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Hydrogen is one of the promising alternative fuels that can be used in internal
combustion engines in order to reduce fossil fuel consumption and engine-out
emissions. In this work, hydrogen is fumigated in to a diesel engine as hydrogen-diesel
dual fuel operation with usual diesel fuel injected adjacent to the top dead center. The
hydrogen addition is found to change the cylinder pressure characteristics and affect
the engine vibration. In effects, the cylinder pressure and the engine vibration in terms
of engine acceleration were studied. The single cylinder Kubota RT100 direct
injection diesel engine was tested on the engine test bed equipped with engine
indicating system and arrays of accelerometers. Hydrogen at various quantities of 0, 5,
10, 15, and 20 Ipm was added and mixed with the air at the intake manifold before
induced in to the cylinder. The cylinder pressure and the accelerations in X, y, and z
directions installed beneath the engine base are measured at constant speeds and

various torques.

The experimental results show that the maximum cylinder pressure, the
average peak acceleration in all directions, and the peak of the magnitude of the
difference between the acceleration vector summations at the engine supports with the
hydrogen percentage of i% and the hydrogen percentage of 0% reduced with the
increasing hydrogen percentage addition while the coefficient of variation of the
maximum pressure increased. Consequently, the needs for optimization between the
engine vibration reduction and the maximum pressure variation are prospectus for

future work.
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STUDY AND ANALYSIS OF ENGINE VIBRATION, EFFECT OF
USING HYDROGEN-DIESEL DUAL FUEL

INTRODUCTION

In the present day, compression ignition (diesel) engines are commonly used in
vehicle transportations, industrials, electric power plants, and etc. Diesel engines are
able to operate with a wide range of fuels, diesel oil, bio-diesel, and dual fuel.
According to the global warming and energy problems, the alternative fuels are used to
decrease the quantity of carbon dioxide (CO,) in the atmosphere and diesel oil
consumption. Hydrogen-diesel dual fuel is one choice of the alternative fuels. At the
same output energy, the products from the combustion between hydrogen-diesel dual

fuel and air produce lesser CO, than that of the combustion of diesel oil and air.

Hydrogen (H>), the highly flammable gas which burns in air at a wide range of
concentrations, can be produced from a wide variety of resources. Hydrogen-diesel
dual fuel is the combination of hydrogen and diesel. In diesel engine applications, the
chemical reaction will be started at the end of the compression stroke. The high-
temperature, high-pressure, gases push the piston down and rotate the crank. The
engine vibration is generated by the transmission force from the piston head to the

crank support.

Engine vibration is the main topic in engineering problems. Hydrogen-diesel
dual fuel may cause more engine vibration than diesel oil because of its highly
combustion. In the present work, the effect of hydrogen on diesel engine vibration is
the main object to study. However, cylinder pressure is the main factor of engine
vibration. The relation of hydrogen quantity, cylinder pressure, and engine vibration

must be studied.



OBJECTIVES

1. To study the cylinder pressure when using hydrogen-diesel dual fuel.

2. To study the diesel engine vibration when using hydrogen-diesel dual fuel.

Scope of thesis

1. This research proposes the study of the effect of hydrogen addition on the
cylinder pressure and the engine vibration.

2. For elimination of the effect of multi piston on engine unbalance and engine
vibration, a single cylinder Kubota RT100 direct injection diesel engine is used to test

on the engine test bed with hydrogen-diesel dual fuel.

3. The hydrogen is added by fumigation with the flow rates are 0, 5, 10, 15 and

20 Ipm at pressure of 1 bar and temperature of 25 °C.

4. The test conditions of the engine speeds and the engine torque are 2,000 rpm
with 25% full load, 2,000 rpm with 50% full load, 1,600 rpm with 15% full load, and
1,600 rpm with 25% full load. The engine speed of 2,000 rpm is close to the maximum
speed of the engine mean while the engine speed of 1,600 rpm is the common use of
this engine.

5. The regression analysis is used to determine the equation of the graphs by

linear equation (n = 1) and polynomial equation (n = 2).



LITERATURE REVIEW

This chapter presents diesel engine systems, hydrogen-diesel dual fuel and

diesel engine vibrations.

1. Diesel engine

Compression ignition (diesel) engines are common used in cars, buses, ships,
diesel power plants, and etc. Today, the economy saving of diesel fuel is the main
topic of energy saving. Diesel engines are able to use a wide range of fuels, bio-diesel,

and hydrogen-diesel dual fuel.

1.1 Four-stroke diesel Engines

In a diesel engine, fuel and air are mixed internally. The intake stroke;
during the piston moves from top dead center (TDC) to bottom dead center (BDC)
only air is inducted to the cylinder (Ferguson, 1986). The intake valve is opened and
the exhaust valve is closed as shown in Figure 1 (A).

The compression stroke; the piston moves from BDC to TDC. The diesel
injector(s) consists of a high pressure injection(s) of fuel when the air is at a high
temperature. The auto-ignition of mixed fuel-air region initiates the combustion

process. The intake valve and the exhaust valve are closed as shown in Figure 1 (B).

The power stroke; the piston moves from TDC to BDC. The high pressure
from the chemical reaction of the mixed fuel-air region moves the piston and transfers
the chemical energy to the engine torque. The intake valve and the exhaust valve are

closed as shown in Figure 1 (C).

The exhaust stroke; the piston moves from BDC to TDC. The exhaust gas is
ejected from the cylinder. The intake valve is closed and the exhaust valve is opened

as shown in Figure 1 (D)



intake valve fuel injector exhaust valve

(A) Intake (B) Compression (C) Power (D) Exhaust

Figure 1 Four-stroke diesel engine
Source: Encyclopedia Britannica Inc (2007)

1.2 Two-stroke diesel engines

The compression stroke; the piston moves from BDC to TDC. The intake

port is closed by the piston. The exhaust valve is closed. At the top of the stroke, fuel
is injected into the cylinder as shown in Figure 2 (A). The combustion of the fuel-air
region starts and generates the high pressure gases at the piston head.

The power stroke; the piston moves from TDC to BDC. The exhaust valve still
closes until the piston head moves down to uncover the intake port. The burned gases
are carried out and are taken place by the air as shown in Figure 2 (B).

2. The combustion stoichiometry

For a general hydrocarbon of a molecular composition C,H, combusted with

air, the complete combustion equation is

C,H, +(a+%)(02 +3.773N,) =aCO, +2H20+3.773(a+%)N2 1)



Exhaust valve Fuel injector

Exhaust valve
(closed)
Intake port (close
off by piston)

Intake port (close
off by piston)

(A) Compression stroke

Exhaust valve ___:;
(open)
Intake port (open)

Exhaust valve

Scavenging air
(closed) N l Q g

Intake port (close
off by piston)

(B) Power stroke
Figure 2 Two-stroke diesel engines
Source: Fireman (1987)

Equation (1) is the theoretical proportions of fuel and air. The complete
chemical reaction of them requires at least air quantity in equation (1). The equation of

the stoichiometic air/fuel ratio is



(éj _m, _(a+b/4)(32+3.773x28.16) @

F), m, 12.011a +1.008b

where:

(%j = stoichiometic air/fuel ratio.

For diesel oil C,;H,;(is used in this research), the stoichiometric combustion

equation is
C,;H,; +22(0, +3.773N,) =15CO,, +14H,0 +83.006N,, 3)

From equation (2), the stoichiometic air/fuel ratio will be
(%] - 1461 @)

Diesel engines are divided into two types: direct-injection (DI) engine and
indirect-injection (IDI) engine. The direct-injection engines have a single combustion
chamber where the fuel is injected directly into the combustion chamber. Meanwhile,
the indirect-injection engines have the prechamber and the main chamber. The fuel is
first injected into the prechamber and the combustion propagates into the main

combustion chamber.

The combustion process of the direct-injection engine with one injection per
engine can be identified on typical heat release-rate diagram as shown in Figure 3
(Heywood, 1988). Ignition delay (ab) is the period between the start of fuel injection
into the combustion chamber and the start of combustion. Premixed combustion phase
(bc) is the phase of combustion of fuel and air mixture occurs rapidly in a few crank
angle degree and generate the high heat release rates. Mixing-controlled combustion

phase (cd) is the phase of the heat release rate controlled by the fuel vapor-air mixing



process. Late combustion phase (de) is the phase of the heat release rate continuous at

a lower rate because a small fraction of the fuel may not completely burn.

Ignition Premixed combustion phase

| delay -
period Iy
_l } . Mixing-controlled combustion phase ]

P Late .
—4—— combustion
~ SOl c EOI phase
b ] 1 are | g
a b
160 170 180 190 200 210

Figure 3 Typical direct injection heat-release rate diagram identifying different

diesel combustion engine

Source: Heywood (1988)

3. Hydrogen production

Hydrogen is the most common element on earth; H, can be produced from
various materials, e.g. water, fossil energy source, coal, biomass, hydrogen sulphide,
anthropogemic waste, and etc. (Williams, 1980; Abbas and Daud, 2010; Sun et al.,
2012). Hydrogen production methods are categorized in six classes, electrochemical,
thermochemical, photochemical, radiochemical, biochemical, and hybrid. From these
methods can identify five sustainable hydrogen production, pathways, water splitting,
hydrogen extraction from waste materials, fossil hydrocarbons decarbonizatoin,
hydrogen sulfide decomposition, and biomass conversion (Eker and Kargi, 2010;
Kargi et al., 2011; Cai et al., 2012; Dincer and Zamfirescu, 2012). Extraction of
hydrogen requires energy. The main energy sources are fossil energy source, solar,

hydro, biomass, geothermal, nuclear, wind, ocean thermal, and tidal. Water electrolysis



is a principally method for producing highly-pure hydrogen (Cox and Williamson;
1997).

