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ABSTRACT

In this paper, computational simulation on the effect of
combustion temperature on emissions characteristics of
hydrogen-fuelled compression ignition engine was
performed. Combustion process was modeled based on
Equilibrium Constant Method (ECM) and programmed
using MATLAB program in order to calculate mole
fractions of 18 combustion products when hydrogen-
diesel fuels blends is burnt at variable combustion
temperatures. It is observed that throughout all
equivalence ratios, higher temperature increases H,, CO,
HCN, atoms C, O and H, NO, OH, NO, and O,
emissions and decreases CO,, H,O, NH3 and CH,4, N,
0O, and HNO; emissions. The highest H,O emission
occurs during stoichiometric combustion and decrease
in combustion temperature causes insignificant changes
in atom N emission.

Keywords: Equilibrium Constants Method; Newton-
Raphson Iteration; MATLAB; Combustion Model;
Emission Characteristics

1. INTRODUCTION

The use of alternative fuel in diesel engines has received
more attention for over the past two decades. The
unavailability of petroleum-based fuel has created a
need to seek for the possible use of alternative fuels.

Hydrogen has found vast applications in fields such as
aerospace, electricity  generation and internal
combustion engines. Hydrogen fuel cell provides
electrical power in the space program to the shuttle and
its by-product of water is consumed by the crew
(Brenda, 2005). In the field of combustion engine, the
use of hydrogen fuel either directly or indirectly is not
new. Experiments have been done decades before to
investigate the effectiveness of using hydrogen as a fuel.
Hydrogen offers a possible solution to such problems as
energy security resource availability, and environmental
concerns. Many researchers have used hydrogen as a
fuel in spark ignition (SI) engine. Caton (2001) reported
a significant reduction in power output, pre-ignition,
backfire and knocking problems at high load were
observed when inducing hydrogen in Sl engine within a
limited operation range. Saravanan et al (2008)
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concluded that hydrogen fuel cannot be used as a sole
fuel in a diesel engine due to lower compression
temperature in order to initiate the combustion since
hydrogen has higher self-ignition temperature. Hence,
diesel fuel is used as an ignition source for hydrogen-
diesel fuels blends combustion engine. Xing-hua et al
(2008) reported the simplest method of using hydrogen
in a diesel engine is to run in the dual fuel mode with
diesel as the main fuel that can act as an ignition source
for hydrogen. In a hydrogen-diesel dual fuel engine, the
main fuel is either inducted/carbureted or injected into
the intake air stream with combustion initiated by the
diesel. The major energy is obtained from diesel while
the rest of the energy is supplied by hydrogen.

Most research in hydrogen-diesel fuelled compression
ignition engine has concentrated on experimental study
of performance and emission. Karim, et al (2003)
concluded that at low loads, much of the primary
gaseous fuel remain unburned leading to high
hydrocarbon (HC) and CO emissions. At high loads a
large amount of gaseous fuel admission results in
uncontrolled reaction rates near the pilot spray causing
rough engine operation. Perini et al. (2010) developed
the two zone quasi-dimensional model to simulate the
combustion process in Sl engines fueled with hydrogen,
methane or hydrogen-methane blends. Roy et al. (2009)
investigated the effect of hydrogen addition in the
producer gas on the performance and emissions of a
supercharged dual fuel diesel engine fueled at constant
injection pressure and hydrogen quantity. Ma et al.
(2003) have developed computer simulation to predict
the performance of a hydrogen fueled engines. The
mathematical models to predict pressure, net heat
release rate, mean gas temperature, and brake thermal
efficiency for dual fuel diesel engine operated on
hydrogen, LPG and mixture of LPG and hydrogen as
secondary fuels were developed by Lata et al (2010).
Verhelst et al (2007) have developed a quasi-
dimensional two-zone combustion model framework to
calculate the pressure and temperature in hydrogen
engines. Wang et al (2010) have developed a
multidimensional model based on CFD and coupled
with detail reaction kinetics to study the combustion
process in H,/CNG engine. Computer simulation of
hydrogen combustion was conducted by Masood et al
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(2008) using Low Temperature Combustion Model
Method (LTCM) with only 10 product species,
concluded significant reduction in CO, and NO,.

