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Abstract This paper presents the results on the CFD investigations on the digital valve mechanism of a single cylinder
spark ignition engine using the numerical finite volume method. The investigations were done by replacing the conventional
valves by the digital valves with an aim to improve the volumetric efficiency and therefore the performance parameters and
emissions characteristics. The thermodynamic simulation software AVL BOOST was used for computational investigations
for both the cases. The software is based on the solution of thermodynamic conservation equations of mass, momentum,
energy and the equation of state for an ideal gas. The engine performance and emissions parameters were computed for both
the conventional cam and follower based valve mechanism and the proposed digital valve mechanism. The digital valve
system was designed for a constant valve lift for all crank angles involved during gas exchange process whereas the
conventional cam and follower type valve system design has a variable valve lift from crank angle to crank angle during gas
exchange period. The results showed that with proposed digital valve system the performance parameters like volumetric
efficiency and therefore power, torque, brake specific fuel consumption were better as compared to the conventional cam and
follower type valve system design. The engine designed with digital valves produces less CO and HC emissions. Also the
specific weight of the engine designed with digital valve system is likely to be lesser than the conventional engine.
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will improve engine performance parameters and also
1. Introduction minimize the emissions.

Computational fluid dynamic investigations can be )
used to improve the thermodynamic and gas dynamic design 2. Literature Su rvey
of the intake and exhaust gas manifolds of an internal
combustion engine. Intake manifold design affects the
engine performance parameters like volumetric efficiency,
power, torque, brake specific fuel consumption and its
emissions characteristics. The exhaust gas manifold design
involves the catalytic convertors used for emission control,
mufflers used to control noise, EGR system introduced to
reduce the NOyx emissions from engine. Turbocharger design
and matching, used for power boosting or engine downsizing,
can be optimized using the CFD involving numerical finite
volume method.

The amplitude of the reflected waves with changing
crank angles has to be minimized to maximize volumetric
efficiency of the engine. The proposed digital valve system
will decrease the amplitude of the reflected waves on a crank
angle to crank angle basis as compared to the conventional
cam and follower based valve operating system. This is turn

Two basic types of models have been developed for the
processes that govern the performance and emissions of I C
engines. The models are categorized as thermodynamic or
fluid dynamic in nature. It depends whether the equations
which give the model are based on energy conservation or on
a full analysis of the fluid motion. Thermodynamic energy
conservation based models are: Zero — dimensional, since
in absence of any flow modeling, geometric features of
the fluid motion cannot be predicted; Phenomenological,
additional detail beyond the energy conservation equations is
added for each phenomenon in turn; Quasi-dimensional,
specific geometric features, e.g., the spark-ignition engine
flame or the diesel fuel spray shapes, are added to the basic
thermodynamic approach; Fluid-dynamic based models
or multidimensional models, these have inherent ability
to provide detailed geometric information on the flow
field based on solution of the governing flow equations
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exhaust systems as an air pumping device. Air flow
constrains maximizing the engine power. lesser air flow in SI
engines are obtained by restricting the intake system flow
area with the throttle valve. Volumetric efficiency is affected
by the fuel, engine design, and engine operating variables
like fuel type, fuel/air ratio, fraction of fuel vaporized in the
intake system, heat of vaporization of the fuel, mixture
temperature as influenced by heat transfer, ratio of exhaust to
inlet manifold pressures, compression ratio, engine speed,
intake and exhaust manifold design, port design and intake
and exhaust valve geometry, size, lift, and timings. [1]

Wayland A. Tenkku writes in his technical paper that
small solenoid operated cartridge valves provide flexibility
to supply many functions in hydraulic systems. A line
of solenoid operated two way, two position cartridge
directional control valves has been developed in conjunction
with a series of solenoid coils with different terminations.
The coils are completely interchangeable with any of the
valves. Additional development in solenoid operated
cartridge valves has resulted in a co-axial solenoid cartridge
relief valve which can also utilize the same solenoid coils as
the other valves. [2]

