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Introduction

The main focus of the hydrogen combustion engine project is to determine the
viability of running existing gasoline combustion engines on hydrogen through
the development of a thermodynamic simulation model. This model is to be
created through researching existing gasoline combustion engine models and
developing a model tailored to the chemistry and combustion of hydrogen.



Part 1

Background
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Four Stroke Engine
Operation

The engine being modeled is a common four stroke engine. It has four major
movements of the piston, each having a separate function. These strokes are:

1. Intake
Compression

Power / Expansion

> W N

Exhaust

During the intake stroke, the intake valve opens as shown in figure 1.1 while
the piston moves down. This creates a lower pressure, resulting in air moving
into the cylinder from the intake manifold. In a modern engine, the fuel injector
will activate mixing fuel with the air. At the end of this stroke the intake valve
closes and the piston starts compressing the air and fuel. Some time before top
dead center the spark plug fires and causes the fuel to burn increasing pressure
and temperature. This drives the piston down during the power stroke until it
reaches bottom dead center where the exhaust valve opens and the momentum
stored in the crank keeps the piston moving pushing the air out.

1.1 Losses

The entire process is a mix of mechanical movement, fluid losses, chemical re-
actions, and gas processes. During the intake stroke there are losses associated
with piping which reduces the amount of air getting into the engine. As the
piston compresses the air, the rate of change of volume, composition, and heat
transfer aledt the pressure and temperature rise of the working gases. This in
turn aledts the rate at which the reactions take place. The exhaust store has
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Figure 1.1: Four Stroke Engine
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similar pumping losses associated with it and during the entire process there
is frictional losses to be accounted for. The system is not accurately modelled
by any single thermodynamic process but is best modelled through complex
interdependant models relating the various aspects of the engine.
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Exsisting Models

The project intially looks at the most basic thermo dynamic model of engine
operation which is the Otto cycle. Blair suggests modeling geometry, then gas
flow, thermodynamics of combustion, gas scavenging, and finally friction[6]. The
model being developed will focus more heavily on the thermodynamic model and
therefore will follow a slightly dilerent path of development. The thermody-
namics model is considered more important for this application than gas flow
and therefore will be conducted first.

2.1 Otto Cycle

The Otto Cycle[1] is the most basic model of a spark ignited combustion process.
It ignores the intake and exhaust stroke and concentrates on the compression
and power strokes. There are several major assumptions for this model.

< Isentropic process; no heat transfer

« Instantaneous heat addition at top dead center
= No intake or exhaust loses

< Working fluid is air even after combustion

State 1 in figure 2.1 is set at atmospheric pressure and the intial volume of
the cylinder. The air is isentropically compresses to state 2 at top dead center
where the V=V jearance- Heat is instantaneously added increasing pressure and
temperature to state 3. As the piston moves down, the gas isentropically ex-
pands to state 4 at a higher pressure and temperature. This energy is assumed
to be lost instantly returning to state 1. The area enclosed by this process is the
net work done. The area below state 1 to 2 is the work input, and area below
state 3 to 4 is work extracted.

Movement from state 1 to state 5’ and back is considered to be the exhaust
and intake state at atmospheric pressure and included for reference.
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Further Work

The next step in the development process is to incorporate an ability to add
heat for the combustion process. This should cause a change in the internal
temperature and pressure of the system which can be related to the heat release.
In most simulations this is done through a simple Weibe function for burning
of fuel. The model will start with this to relate heat input to empirical data
but will move to a combustion reaction based process. It also opens the system
to heat transfer due to cooling, more accurately model the system, which is
targetted to be completed at a later time.

The combustion process can be modeled to determine the heat release rate
through the system and then be used as an input into this model. Eventually
a more accurate model of the compressibility of the gases based on the actual
composition could be incorporated.

If time permits, the final stages will see development of intake and exhaust
losses as well as engine friction models to add even more accuracy.



Part 11

Model
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Mark 1

4.1 Overview

The Mark | Simulink model is a model based on engine geometry and the air
standard Otto cycle[1l]. The model describes a single cylinder with massless
parts except for the crank which has a defined mass moment of inertia. Forces
from compressing the working gas will slow down the rotation of the crank
while the expansion process will speed it up. Shown in figure 4.1 are the 4
major layout blocks with several graph displays and an X-Y plot.

4.2 Crank Position

Based on equation 4.1, input torque is equal to the mass moment of inertia
multiplied by angular acceleration. This is shown in figure 4.2 where it is then
integrated with an initial value set by an external constant for intial rotation
speed. This is integrated again with an internal initial value of 0 with a reset at
41 based on a comparator and a reset input to the integrator. The integrator
is reset so that there is an absolute position for the two revolutions required for
a four stroke engine. 6=0 is top dead center starting the intake stroke.