In this present study, combustion model of hydrogen-
diesel dual fuel blends was developed to study the effect
of its combustion temperature on emissions. Based on
Equilibrium Constant Method (ECM), a computer
program using MATLAB has been developed for the
blended fuels to calculate mole fractions of emissions.

2. COMBUSTION MODELING APPROACH

This section presents a solution for the properties of
equilibrium  combustion products based on an
equilibrium constant method applied to the gas phase
products of combustion of fuels. Equilibrium constant is
based on thermodynamic measurements and empirical
calculations; it is very accurate and precise in solving
most of chemical kinetics problems by recognizing that,
at equilibrium, the forward and reverse reaction rates
must be equal (Stephen, 2000). Thermodynamic data for
combustion products and many other pollutants are
available in a compilation published by the National
Bureau of Standards, called the JANAF (Joint Army—
Navy—Air Force) tables (1971). The equilibrium
constant data from JANAF tables using polynomial
curve fitted had been used in calculating the combustion
products (Stull, 1971). In this study, the derivations of
governing equations for the reaction combustion
equation need to be emphasized. 18 product species
were assumed in this study and a system of 19-nonlinear
equations appear from derivation of the reaction
combustion equation. The 19-nonlinear system of
equations can be solved using Newton-Raphson
methods prior to its implementation into MATLAB
program.

2.1. Governing Equations

Combustion of hydrocarbon fuels at low temperature
produces N,, H,O, CO, and O, in lean mixtures (¢<1)
and N,, H,O, CO,, CO and H, in rich mixtures (¢>1).
At higher temperatures (usually above 1600K), these
major species dissociate and react to form additional
species with significant amounts (Ganesan, 2003). By
considering dissociation process of major product
species in combustion, then the reaction combustion
equation for any hydrocarbon and hydrogen mixture
fuels with air can be written as:

n,C,H,+pH, +¢(O +3.76N,)——n; [y;H, +y,H,0+y,CO, +y,N,

+ Y50+ Y;0, +¥;,0; + y;H + y,0H
+¥1,CO+¥,,C +y,CH, +y;;NO
+Y1uNO, + Y;sNH; + y,sHNO,
+Y;HCN + y;sN]

-(1)

For diesel fuel used in this simulation program, the
subscripts o and £ are given as 14.4 and 24.9,
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respectively. The stoichiometric molar air-fuel ratio,

a :{nfm(mﬂ —2)
4

From concentration conditions at equilibrium, the
summation of the mole fraction of each product species
equals unity, then:
Vit Yot Yat Yot YstYstYr+Yot Yot Vot VYutYn
Y13+ Vit Vis + Yig + Yo + Vg =1
—(3)

In combustion modeling, it is necessary to calculate the
equilibrium constant, K, from a polynomial equation.
Therefore, the equilibrium constant values were taken
from JANAF Tables and fitted by Agrawal et al (1977)
with the following general form:
For temperature range of 1600K to 4000K:
Log, K, = A + A, (T —1600)(10") + A,(T —1600)(T —2000)(L0°)

+ A, (T —1600)(T — 2000)(T —2400)(10°)

+ A (T —1600)(T —2000)(T — 2400)(T —2800)(10%?)

+ A, (T —1600)(T — 2000)(T —2400)(T — 2800)(T —3200)(10**)

+ A (T —1600)(T — 2000)(T — 2400)(T —2800)(T —3200)
(T —3600)(10°)

= (4)
For temperature range of 4000K to 6000K:

Log, K, = A, + A, (T —4000)(10®) + A, (T —4000)(T —4500)(10°°)

+ A, (T —4000)(T —4500)(T —5000)(10"°)

+ A, (T —4000)(T —4500)(T —5000)(T —5500)(10'2)

~ (5)
From the balance of atoms on both sides in Equation
(1), the following four equations can be obtained:

