportional to increase in the concentra-
tions of fuel supplied.

It implies that with the increase in engine loads, the burn-
ing rate is also increased. The variation in the mass fraction
of CgH 5 is studied after the spark ignition at 312° CA. Itis
seen that the burning of the charge starts from 350° and it is
completely burned at 398° crank angle under all the loading
conditions. The burning rate is highest for the full-load con-
dition followed by 75%, 50%, 25% and no load, respectively.
The contours of mean mixture fractions without and with
PM at 396° crank angle are shown in Fig. 16 for all the load
conditions. This can be seen that maximum mass fraction of
CgH 5 is burnt at full-load condition followed by 75%, 50%,
25% and no loads, respectively.
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4.6 Heat Release Rate

Heat release rate (HRR) is the rate at which the chemi-
cal energy of the fuel is released in the combustion pro-
cess. When the engine load increases, the combustion heat
release takes place in a shorter time due to a faster com-
bustion speed, which results in a higher cylinder pressure
(Ceper et al. 2016). Heat release rate, %, is calculated from
Eq. (13). The different values of pressure and volume at
each crank angle obtained from both computational (with-
out and with PM) and experimental (without PM) domains
are then utilized to calculate the heat release rates at dif-
ferent load conditions. The HRR values are found to be
0.811 J/°, 0.805 J/°,0.936 J/°, 0.571 J/° and 0.603 J/° at
no-load, 25%, 50%, 75% and 100% load conditions, respec-
tively. The values of HRR with PM are 0.493 J/°, 0.519 J/°,
0.613J/°,0.426 J/° and 0.489 J/°. The HRR values for the
experiment are found to be 0.785 J/°, 0.847 J/°, 0.861 J/°,
0.623 J/° and 0.488 J/° at no-load, 25%, 50%, 75% and
100% load conditions, respectively, at TDC condition.
It is also found that HRR for the computational domain
with PM is lower than without PM. A comparison is made
between instantaneous rates of heat release at TDC posi-
tions at all the load conditions as shown in Fig. 17.

The percentage difference in the experimental and compu-
tational results without PM is calculated as 3.2%, 4.9%, 8%,
8.3% and 19.07%, respectively, at no load, 25%, 50%, 75%
and 100% loads, respectively. At 370° CA, the difference in
the HRR values are found to be 2.6%, 12.7%, 23%, 41% and
66.41%, respectively, for all the loads studied. The variations
of HRRs for experimental, computational domains (without
and with PM) at full-load condition are shown in Fig. 18.
It can be observed (Table 8) that the HRRs are higher after
TDC, under all load conditions. It is due to high heat capac-
ity of the SiC, which absorbs the heat of combustion during
compression stroke and releases that heat in the expansion
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Fig. 18 Variation of heat release rate with crank angle for 100% load
condition

stroke. This results in the enhancement in the combustion
process and lesser production of unburnt hydrocarbons. It is
also observed that difference in HRR, without and with PM,
increases with the increase in the loads.

4.7 Peclet Number

The average velocity through the pores is found to be
10.367 m/s from the simulation results with PM at full-load
condition. Using this value, Re and Pr are calculated from
Egs. (11, 12). The product of Re and Pr provides Pe, which was
found to be 83.7. This is outside the range of flame quenching.

5 Conclusions

Some of the concluding remarks of the present works are
as follows:

e The peak pressure (1,966,568.49 Pa) and temperature
(632.63 K) with PM at 24 Nm are found to be lower than
without PM.

e The maximum value of TKE at TDC without PM is found
to be 1582.28 m?/s?, whereas with PM it is 1771.13 m%
s at 100% load condition, respectively.

e The concentration of NOy emission is significantly
reduced by the use of PM for all the load conditions.
The percentage reductions in NOy emissions at no load,
25%., 50%, 75% and 100% loads are found to be 21%, 9%,
9.4%, 11.1% and 2.5%, respectively.

e The burning rate is highest at the full-load condition fol-
lowed by 75%, 50%, 25% and no load, respectively.

e At 370° CA, the differences in the HRR values between
non-porous and porous domains are found to be 2.6%,
12.7%, 23%, 41% and 66.41%, respectively, which
implies PM combustion is more effective at high-load
conditions.
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Table 8 Comparison of peak Sl no. Load (%) Peak HRR (E) (J/°) Peak HRR without PM  Peak HRR with PM
HRR at respective CA for (©) U7 (©) (/%)
experimental, computational
(without and with) PM CAD Value CAD Value CAD Value

1 0 374 1.40 373 1.44 384 2.83

2 25 371 2.41 371 2.20 373 3.32

3 50 367 2.66 369 2.53 371 3.54

4 75 364 3.24 364 3.21 368 3.72

5 100 362 3.89 361 3.69 363 4.83

e The average velocity through the pores is found to be
10.367 m/s from the simulation. Using this value, Peclet
number is found to be 83.7 at full-load condition, which
is outside the range of flame quenching.
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