T=lg-a (4.)

4.3 Piston Force

Piston pressure is resolved to a force on the piston through multiplying by
the area as shown in figure 4.3. This area is calculated based on the piston
diameter but the actual pressure on the piston is absolute. Therefore the crank
case pressure must be subtracted before being multiplied to give the true piston
force.
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4.4 Piston Position

The piston position block is made up of several smaller blocks that develop
solutions for the vectors from the crank center to the piston, the angle of the
connecting rod compared to the vertical as well as piston force resolved to crank
torque. It also performs some volume calculations.

4.4.1 ‘S’ Solver

The vector S is described as the vertical vector from the center of the crank to
the position of the piston directly above. This vector is used to calculate the
current volume[2] and is based on geometry. It is derived from equation 4.2 by
Heywood and shown in simulink block form in figure 4.5. The inputs are crank
position 8 along with geometry crank arm length ‘A’ and connecting rod length
‘L.

S = Acos8 + (L2 — A2 -sin?g)2 (4.2)

4.4.2 Phi Solver

The angle between the connecting rod and the vertical is needed so that torque
can be calculated at a later time. It is based on equation 4.3 and the Simulink
block form is shown in figure 4.6. This block is based on current position and
engine geometry.
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. A-sind
@ = arcsin

(4.3)

4.4.3 Clearance Solver

The clearance solver determines the swept volume and clearance volume based
on the stroke, piston area, and compression ratio. Its Simulink block is shown
in figure 4.7 and uses the following equations:

szept =2 Ahalfstroke ' Apiston (4-4)
V
Velearance = rsvieg)-t (4.5)

4.4.4 Torque Resolver

The torque resolver is a complex block that uses ¢ and w along with engine
geometry to determine the amount of torque on the crank. Its simulink block,
which is shown in figure 4.8, is based on the following equations:

B=90—-—w—0 (4.6)

_ P

= coeo (4.7)

cr
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Fr = Fcrcosp (4.8)

4.4.5 Current Volume Solver

The maximum position of the piston is when the piston is at top dead center
which corresponds to minimum volume. The current volume can then be given
by equation 4.9. The Simulink block equivalent is shown in figure 4.9.

V = (L +A— S) ' Apiston + Vlearance (4-9)
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4.5 Thermodynamics

The combustion process is modeled by isentropic expansion and compression
connected to a mechanism that chooses which block to use shown in figure 4.10.

4.5.1 Isentropic Compression

Isentropic compression starts by solving for V; through an interpolated equa-
tion based on gas properties of air and initial temperature which is equation
4.10. From equation 4.11 V,, can be solved for. A second interpolation to
calculate output temperature based on V,, is developed into equation 4.12.

Vi1 =9-10°. T, 28% (4.10)
Vi1 = V/Votal - Vi1 (4.11)
T =2994.6 -V, 7934 (4.12)
p=p,. 1  Voul (4.13)

T V
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4.5.2 Isentropic Expansion

The expansion block is identical to the compression block but because there
is a marked discontinuity in the pressure, temperature, and volume, there are
new initial value inputs. The changes include replacing total volume with clear-
ance volume, and pressure and temperature is defined at higher values based on
calculations found in Moran and Shapiro’s Fundamentals of Engineering Ther-
modynamics. These can be seen in figure 4.12.

4.5.3 Process Switch

The process switch has several inputs for pressure and an output for the cor-
rect current pressure depending on the crank angle. There is an input for the
compression pressure, the expansion pressure, as well as the atmospheric pres-
sure which is used for intake and exhaust place holders. The crank starts o[
at 6=0 on the intake stroke. The switch selects atmospheric for this process.
Once the crank is at position 8=t it switches to the compression model until
6=2m. It then switches to an expansion model until 8=3m1 where it goes back
to atmospheric for the exhaust stroke. The crank position resets when 8=4m so
that the process of selecting will automatically repeat.
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Testing Mark 1

The model must be tested throughout the development process to ensure each
individual block works as predicted, as well as working correctly when combined
together. Each block is tested for individual function but when connected to
another block there may be unforeseen issues resulting in unpredictable results.
This creates a need for higher level tests to ensure that the model is working
correctly.