N (Ys+ Yio + Yor + Yoo + Yir) =N x --- (6a)
nr(2y1+2yz + Yo+ Yo +4Y1, +3Yi5+ Vs + y17) =n;B+2p
- (6b)
28,
nT(Yz "'2)/3+ Ys +2ye +3)/7 + Yo+ Yot Vi3 +2y14 +SY16) :7
- (6c)
7.52
nT(2y4+y13+y14+y15+y16+y17+y18)= ¢a,5
- (6d)

From chemical equilibrium equations, fourteen
equations of the equilibrium constants that relate the
mole fractions of combustion products were used in
describing these problems and shown as below:

o[ ore{ 22 o

Ys
2 05,,05
K3_(V11V1J(P)2; K, [ynyl i j( )
Yo Y17
0. 05
KS_[YJGSJ(P)O-S; K, =(Mj(p)°'s;
Y, Y,
Y 05. 5.
R AT
Y1 Ye



G I G
Yo Ya

Y13

05
K, = P’ i K :(yjI.SyG j P\°%;
u [yg.syg.sJ( ) 12 Viu ( )
05,15 3
Ky :[MJ(p) and K, :( Yia Y2 J(P)

Yis Y13 y126

—(7)
The expression for the equilibrium constants can be
rearranged to express mole fractions of all the species in
terms of y; where i = 1,2,3,....,18 which represents mole
fraction of each species as written in Eq.(1).

3 Y, ). 2y . ys ).
Ys = GGy [7?}‘ Y =Co [z—:ZJ LY, =g (y_lé]’

2
2
05 2,05
Vi3 = Cscn[ y2;4 j ; Yis = CSZCllClZ [ Yo yz4 j ;

1

05,,15.

] y3yos
Yis =CisYs Y10 s =C2°C, ClrChy ik

25,, \,05
C,C Y1 Y5y
Yi7 = 4 22 s : 3 . and Yis :Cloyz?'S
Cs Y,
~(@®)
Where
— K]_ K p? . P . K
S iy 2=P_°'25 03:?3 ’ C4:K_4’ C=—ox
K . K, . K 05
CGZTGS ; C7:P_°'75' Cs_P_ois c, =K,P
K, - . po® P .nd
Cpo = 4’011_K11’C12__’C =— an
°ope Ky v Kis
. :Ki - (9)
14

The total number of mole, ny can be eliminated by
dividing Equation (6b) with Equation (6a) and yields:

f n;a

n, f+2p n, p+2p
+{4_[ ! ]} y12+3y15+y16+|:1_[ ! ]:| y17 :O
na na

---(10)
Likewise Equations (6¢) and (6d) can be divided with
the Equation (6a), respectively to obtain:

2a
+|2- >
ol 2

2a 2a,
_[nf05¢} Yot Vi3 +2Y3, +3Yi _[WJ Y =0

n; f+2p nef+2p n;f+2p
2y1+2y2_ na Yt Yg+ Yo — Yio —

- (11)

n,a
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H

and
_( 7.52a,

n;a¢

b

Loy 7.52a, B 7.52a, B 7.52a,
Y, +2Y, _nfa¢ Y10 n af Yi n ad

7.52a
+y13+Y14+y15+y16+|:1_( J:| Vi + Yig =0

n;ag
--(12)
By substituting Equation (8) into Equations (3), (10),
(11) and (12), yields four equations with four main
unknown i, Y., Y3, and y, The resulting equations as

shown below are nonlinear and best solved by Newton-
Raphson iteration method (Yang, 2005).