Hydrogen production methods are several used in automotive applications.
They are a combination of major reforming technique such as steam reforming, partial
or complex oxidation, water-gas shift reaction, auto thermal reforming, and etc.
(Tsolakis et al., 2005)

Steam reforming (SR) is widely used and the most efficiency method to
produce commercial hydrogen (Murdov, 2000; Profeti, 2009). Stream react with
hydrocarbon to separate carbon oxides and hydrogen at high temperatures (700-
1100°C) and in the suitable catalyst (Ahmed and Krumpelt, 2001). The equation of
the stoichiometric reaction of the oxygenate fuel CyHyO, given by Garcia et al.,
(2000) is

x' ly~z

C,H,0,+(x-2)H,0 —>xCO+(x+%-z)H2, Q,.>0 )

Q. = Heat of reaction (kcal or MJ)

The other commercial hydrogen production method is partial oxidation (PO).
Equation (6) show that the sub-stoichiometric fuel/oxygen ratio of the PO. Oxygen
limited restricts the fuel oxidation to separate carbon dioxide and water (Muradov,
2000). However this process is the inherently exothermal and the products are unstable
products. Carbon dioxide and water, the products from complete oxidation of the PO
in Equation (7) may also take place depending on the condition in the reactor. These

are undesirable products.

CXHyOZ+(§-§]OZ BN xCO+%H2, Q.. <0 6)

Cﬁp;(x%-%)oz —>XC02+%HZO, Q<0 (7)



The water gas-shift reaction (WGSR) use the product carbon monoxide from
SR process in Equation (5). The product carbon monoxide can react with excess
stream to produce hydrogen at temperature below 750°C (Grenoble et al, 1981).

CO+H,0—>CO,+H,, Q. <0 (8)

The auto-thermal reforming (ATR) in Equation (9) is the combination of the
SR and the PO. The reaction of the SR and the PO are generated by feeding the fuel,
steam, and oxygen together into a catalytic reactor. The heat generated by the PO is
absorbed by the SR reaction and the maximum temperature in the reactor is limited
(Ahmed and Krumpelt, 2001).

Cﬁp;(x—%—%)@z +HZO—>XCO+[%+1JH2, Q,.<0 9)

4. Hydrogen storage

Hydrogen is an alternative energy and it is a gas in the earth's atmosphere.
Hydrogen can be storaged as a gas, liquid, and in a solid material-hydrogen system
(Cox and Williamson, 1997; Williams, 1980).

For the hydrogen gas storage, the high-pressure cylinder tanks are commonly
used at pressures ranging from 150 to 400 bar and at a maximum pressure of 200 bar
in commonly use (Williams, 1980; Langohr, 2007). High tensile strength metallic
material can store hydrogen gas at high pressure more than 400 bar but they are
usually associated with a weight penalty. The new light weight composite materials
such as carbon-fiber compounds or others have been use to build the hydrogen gas

storage tank.

Hydrogen has the low critical temperature of 33K to change from gas phase to
liquid phase. For the hydrogen liquid storage, the cryogenic tanks are used at 21.1 K at
ambient temperature. The simplest liquefaction proceed the Joule-Thomson cycle is



10

used to explain the hydrogen liquefaction process ( Zittle, 2003). Firstly, Hydrogen

gas is compressed and cooled in the heat exchanger. Secondly, in the expansion
process, it pass through a throttle valve and change from the gas to the liquid-gas
mixture. After expansion, the cool gas is separated from the liquid and return to the
heat exchanger and it is compressed by the compressor again. The liquid nitrogen (78

K) is commonly used for pre-cool hydrogen before the first step.

Hydrogen can undergo physio-absorption on a high specific surface area. For
solid material-hydrogen system, interaction in metals and complex hydrides is used
(Cox and Williamson, 1997; Williams, 1980; Zittle, 2003; Demirci et al., 2009;

Luzan et al., 2009; Pukazhselvan, 2012.) The resonant fluctuation in charge
distributions (Val der Waals interactions) are the cause of the physio-absorption of
hydrogen. The hydrogen molecule can interact at the surface of a solid carbon and

increases with temperature and absorption temperature.

5. Hydrogen-diesel dual fuel

Hydrogen can use as dual fuel in Sl engines (Houseman and Hoehn, 1974;
Apostolescu and Chiriac, 1996; Ji, 2009; Escalante and Fernandez, 2010; Wang® et al.,
2010; Wang? et al., 2012) and CI engines (Badr et al., 1999; Tomita et al., 2001;
Saravanan et al., 2007; Korakianitis et al., 2010; Lata et al., 2011; Shin et al., 2011,
Miyamoto et al., 2011; Wu et al., 2012).

In diesel engines, hydrogen is mixed with the air by direct mixing in the
manifold or by injection directly into the cylinder (Badr, et al., 1999; Escalante and
Fernandez, 2010). The auto ignition occurs when diesel fuel is injected before TDC in
the compression stroke. From the study of hydrogen-diesel dual fuel combustion, the
results show that the emitted carbon oxides, hydrocarbon, and smoke are reduced
(Tomita et al., 2001; Escalante and Fernandez, 2010).

For hydrogen fuel, the stoichiometric combustion equation is
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H,+0.5(0,+3.773N,)=H,0+1.887N, (10)

The equation of hydrogen percentage (%H,) on mass basis of hydrogen-diesel

dual fuel is
m
%H,=—"2x100 (11)
mf
where:

my,, = hydrogen mass flow rate (kg/s)

m, = fuel mass flow rate (kg/s)

The fuel mass is the combination of hydrogen mass and diesel mass

mf :mHz +mDieseI (12)
where:
My = diesel mass flow rate (kg/s)

For hydrogen-diesel dual fuel with hydrogen percentage of %H,, Equation (3)
and Equation (10) can be written as

(1-%H,)[C,;H,, +22(0,+3.773N,)=15C0O, +14H,0+83.006N, ] (13)
and
%H,[H,+0.5(0,+3.773N,)=H,0+1.887N,] (14)

The stoichiometric combustion is the combination of Equation (13) and

Equation (14).The new stoichiometric combustion equation for the hydrogen-diesel
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dual fuel will be

(1-%H,)[C oH,,]+%6H, [H,1+{22(1-%H,)+0.5(%H,)}[0, +3.773N, ]=
15(1-%H,)[CO, ]+{14(1-%H,)+(%H,)}[H,0]+{83.006(1-%H,) (15)
+1.887(%H,)}N,]

The stoichiometric air/fuel ratio of the combustion of hydrogen-diesel dual fuel

can be written as

(é] _{22(1-%H,)+0.5(%H,)}[0,+3.773N,] (16)
F s_ (1-%H,)[CsH e J+%H,[H, ]

6. Fundamentals of Mechanical vibration

6.1 Mass-spring system

The foundation of mechanical vibration starts from mass-spring system (m-

k) as shown in Figure 4. The mass m is supported by spring with the spring constant k

1F(t)

and is acted by force F(t).

W

Figure 4 Mass-spring system (m-k)
The equation of motion (EOM) of the mass-spring systems is

MX+kx=F(t) a7
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where:

m = mass (kg)

x = displacement (m)

: m
X = acceleration (=)
S

k = spring constant (E)
m

F(t) = force (N)
t = time (S)

Equation (17) can be written as
o 21
X+ x=—F(t) (18)

m
where:

rad
o, = angular natural frequency (—)
S

and

(Y (19)

In the case of F(t) =0, Equation (18) is linear and homogenous differential

equation called free vibration. The general solution is

x=Xsin(o, t+) (20)

where:
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X = amplitude (m)
¢ = phase angle (rad)

6.2 Mass-spring-damper system (m-k-c)

The mass-spring-damper system in Figure 5 is developed from the mass-
spring system. Dampers are used to decrease the vibrations by damper forces e.g.
viscous force, dry friction force, and internal friction force. The viscous dampers are
commonly used in mechanical vibrations. When a piston moves in a cylinder through a
viscous fluid, the viscous force always acts in a direction opposite to a piston velocity.
The equation of the viscous force is

F =cx (21)
where:

F¢ = viscous force (N)

¢ = damping constant (M)
m

% = velocity (™)
S

1
Kk L‘_IC
I

Figure 5 Mass-spring-damper system (m-k-c)
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The equation of motion (EOM) of the mass-spring-damper systems is

mMX+Ccx+kx=F(t) (22)

Equation (22) can be written as

g oo 1

X+2cm X+mx=—F(t) (23)
m

where:
¢ = damping factor
and

c

= 24
5= me, (24)

For free vibration (F(t)=0), oscillatory motion occurs when ¢< 1 called

underdamped case. The general solution is
X = Xe ™" sin(w,t +¢) (25)
where:

rad

)
s

o, = circular frequency of damped oscillation (

and
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w, = 0,1 (26)

If F(t) # 0, Equation (18) and Equation (23) are called force vibration. F(t) are

in the forms of harmonic functions (sine function and cosine function) and transient
functions (step function, ramp function, rectangular function, haft sine function, and

etc.).

For F(t) =sin(wt), the general solution of Equation (23) is
X = X,e ™" sin(o,t + ¢, ) + X, sin(wt — ,) (27)

where
_ rad
o = force frequency (— )
s

The first term in Equation (27) can be eliminated when the system becomes

steady state vibration and the Equation (27) can be rewritten

x = Xsin(ot—¢) (28)

If function F(t) is transient, there are many cases of vibration system and many
general solutions. Laplace transform technique is commonly used in transient function
to find the general solution.

In addition, If function F(t) is in other forms, many functions may be the cause
of nonlinear equations. If the analytical mathematics cannot solve these equations, the

numerical method must be used.

7. Engine force analysis
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In Figure 6, when fuel is burned in the cylinder, combustion pressure P is
generated and pushes the piston downward with the force F which is transferred force
to the connecting rod and crank. The vibration is generated by the forces (in vertical
and horizontal direction) while the torsional vibration is generated by the shaft torque.
The angular displacement and the angular velocity are used in torsional vibration

analysis and vibration controlling (Li and Stone, 1999; Fredrik and Toivonen, 2008.)

1 = stationary

2 =crank

3 =connecting rod
4 = piston

g,= center of gravity of a

connecting rod
B = center of gravity of a
piston

Figure 6 The slider crank mechanism

The relation of the force F and the pressure P in the cylinder is

F=PA (29)

Where:

F = the pressure force at a piston head (N)

P = the pressure in a cylinder (Pa)
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A = the area of a piston head (m?)

The pressure P is the function of the crank angle 6 as show in Figure 7. Thus F

can be written

F = P(O) (30)

P (Bar)
70 q

60 -

0 (de.g.)

