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Abstract: Active research and development of hydrogen-fdeegine had been done for a few
decades since hydrogen serves as a potentialiniténfuel supply. This paper discussed analytjcall
and provides data on effects of compression ratiojvalence ratio and spark timing of a hydrogen-
fuelled engine as a guideline for the engine desidgpe change in the thermodynamic properties of the
fuel was considered through the engine cycle. Aifremtversion of Olikara and Borman method was
presented to track the mole fraction of the equilitm state of combustion products for hydrogen.fuel
The equilibrium values of each species were usepradict the NQ formation, which is the main
concern of study for hydrogen-fuelled engine.
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INTRODUCTION AU =Q-W (1)

The rapidly increasing worldwide demand for theyhere the change of internal energy of a systesgis
energy and the progressive depletion of fossilsfels ¢, the gifference between the heat and work geegrat

led to an intensive search for aIternative_fueIsicWh by the system. Taking the derivative of equatiop (1
can be produced on a renewable basis. Hydroge elds:

becomes the right candidate due to its desirabl

characteristics such as clean burning, no unburned d an d &

hydrocarbons, particulate matter, sulphur dioxide,m—u+u—m:—Q—P——ml—hl @)
smoke and etc. Hydrogen has a wide range of dg do df @
flammability, low ignition energy, small quenching . .
distance, high autoignition temperature, flame dpee'VNere,mis mass flow raten is the enthalpy of the
and diffusivity, which are suitable characteristafsas blow by the masses,uis internal energyq is heat
an engine fuel. However, these will bring the adeer transfer, pis pressurey is volume, g is crank angle
effect in certain circumstances. The low ignitiofeBy  gnd . is the engine speed

enables the conventional ignition system to becéffe

with @ very low energy spark_ but at the same_ﬂtn_e IThermodynamic properties: Equation (2) shows that
makes the system susceptible to surface ignition

Surface ignition is a highly undesirable combustionthe thermodynamic properties change with respect 1o

phenomenon because it precipitates flashback, pr@e crank_angle, but at the same time the propestie
ignition (knock) and rapid rate of pressure riséieT also functions of temperature and pressure as well.
small quenching distance of hydrogen, makes thedla The subscript represent thg burned and unburned

intake valve. Therefore, the fuel properties digect €ntropy is only considered in the unburned gas sore
affect the engine design. the unburned gas was treated as an open systemy losi

mass due to leakage and during combustion process.
Descriptions of the mathematical model: The
mathematical model was applicable in any types off@ble 1: Thermodynamics properties expres¥ion
fuels provided the fuel induction technique wasduse  Specific internal energyu = u(T,P) =
in other words the carburetion system. The sirmarat
is to predict the hydrogen gas inducted throughaihe Specific volume v=VT,P) y=
inlet and serves as an alternative fuel to comiautst o
fresh air. From the first law of thermodynamicse th Specific entropy s, =s(T,,P) -
open system can be defined as: Specific enthalpy  h=h(T,P) -
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Table 2:  Thermodynamic properties expressed asdifun of 2
crank angle and temperatlte —h(ﬂb+4\/) xX?(T,-T,)
Specific internal energy ﬂ = 2 + (8)
du, (. _Pydlny,\dT, _ (dIny,  diny, |dP de CIMG X
d¢ (™ T, ainT,)d& “(aInT, dInP )do ﬁﬁlnvb(A+B+C)+hj—ho[%_(x_xz)g}
du, _(. _Pydlny\dT, _ (dlny,  dlny,\dP c, 0InT,\ D+E XCp LdE @
dg T, 0InT, )Jdé  “(dInT, aInP )d@
Specific volume N A TRV
dv, _ v, dlnv, dT, v, diny, dP e h( 5t | x)(T-T) o
dé T,0InT, dd P dInP do do e, (1-x)
dv, _ Vv, 9Iny, dTu+£6Invud7P +L6Invu(A+B+C]
dd T,0InT,dd P oInPdo c, oInT, “D+E
Specific entropydS, - (Cpu] dT, _v, dInv, dP
3 dé T, Jd@ T,0InT, d& dw _ Pd—v (10)
Specific enthalpy de de
)
- =C
aT P 2
o 9 N ot ) oo, )] 4D
F" =a,+a,T +a,T>+a,T*+a,T"* @
dH, _Cm 2 2 (12)
- L —-=—|ll- +
The specific heat change indicates the enthalpydd w [( X )VL Xh’]
change with respect to temperature and specifit isea
obtained from curve fitted polynomial equation. Ta®  Where:
shows the thermodynamic properties expressed as a
function of crank angle, pressure and temperature. A:i(ﬂ +E) (13)
mldf w