Cole C., et.al., conducted experimental investigations on
the application of digital valve technology to diesel fuel
injection. The design and advantages of the digital valve
were presented. Further the versatility of the digital
hydraulic operating system injector were presented. The
main advantage of the digital valve over a conventional
solenoid include high speed, increased energy efficiency,
inherent feedback, and small package size. The digital valve
consists of a spool, two electromagnetic coils, and the valve
housing. The spool is pulled towards the open or closed
position by attractive magnetic forces produced by the open
or closed coil respectively. The valve is faster than a typical
solenoid primarily because it does not have to work against a
mechanical spring. Furthermore once in position, the valve
requires no additional energy but instead uses residual
magnetism to stay latched in position. In addition, the
digital valve’s two-coil design allows for the monitoring of
back-EMF signals which can be used for position sensing.
The DHOS injector can electronically control the start,
duration, and rate of injection events. [3]

Asano, M. et. al., writes in his technical paper that an
electronic engine control system that uses a microcomputer
has been developed. It combines four control systems — fuel
injection, ignition timing, EGR and idle speed control —
utilizing the engine speed and intake air quantity for its main
parameters. The control circuit is composed of an 8-bit
microcomputer combining an 8k byte ROM, RAM, a custom
designed input/output LSI, and two hybrid integrated circuits,
one has voltage regulators and other has input/output
interface circuits. [4]

Morel, T., et al., conducted one-dimensional fluid
dynamic simulations of the flow in the engine manifolds,
exhaust and intake elements with an objective to design it
both for engine performance as well as for engine acoustics.
The experimental investigations that followed verified the

prediction of the good results based on simulation. [5]

Maftouni, N., et al conducted 3-D simulations on the
intake manifold of a XU7 Engine under steady state and
unsteady state operation using 3-D CFD code. The
simulations were carried out with three different runner
lengths of 110, 120 and 130% of the original to see its effects
on the volumetric efficiency of the engine under variable
speed operation. The steady state results were compared with
the flow bench rig based data for validation. 1-D WAVE
code was used for generating the boundary condition for
unsteady state simulation. The results showed that the
volumetric efficiency of the engine increases with 120%
runner length. [6]

Pal, D., et al., conducted simulation studies on the design
of intake manifolds in order to achieve a required level of
engine performance. First of all the simulations were done
using 1-D CFD code to optimize various parameters of the
intake manifold. A few shortlisted designs were tested
experimentally which showed strong correlation with
simulated results. The second series of investigations was
done by using a 3D CFD code for the intake manifolds to
analyze the 3D effects of the manifold geometry. The third
set of simulations was carried out to tune the manifold
geometry further for possible optimum dimensions by using
a coupled 1D and 3D CFD code. The results showed that the
simulation studies lead to a better prediction of the engine
performance. The 3D CFD simulations can give the detailed
information about fluid and flow properties in complex 3D
domains while 1D CFD simulation can provide important
information at a system level, i.e about the performance of
the entire engine. The drawbacks of the two simulation
methods are that the former requires high computational cost
while the latter is not able to capture complex local 3D
features. [7]

Testa, F., et al conducted computational analysis of the
unsteady flow in a single cylinder two stroke gasoline engine
using advanced numerical tools. The results were validated
by the experimental measurements. A STAR-CD code
based 3D model was used for the entire engine. Also a
GT-POWER 1D and Converge-LITE 3D codes based 1D-3D
integrated fluid dynamics model was used for predicting the
performance and gas-dynamics in the whole intake and
exhaust systems. The results showed that the methodology
accurately predicted the phenomena in whole engine. Further
it was observed that the wave motion based analysis strongly
affects 3D design of muffler in small two stroke engines. [8]

Fortunate, F., et al conducted transient CFD investigations
of the exhaust gas manifold fitted with a catalyst. The new
European driving cycle, NEDC, was adopted for these
transient simulations to evaluate the vehicle fuel economy
and its emissions characteristics. Further the effect of the
exhaust gas temperature on the catalyst light-off time
were also simulated by designing manifolds with different
configurations and materials. The computed results were
reasonably validated by the experimental investigations. The
results showed that a thin exhaust gas manifold made of steel
improves the thermal light-off of the catalytic convertor as
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compared to a similar manifold made of thicker cast iron. [9]