-360 -270 -180 90 180 270 360

Figure 7 The cylinder pressure

In engine forces analysis, there are methods to determine the engine force

related parameters; superposition analysis and point mass analysis are commonly used.

In the point mass analysis shown in Figure 8, the mass of the connecting rod is

divided into two parts, at points A and B.

4
mA = m37A (31)

3

where:

m, = the mass of the connecting rod (kg)

m,, = the separated mass of the connecting rod at point A (kg)
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¢ , = the length from point A to point g,(m)

¢ = the length of the connecting rod (m)

and
mg =m, ‘e (32)
s V4
where:

My, = the separated mass of the connecting rod at point B (kg)

¢, =the length from point B to point g, (m)

The inertia force (opposite direction of the acceleration) can be determined
using Equation (33) to Equation (35)

R, =M,y (33)
F, =Mgag (34)
Fa, =Maa, (35)
where:

F, = the inertia force of the piston (N)
Fs, = the inertia force of the connecting rod at point B (N)

F,, = the inertia force of the connecting rod at point A (N)

. : m
a,and ag =the acceleration at point A and B ()
S
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The counterweight of the crank M, is added so that an inertia force F is

induced to balance the inertia force F, as shown in Figure 8 (a).

cw F,

(®) Fa

Figure 8 The point mass engine force analysis
Source: Mabie and Reinholtz (1987)

In Figure 8 (b), the piston and the upper part of the connecting rod are in

dynamic equilibrium. F,is the resultant of the forces F and F, . Fis and Fcr is

determined using the sum of the force vectors which equals to zero.

+h, R =0 (36)
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I‘:14 = I:147 S

Fer = Fr (SIN i+cosp j) (38)

For the upper part of the connecting rod as shown in Figure 8 (c), Fa43 can be

determined by using Equation (39)

T:BB +F;+Fye =0 (39)
and

Fi =Fia (b d +2, ) (40)
where:

A, and A =aunit vector in the direction x and y

F,;= The reaction force of the piston acting on the connecting rod (N)

Figure 8 (d) shows the lower part of the connecting rod under the action of the

force Fcr, F, ,and Fzs. The force F2; can be determined using Equation (41).

F, +Fs+Fp =0 (41)
and

Fp =P (A0 +2, ) (42)
where:

F,; = The reaction force of the crank acting on the connecting rod (N)
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From Figure 8 (e), F12 can be determine by using Equation (43)

I:32 th, thw = 0 (43)
and
IA:12 =F, (kxT + }\’y_j) (44)

Finally, The shaft torque T can be calculated from the relation

T=F,h (45)

For the force analysis of the engine block shows in Figure 9, the forces from

the slider crank mechanism are used for determination the shaking force and the

shaking couple.

Figure 9 Force analysis of the engine block

Source: Mabie and Reinholtz (1987)

F,, is balanced by F,, and the net result is zero. Only F, , K , T, R;and R,

act on the engine block. The resultant force of F, and F; is the shaking force and
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they are balanced by the sum of R,and R, .

S=F, +F, =R, +R, (46)

where:

S = the shaking force due to the engine block (N)
R,, R, = the reactive force at the support (N)

The shaking torque of the engine block is T. The reactive force R, is not equal

to R, when the torque T acts on the engine block.

8. Engine vibration

Engine vibrations are the important thing in engine design. The engineer must
limits magnitude of engine vibration follow the ISO standards. There are many parts of
vehicle mechanisms joint together with bolt, rod, linkage, and etc. When the driver
drives a car, the vibration sources can be generated from engine shaking force and
rough-road reaction force. These forces transmit to the driver's seat (Loutridis et al.,
2011) and the steering wheel (Jeon et al., 2009) and affect the driver uncomfortable.

In engine assembly process, the miss assembly can be a cause of engine
vibrations (Yang and Gibson, 1996). The miss location and the unbalance mass of

rotating parts must be strongly check.

From Equation (30), (36) and (46) found that the shaking force S is the

function of the crank angle.

Because the pressure in a cylinder is the nonlinear function, so that S is the
nonlinear function. The engine vibration equation from the mass-spring-damper

system with the shaking force S cannot determines the general solution by using
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analytical mathematic. The numerical method is used to determine the approximate

equation of the engine vibration (Johnsson, 2006).

The engine vibration can be measured by commonly using the displacement
transducer (Morris et al., 2008), the velocity transducer (Wakui et al., 2007; Cheng et
al., 2012), the accelerometer (Bohn et al., 2004; Barelli et al., 2009; Jeon et al., 2009,
Hafidi et al., 2010). The acoustic measuring is an alternative method to measure the
engine vibration with non-intrusive measurements (Li et al., 2001; Barelli et al.,
2009). The acoustic signal is measured by the high quality microphone.

The signals from the combustion analysis and the vibration analysis are the
periodic function. In four-stroke engines, they have period of 720 degree per cycle.
There are many signal processing methods to analyze them e.g. statistical analysis,
spectral analysis, time-frequency analysis, and wavelet transform (Li et al., 1997; Li et
al., 2001).

In the statistical analysis, the four ways to express the vibration amplitude are

peak, peak-to-peak, root mean square (RMS), and average.

Peak of the vibration amplitude is measured from zero to peak of the graph as
shown in Figure 10. This type is used to describe the vibration level from the velocity

transducer or the accelerometer.

Amplitude

15

-1.5 -

Figure 10 Peak of the vibration amplitude
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Peak-to-peak of the vibration amplitude is measured from negative peak to

positive peak as shown in Figure 11.

Amplitude

15 4

17 A
§ /_\ Peak to peak
0 ; 0

90 180 270 360

15

Figure 11 Peak-to-peak of the vibration amplitude

RMS of the vibration amplitude (show in Figure 12) can be expressed by
Equation (47).

_ 22X
RMS =, <= (47)

Where:

x = amplitude level

N, =numbers of amplitude

RMS (shows in Figure 12) is commonly use in electrical for determination the
power under the curve. But in engine vibration, peak and peak-to-peak are populate
than RMS while average of the vibration amplitude is the basic value in general works.

In engine vibration and combustion analysis, 100 revolutions of the signal
graphs are commonly used to determine the average of peak or the average of peak-to-
peak (Liew et al., 2010).
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Amplitude

15 4

17 /\
05/ RMS
0 - : 0

05 |

1

15 -

Figure 12 RMS of the vibration amplitude

The average peak acceleration (APA) is used in the present work. For 100

revolutions, the average peak acceleration in x direction can be written.

100

zxpeak,i
— =l

X, = 48
T (48)

Where:

o 452t . ...m
X, = average peak acceleration in x direction ()
S

X

AV M
weai = Peak of the acceleration in x direction ()
' S

In spectral analysis, the vibration graph in time domain is the periodic function

includes sine functions and cosine functions (called harmonic function) in varies

frequency. The relation of angular velocity of the graph (or angular frequency) and

frequency is

o= 2xf (49)

Where:
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o = angular velocity (@)
S

f = frequency (1 or Hz)
S
While period is the time that the graph use in one revolution, it can be written

(50)

—h| =

Where:

T = period (S)

The periodic function can be broken up into the harmonic component by using
Fourier series.

f(t) =%°+i[ai cos(imt) +b; sin(imt)] (51)

and

a, = E'Tff(t) cos(imt)dt (52)
T 0

b, = g}f (t)sin(iwt)dt (53)
T 0

Figure 13 (a) shows the sum of three harmonic functions each at a different
frequency and amplitude in time domain. Figure 13 (b) shows the harmonic
components can be plotted their amplitudes in frequency domain called Fourier
transform (FT). Finally, Fourier transform is advanced to be fast Fourier transform

(FFT) for signal processing by using the computer.
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—

Amplitude

(@)

Amplitude

(b)

Figure 13 Time and frequency domain of the three harmonic functions (a) the sum of

three harmonic functions (b) the harmonic components
Source: Balachandran and Magrab (2004)

9. Effect of hydrogen on diesel engine performance

Hydrogen can be added with diesel as hydrogen-diesel dual fuel. There are

several three ways for hydrogen addition by fumigation, carburetion, and injection.
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Fumigation (used in this study) is hydrogen addition by using hydrogen
pressure and cylinder pressure during intake stroke. This is as the engine used in the
test has a mechanical diesel injection pump. By this manner, hydrogen is mixed with
air at an intake manifold and flow into a cylinder. In the end of compression stroke,
diesel oil is injected at high pressure and mixed with hydrogen and air. The mixture is
homogeneous and has smooth combustion. Additionally, fumigation cannot be used
with turbocharger as its boost will resist the hydrogen addition.

For carburetion, air flows across a venturi of a carburetor and increases
pressure when the cross area at a venturi is decreased. At a venturi, hydrogen is sucked

pass a jet and mixes with air before flow into a cylinder.

For injection, hydrogen injected by the injector(s) directs into the cylinder at
high pressure at the end of compression stroke. By injection, the mixture is

heterogeneous and has non-smooth combustion.

When hydrogen-diesel dual fuel is used, the results from many research papers
found that hydrogen affects the performance of diesel engine e.g. break thermal

efficiency, heat release rate, NOy, CO, the cylinder pressure, and etc.

For break thermal efficiency, Varde and Frame (1983) found that the brake
thermal efficiency increased from 30.5 to 33.7% with the substitution of 12.5% diesel
by hydrogen at full load operation. Saravanan et al. (2007) studied effect of hydrogen
addition methods on break thermal efficiency and found that hydrogen addition by
using manifold injection (fumigation) and port injection (injection) increased break
thermal efficiency while carburetion decreased brake thermal efficiency. Lata et al.
(2012) compared the break thermal efficiency at 10% load, 40% load and 80% load
with the conditions at various hydrogen percentages. The results found that break
thermal efficiency increased at low of hydrogen addition and decreased at high of

hydrogen addition.

The heat release rate is important thing in diesel performance. Combustion

characteristic will be changed by hydrogen addition. Liew et al. (2010) study on
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hydrogen addition in a heavy-duty diesel and found that the peak of heat release rate
increased and shifted toward by increasing hydrogen percentage. Shin et al. (2011)
found that the peak of heat release rate increased by hydrogen addition like Liew et al.
(2010) but it still began to rise at the same crank angle for different hydrogen supply
levels if injected hydrogen into a cylinder. While Lata et al. (2012) found that the heat

release rate in | phase is decreased by hydrogen addition.