Solution procedure: Recalling equation (2) and

combining all the derivatives will enable thg press a2 [ % 0Ny 1T -T,

and temperature to be expressed as a functioraakcr > o )le,omT,” T, (14)
angle, pressure, unburned gas temperature andcburn@=h~=-——7| ™

gas temperature. wm |y, dlny, (1_X1/2)Tu T
Cp, 0InT, T,
P op,T,) ®)
do’ do ' dé C = (v, —v, ) _y, 2% N =Ry & _[x-xk] (15)
* de " aInT, c,T, | do )
Solving the above equations with appropriate input
data enable determination of the indicated work, , )
enthalpy and heat loss throughout the system since) _ | Vi dlnv, +v7balnvb (16)
indicated work, enthalpy and heat loss can be sspe c, T, aInT, PadlnP
as a function of pressure and temperature as well. i
dw 2 2
@: f,(6,P) 4) E:(l—x) v,” (0dInv, +£6Invu (17)
cp T, 0InT, P olnP
dQ
ol f5(6.P.T,.T,) ) Equilibrium combustion products: In order to track
NO, formation, the equilibrium state @, and N, need
ﬁ_f 6,P.T,.T,) (6) to be determined. Therefore, from the Olikara and
dg ~ eV Borman method, the chemical equilibrium of the

combustion products can be determined by consiglerin
The derivatives of the equation (3-6) with thethe dissociation effects of tt@ H,0H, NO Species.

combination of the thermodynamic properties equstio The general chemical formuld'i8:

are:

&P A+B+C @ £¢C,H ,0,N; +(0.210,+ 0.7N,) - v,CO,
d8  D+E +V,H 0 +V;N,+vO,+v O+
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VgH, +v,H +v,0 +Vv,OH +v,,NO (18)

where, A(x) is the Jacobian matrix ang(x) is the
functions and the functional iteration procedureless

However, in this case th€ atom does not exist from:
since the hydrogen fuel was being used. Thus, the

chemical formula becomes:

epH ,O0,N,; +(0.210,+ 0.7N,) - y,H 0
+Y,N, +y0O,+yH,+

yH +y,O+y,OH +y,NO (19)

X :G(X(kfl)) = xkD _J(X(k*l))*llz(x(kfl)) (25)

The solution is generally expected to give quadrat
convergence, provided that a sufficiently accurate
initial guess and the inverse of the Jacobian matri
exist. Thermodynamic properties such as enthalpy,
internal energy, entropy can be determined as the

Since atoms are conserved, three equations for tHémperature and pressure change based on the

unknowns are obtained as below:

eB =2y, +2y, +ys +y,)N (20)
egy+042=(y, + 2y, + Y + Y, + YN (21)
£+ 158=(2y, + y,)N (22)

where, N is the total number of moles ands the mole

fraction. Thus, the total number of mole fractiomgn
be equal to one and this gives:

>y -1=0 (23)

The dissociation effect ob,H,0H,NO species
gives the following five equations as listed in Tea8".
Experimental data fok K, K, K, &K, in the

form of curve fits were then put into equationsides
Table 3 for

calculatiod. Through algebraic

concentrations of the 8 constituents. A modifiedsien

of the Olikara and Borman method for hydrogen fael
presented on the Fig. 1 for investigation of didtigas
mole fraction as the temperature change. In order t
validate the subroutine, the mole fraction changg w
respect to temperature of the Octane fuel basethen
general chemical formula is compared to the diagram
provided™. Good agreement was obtained.

The NO, model: The Noxis the general term for the
combination of NO andNO, . In high temperature
combustion e.g. hydrogen gas with oxygen, K@

formation is the maibringern singgo, can bring the

adverse effect to the environment. The mechanism of
NO formation is expressed as the following:

O+N, =NO+N
N+0,=NO+0
N+OH = NO+H

The rate ofNO formation has strong temperature

manipulations, the nine equations can be reducted in dépendence and the reaction rate was expressed as:

four equations with four unknowns. The equatiors ar
i i d|NO

nonlinear and solved by using the Newton method. [ ]:kl*[O][N?] +k;IN[ O} +k[ N[ O

The general form of Newton method for nonlinear

systems is:

G(x) = x- AX) F(x) (24)

Table 3: Equations to express the dissociationceffer distinct
gases
1 B y5P1/2
EHZ - H Ki= 172
4
l B y6P1/2
EOZ =0 K:=""1m
3
1 1 _ \z
EHZ +EOZ = OH Ks = y31/2y41/2
%OZ-‘-%NZ = NO K,= 1/2/B 1/2
Y Y2
1
H,+>0, = H,0 Ko=— L
L2 i ’ y31IZY4P1/2

v o

& (26)
=k [NOI[N] =k,INQ[ @ -kJ NG H
: RN

+ +O0 o4
# +0 o4
+ +0 o4
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Fig. 1: Mole fraction vs. temperature data generate

by the program@ = 50atmé& ¢ = 0.8
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[NC] formation rate Vs Temperature
T T T

d[NO]
dt
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Fig. 2: The NOJ formation rate Vs. Temperature of
Hzfuel
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Fig. 3: The characteristic time vs. Temperature
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Fig. 4: The[NO] mole fraction vs. Characteristic time
Likewise for theN formation:

d[N] _ .