Nanni, D. et al., conducted experimental investigations
on the silencer of a motorcycle engine to validate the CFD
model simulated to predict the performance of the same. The
experiments were conducted on a test bench where the
mass flow rate of the exhaust gas through the silencer
was measured for several inlet-outlet pressure gradients. The
finite volume method based numerical data for mass flow
rate was computed for the same with several mesh sizes
and computational settings. The results showed that the
finite-volume model is a promising method for analyzing the
performance of silencers with different designs. Further the
FVM model does not give 100% accurate results to predict
the absolute performance of the silencers. [10]

3. Theoretical Basis [11,12]

Conservation Equations for mass, momentum and energy
in the following form are used for solving the research
problems related to 1-Dimensional compressible flow of gas
in a pipe.

2 2
% + a(p’;xﬂ’) + %Z—i+ G=0 )
a1;%_|_%+%—pq=0 @)
where
G=§uWV% ()

The term u |u| is used to ensure that the pipe wall friction
always opposes the fluid motion

The above three equations written in conservation law
form can be written in symbolic vector form as

St rem)=0 ©)

at dx
Computation of thermodynamic and gas dynamic
properties of the gas throughout the pipe length is done by
solving the conservation equations for getting the numerical
values of various properties by integration as follows: The
equations are integrated with respect to time step and length
step limits. The integral form of the governing equations can
be written as

NN [Z_va +EW L cw) dx dt] =0  (6)
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Equation (6) on integration, gives

(WP — WAx + (F1 -F!1)At + Cl'AxAt = 0 (10)
2 2

In this equation, W represents the average of dependent
variables for the cell given by
W, = LJ‘XH—l/Z Wdx

Ax “Xi-1/2 (11)
And F is the average flux across cell boundaries over an
interval of time At, given by
1 t"+1
ZEL" Fdt
Equation (10) is the fully discrete, integral form of the
one-dimensional system of conservation laws defined
already.
When the vector of source terms, C, is omitted, equation

(10) reduces to the form
n+l _ n_ At pn
Wi = Wi - (Fi+% F i—%)

Fiil/Z = (12)

(13)

The left-hand side of the equation represents the solution
at the new time level n+1, and the first term on the right-hand
side represents the solution at time level n. Summing this
equation with respect to the spatial index, i, and omitting
source terms gives

+1 imax
VVin - AxZimm Win + At(Firrlnin -1/2 - Fi:lnax +1/2) (14)

The equations were applied to fluid flow through a pipe of
constant cross-sectional area, where F; 12 and F; ., 12
are the fluxes through the extreme ends of the pipe, all
internal fluxes cancel out. This guarantees the integral form
of the conservation equations, thereby ensuring, for example,
the conservation of mass through a pipe.

The finite difference methods used above when
interpreted in the form of equations (10) to (12) are called
conservative, finite volume schemes.

3.1. CFL Stability Criterion

During the course of numerical integration of the
conservation laws defined in the Eq.1, Eq.2 and Eq.3, special
attention should be focused on the control of the time step. In
order to achieve a stable solution, the CFL criterion (stability
criterion defined by Courant, Friedrichs and Lewy ) must be
met:

At< - (15)

“u+a

4. Results and Discussions

4.1. The Effect of Speed on the Volumetric Efficiency of
the Engine with Digital and Cam Based Valve
Mechanism Design
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The Fig. 1 below shows the effect of engine speed on
the volumetric efficiency with cam and follower and digital
valve mechanisms. It is seen that the volumetric efficiency
varies with respect to engine speed. The volumetric
efficiency is maximum at the speed of 2000rpm and
decreases on its either side.

At the speed of 2000rpm the corresponding reciprocating
piston speed suits the ingoing compression waves generated
as a result of outgoing rarefaction wave resulting in
maximum volumetric efficiency.