The results from research papers (Lilik et al., 2010; Miyamoto et al., 2011;
Lata et al., 2012,) found that hydrogen addition increased NO4. Meanwhile CO and
HC are decreased by hydrogen addition.

For the cylinder pressure, the results from several research found that the
maximum cylinder pressure increased by hydrogen addition (Szwaja et al., 2009; Lilik
et al., 2010; Miyamoto et al., 2011; Shin et al., 2011; ). Lata et al. (2012) found that
the maximum cylinder pressure increased at low of hydrogen addition and decreased at
high of hydrogen addition. McWilliam (2008) found that the maximum cylinder

pressure decreased by hydrogen addition at low load.
10. Coefficient of variation of the maximum cylinder pressure

When hydrogen is added, the maximum pressure in a cylinder will be changed.
The variance of the maximum pressure can be explained by using the coefficient of

variation (Wu and Wu, 2012).

SD.,
COV,,, === (54)

max
max

where:

COV, = coefficient of variation of the maximum pressure
S.D., = standard deviation of the maximum pressure

P .. = average of the maximum pressure
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11. Regression analysis

Often in the experiment, regression analysis is used to find relation between
variables. There are many kinds of regression analysis. Linear regression and

polynomial regression are commonly used for curve fitting. Equation of polynomial

regression is
y=a,+aX+a,x’ +ax’+..+a x" (55)
where:

n = order of polynomial function

In present work, regression analysis is used for curve fitting with n =

1 (linear regression) and n = 2.

Forn=1
y=bx+c (56)
Forn=2

(57)

y=ax’+bx+c
where:

a, b, ¢ = constant

The coefficient of determination R? is used to describe how about a curve

fitting. R? is a number between 0 and 1. If R? approaches 1, a curve fitting is well. The

equation of R? is
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-y y) 58

where:

y = approximate data from regression analysis

y, = real data

y = average of real data

In this work, the relations between P, and %H,, COV, and %H,, APA

and %H,, and APA and P_ are constructed from real data by using Equation (56)

max

and Equation (57).

Forn=1

P_ =a(%H,)+b (59)
COV, =a(%H,)+b (60)
APA =a(%H,)+b (61)
APA=a(P_ )+b (62)
Forn=2

P =a(%H,)’ +b(%H,)+c (63)
COV,  =a(%H,)* +b(%H,)+c (64)

APA =a(%H,)? +b(%H,) +¢ (65)



APA=a(P._)>+b(P,)+C
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(66)
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MATERIALS AND METHODS

Materials

This research is accomplished using the following materials which will be
described in the next sub-topics.

Quantity
1. Single-piston diesel engine 1 engine
2. Engine test base 1 unit
3. Brake system 1 unit
4. Torque meter 1 piece
5. Pressure transducer 1 piece
6. Hydrogen 1 cylinder
7. Revolution speed sensor 1 piece
8. Shaft encoder 1 piece
9. Hydrogen flow meter 1 piece
10. Diesel flow meter 1 piece
9. "G-link" wireless acceleration meter 5 pieces
10. “WADA base” base station 1 piece
11. Computer 2 unit
12. “Node Commander” software 1 unit
13. DEWESoft software 1 unit

Methods

1. Test condition

A single cylinder Kubota RT100 direct injection diesel engine is tested on the
engine test bed. Hydrogen-diesel dual fuel is used in this present work. Hydrogen gas
pressure is controlled at 1 bar by the valves. It flows through the flow meter before

mixing with air at the intake manifold and flow into the cylinder. Hydrogen flow rates
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are 0, 5, 10, 15 and 20 Ipm. Diesel flows through the flow meter before it is injected

into the cylinder by the injector.

The engine is tested at each conditions listed in Table 1. The cylinder pressure

and the engine accelerations at the engine base are measured for the time duration of

100 revolutions of the engine consecutively.

Table 1 Test condition

Test condition Engine revolution

Engine torque

N (rpm) T (%)
Exp. 1 2,000 25
Exp. 2 2,000 50
Exp. 3 1,600 15
Exp. 4 1,600 25

2. Engine setup

In the present work, a single cylinder Kubota RT100 direct injection diesel
engine with specification listed in Table 2 is used. Figure 14 shows its setup on the
engine test bed. The engine base is supported by four springs with each spring constant

of 35 kN/m. In Figure 14, the front view is X-z plane, the left view is y-z plane, and the

top view is x-y plane.

Table 2 Test engine specification

Property Value
Model Kubota RT100 DI
Number of cylinder 1

Bore x Stroke
Displaced volume and Compression ratio
Maximum power

Maximum torque

88 mm x 90 mm

547 cm®, 18:1

7.4 kKW @ 2,400 rpm
3.4 kg-m @ 1,600 rpm
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(b)

Figure 14 The setup of the engine test bed (a) front view (b) left view.

3. Measuring the cylinder pressure

Cylinder pressure traces as shown in Figure 15 (a) were acquired using Kistler
6052C piezo pressure transducers which are suited to applications where the bore is
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smaller than 5 mm (this case). Key technical data of the transducer are listed in Table
3. An amplifier Dewetron DEWE-30-4 3066A03 as shown in Figure 15 (b) was
employed for conditioning the charge signals from piezo-electric transducers.

Table 3 Cylinder pressure transducer specification

Property Value
Measuring range 0 to 250 bar FSO
Sensitivity 19.90 pC/bar
Linearity +0.4 % FSO
Natural frequency 160 kHz

pressure
transducer

(@)

(b)

Figure 15 Pressure measurement (a) pressure transducer (b) amplifier
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Crankshaft position was determined by an incremental shaft encoder model
BDK 16.05A.0360-5-4 from Baumer Electric which was mounted in alignment with
the engine crank shaft at the back of the engine as shown in Figure 16. The
conditioned cylinder pressure signals from both channels of the charge amplifier
corresponding to the engine crank shaft position signal from the shaft encoder were

simultaneously collected using DEWESoft software.

Figure 16 Shaft encoder

The crank angle (CA) at top dead center (TDC) is detected before measuring
the cylinder pressure and the pressure is measured every 1 degree of CA for the time
duration of 100 revolutions of the engine consecutively.

4. Measuring the accelerations

Five G-Link wireless accelerometers are used to measure the engine
acceleration at the engine base. Figure 17 and Figure 18 show accelerometer mounting
positions. The accelerometers are controlled by Node Commander software through
base station WADA base as shown in Figure 19. The main technical specifications are

shown in Table 4.
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o4
v

Engine base

Figure 17 The accelerometer mounting allocations (top view)

Figure 18 The accelerometer mounting allocations (left view)

Table 4 Acceleration meter specifications

Part Specifications

G-link Measuring acceleration X, Y and Z axes
Sample rate 2048 samples per channel per second
Range: +2g or +10g
On-board flash memory: 2 MB
Nonlinearity +0.2%
WADA base Power: usb
Frequency: 2.405 GHz to 2.480 GHz.
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digital signal
— i T
; > digital signal
wireless &K S

| € S ush

G-link WADA base Node Commander
software

Figure 19 Wireless accelerometer G-link and base station WADA base

connection

5. The schematic diagram of the experimental

The schematic diagram of the experimental is shown in Figure 20.

,—»I Flow meter | Safety valve}—l
= t Five Wireless
ow meter l_’ Kubota Accelerometers | Base station
RT100 plus % WSDA - Base

%\

o]

&

&

= X

£ = Pressure Shaft

2 a transducer encoder

) A

> 2

SRE

S DAQ OF -]

- 1. Cylinder pressure [ Node Commander

2. Shaft encoder O Soft ware

DEWE Soft
Soft ware

Figure 20 Schematic diagram of the experimental setup
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RESULTS AND DISCUSSION
Results
1. Maximum cylinder pressure
Cylinder pressure characteristics corresponding to the crank angle in degree
(CAD) at around the end of compression stroke and the beginning of the expansion

stroke are shown in Figure 21 for different hydrogen percentages at 2,000 rpm speed
and 25% torque (Exp. 1).

%H, = 0%

........ %H, = 0.31%
—-— %H,=0.67%
— = %H,=1.11%
” SN\ __ A %H, = 1.59%

Cylinder pressure (bar)

N . . L . ‘ Degree

Figure 21 Average cylinder pressure at various hydrogen percentage for the test

condition Exp. 1

60
58
56
54
52
50
48
46
44
42
40

—t— %H,=0%

— T~ — %H,=0.31%
— < — %H,;=0.67%
— = %H,=1.11%
-==x=== 0oH, = 1.59%

Cylinder pressure (bar)

Degree

Figure 22 The magnification of maximum cylinder pressure for the test condition
Exp. 1
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Figure 22 shows the magnification of the maximum cylinder pressure
illustrated in Figure 21 and numerated in Table 5.

Table 5 Maximum cylinder pressure (Pmax)

Exp. 1 Exp. 2 Exp. 3 Exp. 4
HZ %HZ I:)max %HZ I:)max %HZ I:)max %HZ IDmax
Ipm bar bar bar bar
0 0 60.94 0 69.79 0 57.99 0 58.14
5 0.31 59.22 0.22 67.54 0.52 56.43 0.50 58.12

10 0.67 57.82 0.48 62.54 1.24 55.97 1.06 57.83
15 1.11 56.79 0.75 58.47 2.17 54.73 1.90 56.32
20 1.59 56.71 1.09 58.01 3.45 53.25 3.04 54.80

2. The correlation of maximum cylinder pressure and hydrogen percentage

The maximum cylinder pressure is plotted against the hydrogen percentage for
all the test conditions. The first order and second order correlations between
maximum cylinder pressure (Pmax) and hydrogen percentage are shown in Figure 23

and 24, respectively.

<2000 rpm, T=25%
> 2,000 1pm, T=50%
01,600 rpm, T=15%
0O1.600 rpm, T=25%

70

65

60

5 0 Il Il Il Il Il Il Il ]

Figure 23 The first order correlation between maximum cylinder pressure (Pmax) and

hydrogen percentage



43

By using Equation (59) and Equation (63), the relationships between maximum
cylinder pressure (Pmax) and hydrogen percentage in first (n=1) and second (n=2)
orders generate the correlation constants for regression analysis numerated in Table 6.