5.1 Steady State Operation

The first step in testing the geometry as a large block is to ensure that at
a constant speed with no torque the mechanism calculates the appropriate live
values such as volume and crank position repeatedly. Since provisions for setting
an initial w are incorporated, values for torque and pressure can be disconnected
to give the position graph shown in fig 5.1. The w was set to 1 rad/s and resets
after 4-pi radians. According to the volume graph shown in figure 5.2 with the
same time on the x-axis it is seen that the piston cycles from top dead center to
bottom dead center twice before the position resets. This indicates a working
volume calculator.

5.2 Oscillation Test

Testing the dynamics of the model can be facilitated through determining if the
piston will oscillate. Setting the initial w to 0 and applying a constant force to
the piston with an initial 8 equal to some value between 0 and 1 should cause
the piston to rotate to the identical position at the upstroke and then fall back
down repeatedly. If this occurs it means that the model accurately models the
mass parts and the torque resolver is working correctly.

For this test an initial value was set to 0.1 in the integrator with a resolved
pressure of 100kpa on the piston. Figure 5.3 shows that the predicted result of
oscillation does occur and therefore the geometry model is accurate.

18
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Figure 5.1: steady state position

Figure 5.2: steady state volume
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Figure 5.3: Oscilation Test

5.3 Running The Model

At the completion of the Mark | model the results need to fall within the ex-
pected operation since it is well documented and easy to predict. While the
specific energy input is based on example calculations[l], they appear close
to expected values upon comparison to real engines in both Heywood’s[2] and
Blair’s[6] books respectively.

Shown in figure 5.4 is the crank speed w in radians/second and coinsides with
the expected results. During the intake stroke, until 6=m, the speed is constant
because crank pressure and atmospheric pressure are both 100kpa resulting in
no net force on the piston. When 6=m the compression process is started and
pressure increase causing the speed to slow down. When 8=2m there is a jump
in pressure and this causes increased torque speeding up the rotation. During
the exhaust stroke starting when 8=3m the force is again 0 and there is no
speed change since crank case pressure and atmospheric pressure are the same.
The x-axis is against time so as the engine speeds up, the time it takes for this
process to occur is shorter which can also be seen in the figure.
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Figure 5.4: Model Results



Chapter 6

Mark 11

6.1 Overview

The Mark Il model completely removes the original pressure based model and
replaces it with a model based on mass and energy. The Mark Il main block
diagram is shown in figure 6.1 and replaces the Combustion Pressure block with
a new Combustion block with an “Energy Input”.

6.2 Mark II Changes

The changes over the original Mark | model are switching to an energy based
approach. Work from the crank shaft is added to the fluid as well as energy
from the combustion process. It still retains the assumption that the only
working fluid is air. This energy combined with working fluid properties is then
translated to pressure using the ideal gas law. The main reason for this is that it
can be initially setup using a constant C, value to approximate internal energy.
Further revisions will develop an internal energy to temperature translator based
on gas composition.

6.3 Combustion

The energy process is shown in the simulink block in figure 6.2. It subtracts
work from compressing fluid, integrating it to find energy, adding to it the
energy of the burn, and then solves for temperature. Based on the temperature
and initial conditions it can then solve for pressure using the ideal gas law. The
energy equation where Q and W are in joules is shown in equation 6.1. This is
rearranged into equation 6.2.

The intial mass is also calculated from the ideal gas law in a sub block
while a modifed version is used to give pressure. The assumption is that the air

22
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Figure 6.1: Mark Il Simulink Model

the cylinder is at atmospheric temperature and pressure at bottom dead center
when the valve closes trapping this air.

Q+W =mI[0p (To — Tl) (61)
QW
m 005 + Tintial = To (6.2)

6.3.1 Weibe Function

According to Heywood and Blair, the gas burn can be approximated as a Weibe
function [2]. The fuel is initially slow burning before reaching a steady state,
then tapers o [Cab the flame front reaches the walls. The Weibe function is shown
in equation 6.3. The values of a and n are determined by curve fitting real world
values. A good approximation for these values been fitted to Weibe function
with a=5 and n =3 [2].
(| I%I_ 6 (L1

Xp(B) =1—exp —a
B4

8 is the crank angle and 65 is when burn is initiated. 84 is the duration in
radians that it takes to reach unity. This function will output a valuve from 0
to 1 indicating the percentage of the mass fraction burned which is assumed to
be equivalent to percentage of energy released. It allows this model to multiply
the output by the expected energy to be release giving an energy addition over
the piston movement.

The Weibe function before 85 and after 8s+04 are not 0 and 1 respectively.
Therefore a switch shown in figure 6.4 is employed to output 0 before the desired

(6.3)
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combustion start and 1 afterwards. It will cycle every 4m radians for each
combustion phase so that at each cycle the system will reset.