This speed favors the superposition of the inward moving
wave and the outward moving wave as per the application of
D Alembert’s principle, thus maximizing the volumetric
efficiency.

The digital valves result in higher volumetric efficiency
as compared to the cam and follower type valve mechanism.
This is because of constant maximum lift with this
valve which maximizes the effective flow area available
for all crank angles of gas exchange and thus further
simultaneously maintains a higher value for its coefficient of
discharge.
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Figure 1. Effect of Engine Speed on the Volumetric Efficiency of the

Engine with Cam and Follower and Digital Valve Mechanism

4.2. The Effect of Speed on the Power Developed by the
Engine with Digital and Cam Based Valve
Mechanism Design

The Fig. 2 below shows the effect of engine speed on the
power developed by the engine. It is seen that the power
developed by the engine varies with respect to engine speed.
A higher power is obtained at higher speeds due to more
number of power cycles per unit time.

Further the engine develops more power with digital
valves as compared to the cam and follower type of valves.
This is because the volumetric efficiency of the engine is
higher with digital valve mechanism which makes higher
mass of air and therefore higher mass of fuel to enter the
engine during each cycle. This in turn produces more power
with digital valve mechanism.
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Figure 2. Effect of Speed on the Power Developed by the Engine with

Cam and Follower and Digital Valve Activating Mechanism

4.3. The Effect of Speed on the Torque Developed by the
Engine with Digital and Cam Based Valve
Mechanism Design

The Fig. 3 below shows the effect of speed on the torque
developed by the engine. It is seen that the torque developed
by the engine varies with engine speed. The engine develops
maximum torque at the speed of 2000rpm. This is because at
this speed the volumetric efficiency of the engine is
maximum. More mass of charge per cycle produces more
torque at this speed.

Further the torque developed by the engine with digital
valve mechanism is higher than the torque developed by the
engine with cam and follower type valve mechanism. This
is because the volumetric efficiency with digital valves is
higher than the volumetric efficiency with cam and follower
based valves.
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Figure 3. Effect of Speed on the Torque Developed by the Engine with
Cam and Follower and Digital Valve Activating Mechanisms
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4.4. The Effect of Speed on the Brake Specific Fuel
Consumption of the Engine with Digital and
Cam Based Valve Mechanism Design

The Fig. 4 below shows the effect of engine speed on the
brake specific fuel consumption (BSFC) of the engine. It is
seen that the BSFC of the engine varies with respect to the
engine speed. The BSFC is minimum at the engine speed of
2000rpm. This is because the magnitude of the term power
dominates first which decreases the magnitude of BSFC up
to the engine speed of 2000rpm and beyond this speed the
magnitude of the term mass flow rate of the fuel dominates
which increases the magnitude of BSFC. Further the BSFC
is lower with digital valve mechanism based engine as
compared to the cam and follower valve mechanism based
engine. This is because both the volumetric efficiency and
power are higher with digital valve mechanism based engine
design.
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Figure 4. Effect of Speed on the Brake Specific Fuel Consumption of the
Engine with Cam and Follower and Digital Valve Activating Mechanisms

4.5. The Effect of Speed on the CO Emissions Produced
by the Engine with Digital and Cam Based Valve
Mechanism Design

The CO emissions vary with respect to speed for both
types of valve actuating mechanisms. The digital valve
system engine produces less CO emissions due to higher
volumetric efficiency, better mixture preparation and better
combustion. With digital valves the concept of pressure
wave supercharging helps to increase the air density further
in the engine cylinder. With digital valves the magnitude of
the stagnation parameters of pressure, density, velocity and
temperature are higher as compared to the stagnation values
of the corresponding terms for cam and follower type of
valve operating system. With open digital valve the air
behaves like an air spring and gets compressed to a higher
density. The charge mixing and mixture preparation is
better with digital valves due to higher pressure, higher
temperature, higher velocity and higher Reynolds number
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based flow. This is in turn results in better combustion and

lower CO emissions.
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Figure 5. Effect of Speed on the CO Emissions Produced by the Engine

with Cam and Follower and Digital Valve Activating Mechanisms

4.6. The Effect of Speed on the HC Emissions Produced
by the Engine with Digital and Cam Based Valve
Mechanism Design

The Fig. 6 below shows the effect of engine speed on the
HC emissions produced by the engine.