“a k[OILN] -k, T N[ OL -k{ N[ OH (27)

~k [NOI[N] +k, [ NQ[ Q@ +k{ NQI H

The [[N]] represents the mole concentration and

cases, the steady state approximation Nbformation

(@l:]was considered to eliminatgn] since the
dt

concentration of[N] is approximately zero. Thus,

equation (27) becomes:

dNO _ 2k, "[OIIN,] 1_‘[N0]2/(+K[021[N2+]) (28)
dt 1+k, [NO]/(k; [O,] +k, [OH])

From the assumpti®h the post flame gases is
much of concern in all in-cylinder combustion ag th
post flame gases always dominates the flame front
gases, the concentrations ofo,,0H,H and N, was
assumed by their equilibrium values at local pressu
and temperature. Thus, equation (28) becomes:

d[NO] _ 6x10° F{—esgogoj[o LVN] (29)
dt Tllz 21e 21le

where, (0,1, and is the equilibrium state of mole
fracproductain from the equilibrium combustion
product model. Figure 2 shows theo| formation rate
with respect to temperature fer, fuel.

Equation (29) shows that thRO formation is
highly dependent on temperature in the exponential
term. However,Error! Bookmark not defined. the

concentration will change as the time charﬁ@blolj.
dt

Therefore, the characteristic time for th® formation
process is defined as:

[ o L1 dNO (30)
[NO], dt

andris given by:

_ 8x107°T exp(8300'T) (31)
NO — 1/2

p

The characteristic time changes as the local
temperature changes as shown in Fig. 3, but the
pressure remains constant in the case of adiabatic
constant pressure combustion, which is applicabite f
each element of fuel that burns in an engine. Eigur
shows the variation of thyo] mole fraction against

characteristic time.
RESULTS

Effects of equivalence ratio: In order to simulate a
realistic case, a Nissan Al5 engine specificati@s w
used for the simulation study. This engine was
applicable in gasoline, LPG and CNG fuel operation.
The simulation is to predict the engine modificatio
required for hydrogen fuel. Table 4 shows the

k; was the rate constaht In most engine combustion specifications of the engine.
120¢
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Table 4: Nissan A15 engine specifications increases. For complete hydrogen-air combustioa or

: Specifications stoichiometric combustion, the air fuel ratio is. R4
Intermittent output 46Hp @ 3,600rpm .
Continuous output 39Hp @ 3,600rpm which means that _h_ydrogen fuel operates better runde
Peak torque _ 11kg. m @ 2,200pm  an ultra-lean conditidfl. The thermal efficiency drop
Minimum fuel consumption 225g/Hp.hr @ 3,2000M ndicated the incomplete combustion of hydrogen-air
Cylinder arrangement 4in line . .. . .
Combustion chamber Wedge shape mixture inside the combustion chamber. In this case
Bore x_Stroke 76 x 82mm 0.5 value of equivalence ratio was chosen for the
Total piston displacement 1, 487cc following simulation since the equivalence ratio(o6
Compression ratio 9:1

gives a rather low thermal efficiency.

IMEP & Thermal efficiency. Vs. Equivalence ratio i . .
Effects of compression ratio: The engine default

19 T 60% compression ratio was 9:1; however this should be
05 1 . L s © changed to suit the hydrogen fuel operation. Ireptd
h 28 m g predict the suitable compression ratio for hydrofyes,
£ o064 - - T49% 2 the simulation test was run at 0.5 equivalenceorati
= 05 | “m 13500 5 Figure 6 shows the variation of IMEP and thermal
; oa | L. E efficiency with the compression ratio.
03 4 - T 20% 2 The results indicate that as the compression ratio
024 | T IMEP - Lo increases, the indicated thermal efficiency stdds
0.1 #— Thermal efficiency v increase exponentially but IMEP start to drop at
0 . : 0% compression ratio 12. Theoretically, the compreassio
0 0.5 1 13 ratio has a great effect on the terminal combustion
Equivalenceratio pressure. The increase of compression ratio results

increase of cylinder top pressure as well as cglind
Fig. 5: IMEP and indicated thermal efficiency vs.temperature. However, a high temperature and pressu

equivalence ratio @ 3,600rpm environment may cause knock to happen inside the
combustion chamber. Autoignition may occur as the
IMEP & Thermal efficiency. Vs, compression ratio increase more than 12.