P (b2)

<2000 rpm, T=25%
X2,000 rpm, T=50%
01,600 rpm, T=15%
01,600 rpm, T=25%

5 D 1 1 1 1 1 1 1 |

Figure 24 The second order correlation between maximum cylinder pressure (Pmax)

and hydrogen percentage

Table 6 Correlation constants for the relation between P and %H,

Order Condition a b c R
Exp.1 -2.6515 60.248 0.8712
Exp.2 -11.904 69.310 0.9242
! Exp.3 -1.2816 57.565 0.9690
Exp.4 -1.1787 58.570 0.9401
Exp.1 2.2068 -6.1711 60.940 1.0000
) Exp.2 8.0564 -20.667 70.511 0.9689
Exp.3 0.1138 -1.677 57.730 0.9767
Exp.4 -0.2641 -0.366 58.272 0.9776

3. Coefficient of variation of the maximum cylinder pressure

From Equation (54), the coefficient of variation of the maximum cylinder are
shown in Table 7.
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Table 7 The coefficient of variation of the maximum cylinder pressure (cov, )

Exp.1 Exp. 2 Exp. 3 Exp. 4
H, %H,  CovV, %H, Cov, %H,  CovV, %H, Ccov,
Ipm bar bar bar bar
0 0 1.22 0 1.40 0 1.07 0 1.05
5 0.31 1.22 0.22 1.55 0.52 1.26 0.50 1.09
10 0.67 1.23 0.48 2.30 1.24 1.39 1.06 1.16
15 1.11 1.27 0.75 4.38 2.17 1.41 1.90 1.37
20 1.59 1.39 1.09 4.49 3.45 1.58 3.04 1.37

The coefficient of variation of the maximum cylinder pressure is also plotted

against the hydrogen percentage for all the test conditions. The first order and second

order correlations between the coefficient of variation of the maximum cylinder

pressure and hydrogen percentage are shown in Figures 25 and 26, respectively.

By using Equation (60) and Equation (64), the relationships between the

coefficient of variation of the maximum pressure (COV, ) and hydrogen percentage

in first (n=1) and second (n=2) orders generate the correlation constants numerated in

Table 8.

h
1

+

K2.,000rpm, T=25%

L / A2.000 rpm, T=50%
35 | // 01,600 rpm, T=15%
| / 01,600 rpm, T=25%
25 r //
TAY
1

<
S h = Lh 13 Lh e h de e
T
~

Figure 25 The first order correlation between coefficient of variation of maximum

cylinder pressure (Cov, ) and hydrogen percentage
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1.5
1
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Figure 26 The second order correlation between coefficient of variation of maximum

cylinder pressure (Cov, ) and hydrogen percentage

Table 8 Correlation constants for the relation between cov, and %H,

Order Condition a b c R®
Exp.1 0.1023 1.1907 0.7964
Exp.2 3.3334 1.132 0.8893
: Exp.3 0.1311 1.1484 0.8951
Exp.4 0.1195 1.0525 0.8809
Exp.1 0.1091 -0.0718 1.225 0.9899
) Exp.2 -0.0106 3.345 1.1304 0.8893
Exp.3 -0.0287 0.2308 1.1069 0.9387
Exp.4 -0.0275 0.204 1.0207 0.9179

4. The average peak acceleration

Examples of the engine acceleration graphs at point C in Exp. 1 (engine speed
2,000 rpm, Torque 25%) with %H, of 0.31% are shown in Figure 27 to Figure 29.

For other experiments, the results show that the engine accelerations are the

periodic function for all directions with the period of 720° per revolution.
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The average peak accelerations of 100 revolutions at point P, P2, P3, P4, and C

in X, y and z direction are shown in Table 9 to Table 12.

Figure 28 The engine acceleration at point C in y direction (V. )

N 72c 9)

Figure 29 The engine acceleration at point C in z direction (Z.)
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Figure 30 The correlation between APA at point 1 and %H, (Exp.landn=1)
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Figure 31

The correlation between APA at point 2 and %H, (Exp. land n=1)
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Figure 32 The correlation between APA at point 3 and %H, (Exp.1andn=1)
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Figure 33 The correlation between APA at point 4 and %H, (Exp.1andn=1)



APA (g)

2.50
2.30
2.10
1.90
1.70
1.50
1.30

0.90
0.70
0.50

0.00

52

0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
%H,

Figure 34 The correlation between APA at point C and %H, (Exp.1andn=1)
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Figure 35 The correlation between APA at point 1 and %H, (Exp. 1and n = 2)
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Figure 37 The correlation between APA at point 3 and %H, (Exp. 1and n = 2)
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Figure 38 The correlation between APA at point 4 and %H, (Exp.1and n=2)
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Figure 39 The correlation between APA at point C and %H, (Exp.1andn=2)

For the test condition Exp. 2 (N = 2,000 rpm, T = 50%) the average peak
acceleration is plotted against the hydrogen percentage as shown in Figure 40 to Figure
49.
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Figure 40 The correlation between APA at point 1 and %H, (Exp.2andn =1)
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Figure 41 The correlation between APA at point 2 and %H, (Exp.2andn =1)
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Figure 44 The correlation between APA at point C and %H, (Exp.2and n=1)
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Figure 45 The correlation between APA at point 1 and %H, (Exp. 2 and n = 2)
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Figure 46 The correlation between APA at point 2 and %H, (Exp.2and n=2)
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Figure 47 The correlation between APA at point 3 and %H, (Exp. 2 and n = 2)
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Figure 48 The correlation between APA at point 4 and %H, (Exp.2and n = 2)
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Figure 49 The correlation between APA at point C and %H, (Exp.2and n =2)

For the test condition Exp. 3 (N = 1,600 rpm, T = 50%) the average peak
acceleration is plotted against the hydrogen percentage as shown in Figure 50 to Figure
59.
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Figure 50 The correlation between APA at point 1 and %H, (Exp.3andn=1)
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Figure 51 The correlation between APA at point 2 and %H, (Exp.3andn=1)
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Figure 52 The correlation between APA at point 3 and %H, (Exp.3andn=1)
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Figure 53 The correlation between APA at point 4 and %H, (Exp.3andn=1)



2.00
1.80
1.60

140 A

1.20
1.00
0.80

APA (g)

0.60
040
0.20
0.00

¢ XAPA,C

62

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
%H,
Figure 54 The correlation between APA at point C and %H, (Exp. 3and n=1)
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Figure 55 The correlation between APA at point 1 and %H, (Exp. 3 and n = 2)
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Figure 56 The correlation between APA at point 2 and %H, (Exp. 3 and n = 2)
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Figure 57 The correlation between APA at point 3 and %H, (Exp. 3 and n = 2)
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Figure 58 The correlation between APA at point 4 and %H, (Exp. 3 and n = 2)
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Figure 59 The correlation between APA at point C and %H, (Exp.3andn=2)

For the test condition Exp. 4 (N = 1,600, T = 25%) the the average peak
acceleration is plotted against hydrogen percentage as shown in Figure 60 to Figure
69.
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Figure 60 The correlation between APA at point 1 and %H, (Exp.4andn=1)
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Figure 61 The correlation between APA at point 2 and %H, (Exp.4andn=1)



240

2.20

2.00

1.80

1.60

1.40

APA(g)

1.20

1.00

0.80

0.60

Figure 62 The correlation between APA at point 3 and %H, (Exp.4andn=1)

2.20

2.00

1.80

1.60

1.40

1.20

APA (g)

1.00

0.80

0.60

0.40

Figure 63 The correlation between APA at point 4 and %H, (Exp.4andn=1)
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Figure 64 The correlation between APA at point C and %H, (Exp.4 andn=1)
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Figure 65 The correlation between APA at point 1 and %H, (Exp. 4 and n = 2)
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Figure 66 The correlation between APA at point 2 and %H, (Exp. 4 and n = 2)
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Figure 67 The correlation between APA at point 3 and %H, (Exp. 4 and n = 2)
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Figure 68 The correlation between APA at point 4 and %H, (Exp. 4 and n = 2)
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Figure 69 The correlation between APA at point C and %H, (Exp.4 andn =2)

By using Equation (61) and Equation (65), the relationships between the
average peak acceleration and hydrogen percentage in first (n=1) and second (n=2)
orders generate the correlation constants for regression analysis numerated in Table

13.



Table 13 Correlation constants for the relation between APA and %H,

70

n APA a b R
1 Exp.1
X apa1 -0.4877 2.3831 0.9872
Y apai -0.5169 2.033 0.9704
Z ppas -0.2766 1.8642 0.883
X ppa2 -0.4465 2.7325 0.8541
Y ara2 -0.3572 1.7786 0.99
Z o2 -0.3864 1.9701 0.9248
X apa 3 -0.5408 2.3065 0.9356
Y ara s -0.264 1.3505 0.7798
Z o3 -0.6471 2.1324 0.8097
X ppaia -0.6716 2.1822 0.8604
Y araa -0.5078 1.959 0.9745
Z pops -0.1241 1.9317 0.9963
X apA.c -0.7019 2.2799 0.8988
Y aeace -0.2835 1.3563 0.941
Zppace -0.3385 1.5143 0.9395
1 Exp.2
X apa1 -0.8476 2.4619 0.7863
Y apai -0.6036 2.6952 0.9461
Z ppas -1.3849 2.7375 0.6545
X apa.2 -0.7194 2.8017 0.7649
Y apa2 -0.3779 2.4622 0.9756
Z popn 2 -0.407 1.8919 0.8262
X apa 3 -1.1268 2.8221 0.7997
Y aras -0.3736 1.9607 0.9051
Z o3 -0.7617 2.8652 0.9179
X apa4 -0.6273 2.1823 0.7904
Y apas -0.3129 1.9156 0.8385
Z poas -1.0253 3.1255 0.8295
X apa.co -1.0728 2.5158 0.716
Y apaco -0.3984 1.9453 0.9397
Zppace -0.4312 1.9354 0.897