It is seen that the digital valve activating based engine
produces lower HC emissions as compared to the cam and
follower based engine design. This is because the charge
motion, mixture preparation and therefore combustion is
better with the digital valve type of engine design.
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Figure 6. Effect of Speed on the HC Emissions of the Engine with Cam
and Follower and Digital Valve Activating Mechanisms

4.7. The Effect of Speed on the NOyx Emissions Produced
by the Engine with Digital and Cam Based Valve
Mechanism Design

The Fig. 7 below shows the effect of engine speed on the
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NOx emissions produced by the engine with digital valves
design and cam and follower type of engine design. It is seen
that the NOy emissions produced by the engine are higher at
higher engine speeds. This is due to higher temperatures
produced by the engine at higher engine speeds.

Further the NOy emissions produced by the engine with
digital valves are higher as compared to cam and follower
type of engine design. This is because the volumetric
efficiency and therefore the mass of air induced per cycle is
higher with digital valve type of engine design. Moreover the
temperatures produced with digital valve design are higher
than the temperature produced with the cam and follower
type of engine design which helps in the formation of NOy
emissions.
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Figure 7.  Effect of Engine Speed on the NOx Emissions Produced by the

Engine with Cam and Follower and Digital Valve Activating Mechanisms

5. Conclusions

1. The digital valve mechanism improves the volumetric
efficiency of the engine. the maximum improvement
in the volumetric efficiency of the engine was 15.65%
at the engine speed of 6000rpm.

2. The digital valve mechanism improves the power,
torque and reduces the fuel consumption of the
engine. The maximum increase in power and torque
was 25.39% and 24.75% respectively whereas the
maximum fall in BSFC was 7.89% at the engine speed
of 6000rpm.

3. The digital valve mechanism reduces the CO and HC
emissions of the engine. The maximum reduction
in CO and HC emissions were 95.7% and 57.69%
respectively at the engine speed of 6000rpm.

4. The digital valve mechanism design can further help
in the design of VVT engines as it is controlled by
micro-controllers.
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Appendix-A

Nomenclature

a = speed of sound

C = vector of source terms

cy = specific heat at constant volume
¢, = specific heat at constant pressure
D = pipe diameter

e, = specific stagnation internal energy
f = wall friction coefficient

F = vector in x direction

F = element in vector F

h, = specific stagnation enthalpy

k = ratio of specific heats

p = static pressure

P, = stagnation pressure

g = wall heat flow

t=time

T = temperature

T, = stagnation temperature

e = specific internal energy

u = flow velocity

V = cell volume (A.dx)

W = vector of convective fluxes

p = density

At = time step

Ax= cell length

Table 1. [13]
Engine Design and Operating Parameters
Engine Type Single Cylinder
Method of Ignition Spark Ignition
Displacement, CC 500
Compression Ratio 9
Number of Cylinders 1
Rated Speed 6000 rpm
Air-Fuel Ratio 14.0
Table 2. [1]
Physical And Chemical Properties of Petrol
Formula C, TOCy,
Density, Kg/m3 0.750
Lower heating value, MJ/Kg 425
Stoichiometric air-fuel ratio, Weight 14.6
Octane No. 80-98
Auto-ignition Temperature, C 280
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Table 3. Valve Timings and Valve Lift
and Valve Lift Valve Intake Valve Valve Valve
Valve Opening,
308 292 82 66
degrees
Valve Closing, | o) 660 354 434
Degrees
Valve Open
Duration, 272 368 272 368
Degrees
. Varies Varies
Valve Lift, mm 10 0-9.98-0 10 0-9.98-0
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