Compression ratio
Effects of spark timing: Spark timing is a major

0924 T 44% . . .. .
operating parameter that affects spark ignitionireng
0.9 ;/M S performance, efficiency and emissions at any given
0.85 1 - | by 2 load and speed. If combustion starts too earlyhim t
£ - 5 cycle, the work transfer from the piston to theggaat
2 086 el E the end of the compression stroke is too largehéf
% 0se] - — 1 100 g combustion starts too late, the peak cylinder presis
- | . = reduced and the expansion stroke work transfer from
0821 * Thermal efficiency) ' the gas to the piston decreases. In order to apgintie
0.8 —_— 38% best results from the previous simulation were el
8§ 9 10 11 12 13 14 15 16 the parameters were used as inputs for the follpwin
Compression ratio simulation to predict the optimum spark timinggue

7 shows the effect of spark timing on of the IMERIa
thermal efficiency.

The results indicate that the best spark timing wa
at -15°> BTDC since it gives the best IMEP and
indicated thermal efficiency output. Hydrogen haw |

Figure 5 shows the result of IMEP and indicatedignition energy but the autoignition temperaturdiigh
thermal efficiency for different equivalence ratid@$ie  compared to gasolifie Thus, hydrogen is hard to burn
simulation test was run at 3,600 RPM, which is thewith air in a compression ignition engine. Howevier,
maximum output of gasoline fuel. This simulatiodgse this case the spark plug aids the ignition of the
to predict the best equivalence ratio to operate &ydrogen-air mixture which solves the major
hydrogen-fuelled engine. The indicated mean effecti problen®®”. As mentioned earlier, the ignition delay
pressure rises as the equivalence ratio increasemay cause the peak pressure to reduce which results
however it starts to drop from 0.6. Thermal effiig  IMEP decrease since the work done through the abntr
starts to decrease exponentially as the equivalerte  volume is lesg.

121C

Fig. 6: IMEP and indicated thermal efficiency vs.
Compression ratio @3, 600rpm &= 05
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IMEP & Thermal efficiency Vs. Spark Angle Gas Temperature Vs. Crank Angle
17 T 50%
’ 2500 4 —&— Unburned gas
0.98 4 1 48% & 2000 4 B Burned gas
5 <
c Doz
= 0.96 4 4 46% % E 1500 4
= = z
A = 2 1000
= 0.94 4 1 4404 E %
=] —+— IMEP E = 500
0.92 —=— Thermal efficiency| 7 42% T 0
T T T T T T T T T 1
05 4 , . 10% -180 -140 -100 -60 -20 20 60 100 140 180
=30 220 -10 0 Crank Angle (degree)

Spark angle (theta)

Fig. 10: Temperature vs. Crank angle
Fig. 7: IMEP & thermal efficiency vs. Spark angle
@3, 600rpmyg = 05 & CR=12

Heat Flux Vs. Crank Angle
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Fig. 11: Heat flux vs. Crank angle

Fig. 8: Pressure vs. Crank angle

Indicated Work Vs. Crank Angle

Pressure Vs. Cylinder Volume 400 4
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Fig. 9: Pressure vs. Volume Fig. 12: Indicated work vs. Crank angle

Figures 8 and 9 shows the pressure history of th?‘he heat transfer and losses of the engine arersirow

engine cycle where the maximum output pressure was. . . )
expected to be 80MPa. Figures 10 and 11 show tﬁE'g' 13 and 14, respectively, where the adiabdiné

temperature and heat flux for both burned and ureiir temperature is used as the initial temperaturehef t
gasses in the engine cycle. The heat flux was ktua Puned gas at the start of heat release. The teruper
determined by making use of the temperature history IS then iteratively adjusted until the burned and
Figure 10 and applying the Newton’s law. The IMEPuUnburned enthalpies are equal. Figure 15 shows the
variation with crank angle is shown in Fig. 12. graphical user interface of the program.
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Heat Transfer Vs. Crank Angle
160 4

those reportetl with no carbon content exist. Theo,
model

was developed based on the equilibrium

120 . combustion products ofy, and N, species mole
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Fig. 13: Heat transfer vs. Crank angle
3.
HeatLoss Vs. Crank Angle
1
4.
0.5
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Fig. 14: Heat loss vs. Crank angle
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Fig. 15: The graphical user interface (GUI) of the
program

CONCLUSION

The mathematical model used to predict the engine
performance of fuel inducted type spark ignitiogiee
is presented. Based on the Olikara and Borman rdetho
a subroutine for the equilibrium combustion product
was developed and compared WithGood agreement
was obtained. A model based on modified Olikara and
Borman method for hydrogen fuel calculations was
developed and the simulation result agreed welh wit

121:

fraction at equilibrium state. The result q{iox
formation rate was comparable wWith
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