Table 13 (Continued)
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n APA a b R°
1 Exp.3
X apa -0.0377 1.8016 0.9437
Y At -0.2051 2.4294 0.9914
2 -0.1491 1.9851 0.9808
X apa2 -0.2237 2.4075 0.8119
Y apn 2 -0.2873 2.1771 0.9065
N, -0.1132 1.6397 0.5887
X apa 3 -0.1785 2.2233 0.9643
7. -0.1572 1.4359 0.9679
2 \oh o -0.2104 2.3572 0.9758
X apa 4 -0.0996 1.6707 0.9659
Y apas -0.082 1.1879 0.962
.59 -0.1138 1.9668 0.9393
5 ndt 48 -0.1355 1.5946 0.7573
MR aii -0.2154 1.3701 0.8639
) -0.1223 1.0807 0.8624
1 Exp.4
X apa1 -0.0945 1.7796 0.9057
" -0.2561 2.4717 0.9875
Z pont -0.223 2.0416 0.993
X apa 2 -0.2286 2.5169 0.9384
Y aen 2 -0.309 2.4181 0.9784
Z pon2 -0.1242 1.7316 0.858
Ay - -0.1504 2.2697 0.9985
Y apas -0.1504 1.608 0.9052
Z pons -0.1496 2.3003 0.8417
X apa 4 -0.1637 1.74 0.8638
Y apas -0.0804 1.1866 0.9275
Z pons -0.1581 1.9861 0.9643
X ApA.cG -0.1923 1.6486 0.8972
Y apaco -0.254 1.5312 0.9707
Z pppco -0.1023 1.101 0.9923



Table 13 (Continued)
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n APA a b c R°
2 Exp.1
X apa 0.0938 -0.6374 2.4125 0.995
YV apas 0.1651 -0.7802 2.0848 0.9916
2 -0.1646 -0.0141 1.8126 0.9497
X apa 2 -0.1688 -0.1773 2.6796 0.8801
Y apn 2 -0.022 -0.3221 1.7717 0.9908
N, 0.157 -0.6367 2.0193 0.9573
X apa 3 0.2888 -1.0015 2.397 0.9925
7. 0.1712 -0.537 1.4042 0.8498
% b 0.6458 -1.677 2.3349 0.9818
X apaa 0.4868 -1.4479 2.3349 0.9569
Y apas 0.0639 -0.6098 1.9791 0.9778
.59 -0.0045 -0.1168 1.9303 0.9965
5 ndt 48 0.4489 -1.4178 2.4206 0.9772
Rt 0.0829 -0.4158 1.3823 0.9582
) 0.1032 -0.5031 1.5466 0.9581
2 Exp.2
% apON 1.2233 -2.1782 2.6434 0.9592
" 0.3426 -0.9763 2.746 0.9783
Z pont 2.7438 -4.3693 3.1448 0.9257
X apa 2 1.071 -1.8843 2.9607 0.9439
Y aen 2 -0.1754 -0.1871 2.4362 0.9978
Z pon2 0.4602 -0.9076 1.9603 0.9378
Ay - 1.5375 -2.7992 3.0503 0.9569
Y apas -0.0902 -0.2755 1.9473 0.9107
Z pons 0.5082 -1.3145 2.9407 0.9611
X apa 4 0.932 -1.6411 2.3207 0.9746
Y apas -0.1024 -0.2015 1.9004 0.848
Z pons 1.4129 -2.5622 3.3353 0.9959
X ApA.cG 1.8152 -3.0472 2.7852 0.9325
Y apaco 0.0509 -0.4537 1.9529 0.9414
Z poace -0.0407 -0.3869 1.9294 0.8978



Table 13 (Continued)
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n APA a b c R2
2 Exp.3
X apa1 -0.0067 -0.0145 1.792 0.9739
Y apai -0.0125 -0.1616 2.4113 0.9952
Z ppast 0.0074 -0.175 1.9959 0.9832
X apa.2 0.0839 -0.515 2.5289 0.9279
Y apa2 0.0717 -0.5363 2.2807 0.9638
Z o2 0.0765 -0.379 1.7503 0.8619
X apa.3 0.029 -0.2791 2.2652 0.9901
Y ara s 0.0264 -0.2489 1.4741 0.9956
Z ppas 0.001 -0.214 2.3587 0.9758
X apa4 0.0181 -0.1625 1.6969 0.9984
Vara s 0.0088 -0.1126 1.2006 0.9733
Zpops 0.0257 -0.2032 2.004 0.9882
X apa.cG 0.0546 -0.3252 1.6736 0.8823
Y apace 0.0685 -0.4534 1.4692 0.9527
Z ppace 0.0348 -0.2434 1.1312 0.9335
2 Exp.4
X apa1 0.0319 -0.1927 1.8165 0.9875
Y apai 0.0084 -0.2821 2.4815 0.9884
Z poas 0.0166 -0.274 2.0607 0.9974
X apa.2 0.0567 -0.4031 2.5824 0.9841
Y apa2 0.0282 -0.3958 2.4507 0.9848
Z o2 0.0384 -0.2423 1.7759 0.923
X apa3 0.0037 -0.1619 2.274 0.999
Y aras -0.0414 -0.0229 1.5601 0.9597
Z pons -0.0638 0.0466 2.2266 0.963
X apa4 0.0612 -0.3522 1.8107 0.9597
Y apas 0.0151 -0.1268 1.204 0.9534
Zppas 0.0162 -0.2078 2.0048 0.9723
X apa.cG 0.0484 -0.3412 1.7045 0.9423
Y apace 0.0289 -0.3429 1.5646 0.9806
Z ponco 0.0067 -0.1229 1.1087 0.9957
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The graphs of the correlations between the average peak acceleration and the
maximum cylinder pressure for the test condition Exp. 1 (N =2,000 rpmand T =
25%) are shown in Figure 70 to Figure 79.
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Figure 71 The correlation between APA at point 2 and P, ., (Exp.landn=1)
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Figure 74 The correlation between APA at pointCand P (Exp.landn=1)
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Figure 75 The correlation between APA at point 1 and P, ., (Exp. 1and n=2)
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For the test condition Exp. 2 (N = 2,000 rpm, T = 50%) the average peak
acceleration is plotted against the maximum cylinder pressure as shown in Figure 80 to

Figure 89.
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Figure 80 The correlation between APA at point 1 and P, (Exp.2and n =1)
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Figure 81 The correlation between APA at point 2 and P, ., (Exp. 2 and n = 1)
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Figure 88 The correlation between APA at point 4 and P, (Exp. 2 and n = 2)
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Figure 89 The correlation between APA at point Cand P, (Exp.2andn=2)

For the test condition Exp. 3 (N = 1,600 rpm, T = 15%) the average peak
acceleration is plotted against the maximum cylinder pressure as shown in Figure 89 to

Figure 98.
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Figure 91 The correlation between APA at point2and P, (Exp.3andn=1)
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Figure 92 The correlation between APA at point3and P, (Exp.3andn=1)
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Figure 93 The correlation between APA at point4 and P (Exp.3andn=1)
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Figure 96 The correlation between APA at point2 and P (Exp. 3 and n =2)
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Figure 97 The correlation between APA at point 3and P (Exp. 3 and n =2)
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Figure 98 The correlation between APA at point4 and P, (Exp.3andn=2)
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Figure 99 The correlation between APA at point Cand P, (Exp.3andn=2)

For the test condition Exp. 4 (N = 1,600, T = 25%) the hydrogen percentage is

plotted against the average peak acceleration as shown in Figure 100 to Figure 109.
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Figure 100 The correlation between APA at point1and P, (Exp.4andn=1)
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Figure 101 The correlation between APA at point2and P, (Exp.4andn=1)
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Figure 102 The correlation between APA at point3and P, (Exp.4andn=1)
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Figure 103 The correlation between APA at point4 and P, (Exp.4andn=1)
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Figure 104 The correlation between APA at point C and P, (Exp.4andn =1)
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Figure 105 The correlation between APA at point 1 and P, ., (Exp. 4 and n=2)
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Figure 106 The correlation between APA at point2and P, (Exp.4andn=2)
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Figure 107 The correlation between APA at point 3 and P, (Exp.4andn=2)



93

2.50 4

2.00 - b

e mmmbemm—T
150 A [ S /

of
o
> el
A —_—
4 100 1 e - M -
@ XAPA4
0.50 | 0V aras
b Zpppy
0.00 T T T T T T T 1
54.5 55 555 56 56.5 57 57.5 58 58.5
P« (bar)

Figure 108 The correlation between APA at point4 and P, (Exp.4andn=2)
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Figure 109 The correlation between APA at point Cand P, (Exp.4andn=2)

By using Equation (62) and Equation (66), the correlation constants of the
relations between the average peak acceleration and the maximum cylinder pressure

are shown in Table 14.



Table 14 Correlation constants for the relation between APA and P

n APA a b c R?