Initial Mass Calculator

The initial mass is calculated by the ideal gas law assuming gas composition
at approximately atmospheric pressure and temperature in the cylinder. The
simulink block is shown in figure 6.5 and relates to equation 6.4. It uses total
cylinder volume (Vs+V,) to calculate mass.

PV =nRT (6.4)

Pressure Solver

The pressure solve rearranges the ideal gas law to solve for pressure based on
temperature and current volume along with the molar mass of air. Eventually a
composition based molar mass block will be setup to adjust for a more accurate
gas model.
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Mark 111

Mark 111 is heavily based on Mark Il with a focus on developing the combustion
model more accurately. It is currently on revision G and still in development.
The overview of the model is seen in figure 7.1, and when compared with figure
6.1 showing the Mark 11 model, there is no apperciable di [erence. However the
main diCerknces occur in the Combustion Block.

The model moves away from the assumption that the energy in the air is
equivalent to temperature multipled by cp. It is working towards knowning the
internal energy based on compression and energy addition and using the gas
composition to calculate temperature from this. From the ideal gas law and gas
composition the pressure is calculated and input in the system.

At the time of writting the internal energy solver, gas composition solver, and
energy release solver are still in development. The completion of these blocks
will conclude the development of combustion. Pumping losses and frictional
losses are the next to be integrated and then a deep comparison to other engine
models will be conducted.

7.1 Combustion

The Mark 111 combustion model has change a lot compared to the Mark Il. The
new Mark Il model is shown in figure 7.2 and has several notable di [erknces.

The Weibe function now incorporates input for both spark firing and burn
duration. In the Mark Il model these had to be manually input to the model
as a function. Both the spark and the burn duration are now setup as inputs
because they will be related to crank speed as well as other properties.

There is now the addition of a crank duration solver which is based on
equation 7.1 by Hires et al. [7]. It is currenly setup with a reference Laminar
Flame speed of 1 and an input of 1. According to Heywood [2] the laminar
flame speed should only change when gas composition changes. For gasoline
engines this will not likely to occur because they operate near stoichoimetric.
For hydrogen, the air to fuel ratio, ¢, may be adjusted to burn lean rather than

27
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Figure 7.1: Mark Il Simulink Model

reducing the amount of air in the cylinder.

The internal energy to temperature translator is still being developed and
is based on the National Aeronautics and Space Administrations gas property
generator available online. Once a table of values is generate for an individual
gas, a 6 degree polynomial curve will be fitted to the range of valuves from 300k
to 5000k.

The Weibe function will determine the amount of fuel which has been burnt
which will be used to determine the composition. Small changes to the ideal
gas blocks can then be made to more accurately model these gases.

I R I I [2]
8 _ N 3 DUb,ref s

— = 7.1
eref Nref Ub ( )

7.2 Combustion Limitations

The complexities associated with burning in an internal combustion engine are
many. The turbulent flame speed is based on many properties related to the
motion of the air and fuel within a cylinder. Utilizing a simple spherical burn
pattern and a moving cylinder, it was found that turbulent burn velocities for
gasoline could vary from 10 - 20 m/s when compared to empirical data in Gordon
[6].

Subba Rao et al. [8] developed an eddy entrainment model which accurately
predictes hydrogen combustion and is suggested that it can be used for other
fuels through the adjustment of the laminar flame speed. It correlates the burn
velocity to an eddy entrainment speed. It relates this entrainment speed to
inlet valve diameter and lift, cylinder diameter, engine speed, and stroke length.
However it doesn’t account for multiple valves and does not define all variables
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thus making it impossible to utilize the model. A simpler model based on
empiricate data of existing engines was therefore chosen.

It has been found is that Computational Fluid Dynamics, CFD, packages
are now being used to solve this type of problem. Since the model is confined
to simulink without coupling to other models, this prevents a more accurate
solution from being developed.
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Further Development

With the limitations imposed by the development of the combustion model,
development will move towards intake and exhaust pumping losses as well as
frictional loses combined with heat transfer. These properties will allow a more
finessed model that accurately reflects the operation within an engine. It will
allow the model to be tuned and compared with actual engine data through the
comparison of torque curves.

Heywood provides very accurate estimation of the frictional losses for cams
and hydrodynamic bearings as well as citing several heat loss calculations. They
require some new input specifications such as number of valves per cylinder,
number of crank journals, and several other values but most are easily deter-
mined.

30
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