1 Exp. 1
X 0.1657 -7.636 0.9197
Yaz 0.1794 -8.8044 0.9432
r» 0.0812 -3.0706 0.6136
X2 0.137 -5.5855 0.6494
Va2 0.116 -5.2482 0.8429
Zps 0.136 -6.2438 0.9248
Xas 0.1945 -9.4315 0.9767
Yas 0.0968 -4.4878 0.8461
253 0.2501 -12.926 0.9764
Xaa 0.2493 -12.846 0.9569
Vs 0.1705 -8.3571 0.8869
4., 0.0405 -0.5201 0.8565
Xaco 0.2567 -13.199 0.9697
Yace 0.098 -4.5636 0.9068
2 & 0.1173 -5.573 0.9106

1 Exp.2
X 0.0699 -2.3904 0.8196
Yaz 0.0476 -0.6246 0.903
Zp; 0.1161 -5.3132 0.7056
Xa2 0.059 -1.2977 0.7894
Va2 0.0284 0.4725 0.8457
Z,, 0.0329 -0.3939 0.8261
Xas 0.0924 -3.5983 0.8251
Yas 0.0296 -0.1003 0.8698
Zps 0.062 -1.4456 0.9332
Xaa 0.0523 -1.4433 0.8413
Yaa 0.025 0.1725 0.8234
Zpa 0.0864 -2.8636 0.9038
X o 0.0887 -3.6392 0.75
Yace 0.0316 -0.255 0.9054

Zpco 0.035 -0.5002 0.9079
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n APA a b R®

1 Exp.3
X a1 0.0279 0.1907 0.8792
Yas 0.1559 -6.5507 0.9709
25, 0.1149 -4.6302 0.9868
X2 0.1826 -8.0914 0.9176
Yao 0.2289 -10.988 0.9747
2,5, 0.0966 -3.9042 0.7263
Xas 0.1372 -5.6806 0.9666
.4 0.1211 -5.5401 0.9743
254 0.1612 -6.9305 0.9713
X 0.0766 -2.7421 0.9699
Vs 0.0636 -2.4759 0.9815
24 0.0893 -3.1722 0.9802
Xaco 0.1116 -4.819 0.871
Yaco 0.1731 -8.5821 0.945
A, & 0.0985 -4.5851 0.948

1 Exp.4
Xas 0.0695 -2.3091 0.7239
Yas 0.2064 -9.6345 0.9475
N 0.1741 -8.1804 0.8948
X 0.1779 -7.9306 0.8398
Yao 0.2468 -12.065 0.9228
2, 0.098 -4.0213 0.7901
Xas 0.1193 -4.7291 0.9283
Yas 0.122 -5.547 0.8799
253 0.1249 -5.0217 0.8673
Xag 0.1211 -5.3832 0.6988
Vaa 0.061 -2.3954 0.7872
2,4 0.1267 -5.4447 0.9146
Xaco 0.141 -6.6442 0.7129
Yaco 0.1955 -9.9539 0.8501
z 0.0798 -3.5839 0.8926



Table 14 (Continued)

96

n APA a b c R°

2 Exp.1
Xas -0.0366 4.47 -133.99 0.9803
Yas -0.0244 3.0495 -93.055 0.9668
Zp; -0.0312 3.7504 -110.78 0.7362
X2 -0.0755 9.0096 -266.04 0.9153
Yaz -0.0341 4.1221 -122.85 0.9411
Zp2 -0.0028 0.4596 -15.742 0.9253
Xas -0.0247 3.1014 -94.761 0.998
K- 0.019 -2.1385 61.13 0.8901
204 0.0181 -1.8729 49.395 0.9833
X 0.0091 -0.82 18.545 0.9586
Vaa -0.0188 2.3803 -73.222 0.9015
Zpa -0.0116 1.4058 -40.598 0.9516
X co -0.0266 3.3871 -105.09 0.9838
i A -0.0022 0.3614 -12.295 0.9074
A, & -0.0037 0.5485 -18.23 0.9118

2 Exp.2
Xas 0.009 -1.0771 33.944 0.9218
Yas 0.0014 -0.1336 5.1175 0.909
Zp, 0.0225 -2.754 85.609 0.905
X a2 0.0088 -1.0646 34.296 0.9217
Yaz -0.0027 0.3689 -10.313 0.9018
2, 0.0028 -0.3203 10.795 0.8702
Xz 0.0127 -1.5245 47.625 0.9419
Yas -0.0038 0.5101 -15.323 0.9761
Zps -0.0001 0.0811 -2.0503 0.9333
Xaa 0.0068 -0.8158 26.056 0.9487
Vaa -0.004 0.5324 -15.899 0.9798
Zpa 0.009 -1.0632 33.554 0.9778
X co 0.0149 -1.8106 56.528 0.9092
Yaco -0.0022 0.3111 -9.1106 0.9382
Zpco -0.004 0.5463 -16.696 0.9973
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n APA a b c R°

2 Exp.3
Xas -0.0055 0.6354 -16.676 0.9611
Yas -0.017 2.0406 -58.885 0.9989
Zp; -0.0036 0.5141 -15.716 0.9892
X2 0.0347 -3.6745 99.013 0.9982
Yao 0.0236 -2.392 61.788 0.9999
Zp2 0.0367 -3.978 109.24 0.9808
Xas 0.003 -0.1987 3.6489 0.9678
Yas 0.0024 -0.1462 1.8843 0.9752
254 -0.0115 1.4373 -42.364 0.9833
X 0.002 -0.147 3.4667 0.9716
Vs -0.0003 0.0943 -3.3272 0.9815
¥, 0.0066 -0.643 17.161 0.9932
Xaco 0.0247 -2.6303 71.317 0.9745
i A 0.0258 -2.6898 70.913 0.9959
A, & 0.0135 -1.404 37.135 0.9914

2 Exp.4
Xas 0.0247 -2.7279 76.729 0.783
Yas 0.0425 -4.6033 126.26 0.9735
N 0.0233 -2.4648 66.378 0.9052
X a2 0.0771 -8.5437 238.49 0.9415
Yaz 0.0628 -6.8532 188.54 0.9613
Z,, 0.0601 -6.6986 188.01 0.9816
Xas 0.0145 -1.5201 41.588 0.9371
Yas -0.0361 4.204 -120.88 0.9296
253 -0.054 6.2284 -177.47 0.9716
Xaa 0.06 -6.6623 186.27 0.8092
Yaa 0.015 -1.6371 45.582 0.818
Zpa 0.0396 -4.35 121.04 0.9721
Xaco 0.0217 -2.3132 62.696 0.7237
Yaco 0.0227 -2.3763 62.712 0.8575
z 0.0088 -0.9201 24.666 0.8997
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5. The magnitude of the difference between the acceleration vector summation at
the engine supports with the hydrogen percentage of i% and the hydrogen
percentage of 0% (Aa)

The Equation of Aa at the engine supports (at points Py, P,, P3, and P4) can be

written as Equation (67)

Aa = \/(X| _Xo)2 +(V; _3./0)2 +(Z; _20)2 (67)
where:

X, = the average acceleration at the engine supports in x direction with the

hydrogen percentage of 1%

y, = the average acceleration at the engine supports in y direction with the

hydrogen percentage of i%

Z. = the average acceleration at the engine supports in z direction with the

hydrogen percentage of i%

X,, ¥,, and Z, = the average acceleration at the engine supports in x, y, and z

direction with the hydrogen percentage of 0%

The average acceleration at the engine supports in X, y, and z direction can be
determined from the Equations (68) to the Equations (70)

g o (68)
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y, =2 — (69)

g =L (70)

where:

Xp i = the acceleration at point P; in x direction with the hydrogen percentage

of 1%

Vo= the acceleration at point P; in y direction with the hydrogen percentage

of 1%

ij'i = the acceleration at point P; in z direction with the hydrogen percentage

of 1%

Figure 113 shows the graph of the magnitude of the acceleration vector

summation at the engine supports with the hydrogen percentage of 0% (ao).
where:

a,= the magnitude of the acceleration vector summation at the engine supports

with the hydrogen percentage of 0%
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Figure 110 The a, for all test conditions

The graphs of the Aa for all test conditions are shown in Figure 111 to Figure
114
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Figure 111 The Aa for the test condition Exp. 1 (2,000 rpm and T = 25%)
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Figure 112 The Aa for the test condition Exp. 2 (2,000 rpm and T = 50%)

Aa (9)
5 =
—— %H, =0.52%
45 -
%H, = 1.24%
4 %H, = 2.17%
3.5 %H, = 3.45% |

\‘ | |

| “ k ! | }I |
" "‘1“»A’11’ “ ( "\l|‘| | )
ol ! S [ | o
| ' ot (°)
0 T T T T T T T T T T T T T T
0 90 180 270 360 450 540 630 720 810 9S00 990 1080 1170 1260 1350 1440

I

Figure 113 The Aa for the test condition Exp. 3 (1,600 rpm and T = 15%)
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Figure 114 The Aa for the test condition Exp. 4 (1,600 rpm and T = 25%)
From Figure 110 to Figure 113, The peak of the Aa are shown in Table 15.

Table 15 The peak of the Aa (Aapeak)

Exp. 1 Exp. 2 Exp. 3 Exp. 4
H2 % H2 Aapeak % H2 Aapeak % HZ Aapeak % H2 Aapeak
Ipm (9) (9) (9) (9)
5 0.31 412 0.22 5.31 0.52 56.43 4.56 3.66

10 0.67 3.83 0.48 4.95 1.24 55.97 411 3.53
15 1.11 3.73 0.75 4.75 2.17 54.73 4.08 3.47
20 1.59 3.43 1.09 4.58 3.45 53.25 3.84 3.41

The graphs of the Aapeax versus %H, with n =1 and n = 2 are shown in Figure
115 and Figure 118. By using regression analysis, the correlation constants for the

relation between Aayeax and %H, are listed in Table 16.
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Figure 115 The Aapeax Versus %H, (Exp. 1 and Exp. 2 with n = 1)
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Figure 116 The Aapeax Versus %H, (Exp. 3 and Exp. 4 with n = 1)
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Figure 117 The Aapeax Versus %H, (Exp. 1 and Exp. 2 with n = 2)
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Figure 118 The Aapeax Versus %H, (Exp. 3 and Exp. 4 with n = 2)
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n TPApeak a b c R

1 Exp. 1 -0.505 4.242 0.960
Exp. 2 -0.826 5.421 0.943
Exp. 3 -0.090 3.665 0.882
Exp. 4 -0.826 0.882 0.943

2 Exp. 1 0.044 -0.589 4.272 0.961
Exp. 2 0.758 -1.826 5.673 0.997
Exp. 3 0.040 -0.236 3.757 0.975
Exp. 4 0.074 -0.516 4.758 0.902
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Discussion

The experimental results in Figure 21 have shown that the maximum cylinder
pressure obtained from this engine occurred after the engine top dead center for all the
test conditions. It has seen from Figure 22 that when higher hydrogen percentages
were added, the combustion shifted toward later crank angles while maintaining the
same area under the pressure-crank angle thus, the same output as set in Table 1. It is
obvious in the Figure 22 that the maximum cylinder pressure decreased as the

hydrogen percentages were added.

The results of the maximum cylinder pressure are different from several
research work. Mostly, the results have been found that the maximum cylinder
pressure increase by hydrogen addition (Szwaja et al., 2009; Lilik et al., 2010;
Miyamoto et al., 2011; Shin et al., 2011) because the conditions of the performance
testing of the engines are different from this study. In the performance testing of the
engines, the speed and torque are not set as this work such as only constant brake
torque. Meanwhile, this study set the speed and torque constant yielding a constant
work per cycle. However, Lata et al. (2012) found that the maximum cylinder pressure
increased at low hydrogen addition and decreased at high hydrogen addition. By the
fumigation, the hydrogen and the air are mixed as the homogeneous mixture and it has
smooth combustion by the increasing of the hydrogen. By this reason, the maximum
cylinder pressure can decrease by hydrogen addition. The graphs of the cylinder
pressure versus the crankshaft angle expand on the both side with the same area under

the p-0 curves.

The reducing maximum cylinder pressure traces were confirmedly plotted
against hydrogen percentage, shown in Figure 23 and Figure 24 with the first and
second order correlations, respectively. It is found that the lower engine loads gave
lower maximum cylinder pressures at constant speed. The added hydrogen percentages
show eminent effects at higher load and speed; this can be observed by the sharp slope

in maximum cylinder pressure reduction both in Figure 23 and Figure 24.
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The results of the maximum cylinder pressure-hydrogen percentage
correlations in Table 6 show better curve fittings by second order correlation (R*>1)
compared to the first order correlation for all the test conditions. Though, the linear
correlation is apparently adequate for the two parameters. The averaged values of R?
are 0.9261 and 0.9808 for linear (first order) equation and parabola (second order)
polynomial equations, respectively. All curves are the decreasing function and Ppax
can decrease by increasing hydrogen percentage.

In Figure 25 and Figure 26, the plots of the coefficient of variation of the

maximum cylinder pressure (COV, ) against hydrogen percentage, respectively for the

first and second order correlations show the increase in variation of maximum cylinder
pressure when the hydrogen percentage increased for all conditions tested. The values

of cov, are in the level of less than 1.6 in majority. Acceptingly, the test condition

Exp. 2 which is at high speed and high load is found to give a prominent increase in

cov, even when only subtle amount of hydrogen percentages were added. This can

be observed by the sharp slope of cov, increase both in Figure 25 and 26.

The results of the cov, -hydrogen percentage correlations in Table 7 show

better curve fittings by second order correlation (R*>1) compared to the first order
correlation for all the test conditions. Though, the linear correlation is apparently
adequate for the two parameters. The averaged values of R? are 0.8654 and 0.9340 for
linear (first order) equation and parabola (second order) polynomial equations,

respectively. All curves are the increasing function and cov, values increase by

increasing hydrogen percentage.

In Figure 30 to Figure 69, the plots of the average peak acceleration against
hydrogen percentage for the first and second order correlations show the reduction of
the average peak acceleration in all directions (X,, ¥,,Z,) when the hydrogen
percentage increased for all conditions tested. Table 13 show better curve fittings by

second order correlation (R?->1) compared to the first order correlation for all the test

conditions. Though, the linear correlation is apparently adequate for the two
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parameters. The averaged values of R? are 0.8973 and 0.9592 for linear (first order)

equation and parabola (second order) polynomial equations, respectively.

The results of the average peak acceleration can be explained by using

Equation (18) and Equation (71) for the m-k system of this work.

x+m§x=1F(t)) (18)
m

When F(t) is the shaking force in Equation (71)

S=FR, +FK, =R, +R, (71)
The Equation (71) can be written

S=(m,+my)ag (72)

By substitution S in Equation (18)

X+w§x=i(m4 +mg)a, (73)
m
and
> R
8 = Ro’[c0s 0+ —.cos 20] (74)
when

R = the length of the crank (m)

The Equation (74) can be written
o 2 1 2 R
X+ox= o (m, + mgz)Rm[cosO+ n cos20] (75)

Because ® and O are the function of the cylinder pressure, the engine
vibration is therefore the function of the cylinder pressure. The maximum amplitude of
the engine vibration decreases when the maximum amplitude of the right term in
Equation (75) decreased. From this reason, the average peak acceleration decreases

when the maximum cylinder pressure decreased.
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In Figure 70 to Figure 109, the plots of the average peak acceleration against
the maximum cylinder pressure for the first and second order correlations show the
increase of the average peak acceleration in all directions when the maximum cylinder
is increased. Table 14 show better curve fittings by second order correlation (R*>1)
compared to the first order correlation for all the test conditions. Though, the linear
correlation is apparently adequate for the two parameters. The averaged values of R?
are 0.8757 and 0.9368 for linear (first order) equation and parabola (second order)

polynomial equations, respectively.

In Figure 114 to Figure 117 show the correlations between the Aapea and the
hydrogen percentage for the first and second order. The results found that the Aapeax
decrease by the hydrogen addition for all test conditions. Table 15 show the better
curve fitting by second order (R*->1) compared to the first order correlation for all the
test conditions. Though, the linear correlation is apparently adequate for the two
parameters. The averaged values of R® are 0.9320 and 0.9587 for linear (first order)

equation and parabola (second order) polynomial equations, respectively.

For overall discussions of the effects of the hydrogen addition on the Py, the
APA, and the Aapeak, the maximum cylinder pressure decreases when the hydrogen is
added and it lowers the amplitude of the right term of the Equation (75). Because the
amplitude of the engine vibration is directly varied with the amplitude of the right term
of the Equation (75), by this reason, the APA and the Aayea decrease by hydrogen

addition.
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CONCLUSION AND RECOMENDATION

Conclusion

From the experimental results and discussion of this study can draw the

conclusions as the followings.

1. The maximum cylinder pressure obtained from this engine occurred after the
engine top dead center. When higher hydrogen percentages is added, the combustion
shifted toward later crank angles. The maximum cylinder pressure decreases as the
hydrogen percentages is added. Because the diesel engine is tested with the constant
torque and the constant engine speed for all of the test conditions, the work per cycle
must be constant. By the fumigation, the hydrogen and the air are mixed as the
homogeneous mixture and it has smooth combustion by the increasing of the
hydrogen. By this reason, the maximum cylinder pressure can decrease by hydrogen
addition. The graphs of the cylinder pressure versus the shaft angle expand on the both

side with the same area under the graph of p-6.

2. The added hydrogen percentages show eminent effects at higher load and
speed that can be observed by the sharp slope in maximum cylinder pressure

reduction.

3. The maximum cylinder pressure - hydrogen percentage correlations show
better curve fittings by second order correlation compared to the first order correlation
for all the test conditions. However, the relation between the maximum cylinder
pressure and hydrogen percentage is the linear equation because the graphs of the
maximum cylinder pressure versus hydrogen percentage have the good fitting when

usingn = 1.

4. The plots of the coefficient of variation of the maximum cylinder pressure
against hydrogen percentage show the increase in variation of maximum cylinder

pressure when the hydrogen percentage increased for all conditions tested. The values
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of cov, are in the level of less than 1.6 in majority, accept the test condition at high
speed and high load which is prominent increase in COv, . That mean the maximum

cylinder pressure can become unstable when the hydrogen is added. The engine
knocking may occurs if the hydrogen addition reaches to the critical point. The
maximum pressure will increases with little hydrogen addition and may cause the

engine knocking.

5. The coefficient of variation of the maximum cylinder pressure-hydrogen
percentage correlations show better curve fittings by second order correlation
compared to the first order correlation for all the test conditions. However, the relation
between the coefficient of variation of the maximum cylinder pressure and hydrogen
percentage is the linear equation because the graphs of the coefficient of variation of
the maximum cylinder pressure versus hydrogen percentage have the good fitting

when using n = 1.

6. The average peak acceleration and hydrogen correlation shows the decrease
of the average peak acceleration in all directions when the hydrogen percentage
increased for all conditions tested. Because the amplitude of the engine vibration (the
maximum displacement, the maximum velocity, and the maximum acceleration) is
varies directly with the maximum cylinder pressure. The maximum cylinder pressure
decreases with the hydrogen addition. By this reason, The average peak acceleration
will decreases when the hydrogen is added.

7. The average peak acceleration-hydrogen percentage correlations show better
curve fittings by second order correlation compared to the first order correlation for all
the test conditions. However, the relation between the average peak acceleration and
hydrogen percentage is the linear equation because the graphs of the average peak

acceleration versus hydrogen percentage have the good fitting when using n = 1.

8. The average peak acceleration and the maximum cylinder pressure
correlation shows the increase of the average peak acceleration in all directions when

the maximum cylinder pressure increased for all test conditions. Because the
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amplitude of the engine vibration (the maximum displacement, the maximum velocity,

and the maximum acceleration) is varies directly with the maximum cylinder pressure.

9. The average peak acceleration - the maximum cylinder pressure correlations
show better curve fittings by second order correlation compared to the first order
correlation for all the test conditions. However, the relation between the average peak
acceleration and hydrogen percentage is the linear equation because the graphs of the
average peak acceleration versus the maximum cylinder pressure have the good fitting

when using n = 1.

10. The peak of the magnitude of the different between the acceleration vector
summation at the engine supports with the hydrogen percentage of i% and the
hydrogen percentage of 0% decrease by hydrogen addition for all test conditions. The
reason for explain this phenomena is the same reason in the section 6th of the
conclusion. Although the Aapax is the magnitude of the acceleration vector summation,
the cylinder pressure can transfer to the engine supports as the shaking forces and the
shaking torque and it directly affect the engine vibration in all directions. When the
hydrogen is added, the maximum pressure decreases and directly affect the Aapeax

decreasing.

12. The Aapex and the hydrogen percentage correlations show better curve
fittings by second order correlation compared to the first order correlation for all the
test conditions. However, the relation between the Aape and hydrogen percentage is
the linear equation because the graphs of the Aayeax versus hydrogen percentage have

the good fitting when using n = 1.

Recommendation

In the future work, the optimization between the engine vibration decreasing
and the maximum pressure variation is the interesting work. When the hydrogen is
added, the engine vibration and the maximum cylinder pressure is decrease but the

variation of maximum cylinder pressure is increase. If hydrogen is added until the
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critical point, the maximum pressure and the engine vibration will be increased by

slight hydrogen addition.
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Appendix Figure 2 Node Commander software for engine vibration measurement
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Appendix Figure 4 Hydrogen flow meter and control valves
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Appendix Figure 5 Hydrogen cylinders
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