Y, 2 y§ 3 y;’ 05
Vit Yot Y3+ Y, +GC 7 +GCs 2 +C5Cy F +C Y,

1 1

c 2 c,c,C 4
B
y1 Cs yz Cs yz Cs y2

0.5 .
+CSC11(%)+052011012[ 4

1

3,,05 25 0.5
ezt B oS | M a0

; ce A
—(13)
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- (14)
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2.2. MATLAB Inputs

[
J(oee) e

2,,05
Ly j+013y25y1”
v

J+ CoYs® =0

- (16)

In this study, MATLAB codes for combustion modeling
had been developed. The hydrocarbon fuel is to be
specified in terms of C and H atoms and for hydrogen-
diesel blends, the percentage of the blend need to be
acknowledged. Apart from that, other inputs parameters
that need to be provided into the MATLAB program are
Combustion Temperature, T(K), Equivalence ratio,¢
and Combustion Pressure, P(bar). In this paper, the
percentage of hydrogen substitution and combustion
pressure were fixed to constant values of 80% (by mass
of diesel fuel) and 55 bar, respectively. Combustion
temperatures are variable inputs that need to be
specified at the beginning of the simulation. It has fixed
values from 1600K, 2000K, 2500K, 3000K and 3500K.
The output of the developed program is used to analyze
the effects of combustion temperature on mole fractions
of 18 products species with respect to specified
equivalence ratios (phi,¢).

3. RESULT AND DISCUSSION

In this study, the effects of combustion temperature in
emissions were analyzed based on the developed
combustion model. Figure 1 shows the variation of mole
fractions of H, with combustion temperature at constant
pressure of 55 bar and 80% of hydrogen substitution. It
can be noted during lean combustion (¢<1) there was no
significant changes of H, when combustion temperature
lower than 2500K but as the temperature increases, H,
emission will also increase. When equivalence ratio,
$=1.2, mole fractions of H, starts to increase at the
temperature of 3000K while at equivalence ratio, ¢= 1.6
there was no significant effect of combustion
temperature on H, emissions. In general, during rich
combustion, the higher the temperature, the higher H,
emissions in diesel engine.

Figure 2 shows that increase in combustion temperature
decreases H,O emission. There were no changes of H,O
emissions for all equivalence ratios until the combustion
temperature reaches 3000K then it starts to decrease.
The highest emission occurs when equivalence ratio
equals to unity (stoichiometric combustion). The
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existence of H,O at high temperature catalyzing the
process of dissociation which forms additional H,, this
will be one of the reasons in the increase of H,

emissions as discussed earlier.
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Figure 1: Mole of fraction of H, with variation of

combustion temperature
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The variation of mole fractions of CO, with combustion

temperature is shown in Figure 3. It shows the
maximum CO, concentration is reached at
stoichiometric  combustion  ($=1.0) whereas its

concentrations are lower both in the lean and rich
setting. CO, is one of the major species present at low
combustion temperature (Schafer, 1995).
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Figure 3: Mole of fraction of CO, with variation of
combustion temperature



As the combustion temperature increases, mole
fractions of CO, decreases as a result from dissociation
process of CO, to form CO and O, species in significant
amount (Glassman, 2008). It also shows decrease in
amount when equivalence ratios are greater than unity.
As an example for rich combustion (¢p=1.2), mole
fraction of CO, is reduced in between 15% to 35% as
the combustion temperature increases from 1600K to
3500K.
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Figure 4: Mole of fraction of N, with variation
of combustion temperature
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Figure 4 shows the variations of mole fractions of N,
with combustion temperature. It can be noted that as
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combustion temperature increases, mole fractions of N,
decreases as the same trends shown thoughout all
equivalence ratios. The highest emission of N, is shown
during lean combustion at equivalence ratio,¢ of 0.5.
The richer the combustion, the lower N, emitted
especially at high combustion temperature. Figure 5
shows the same trend of NO and atom O emissions
versus combustion temperature. The increase of NO
emissions occurs as the reaction of the extended
Zeldovich mechanism is increased. With combustion
temperature increases, mole fractions or concentration
of NO and atom O emissions increases rapidly when
temperatures are greater than 2500K. As shown, both
are maximized with mixtures slightly lean since the
increased temperatures favors NO formation. Generally,
the formation of NO is highly dependent on in-cylinder
temperatures, oxygen concentration and residence time
for the reaction to take place (Andrea, 2004). It is
proven that during lean combustion, the formation of
NO and atom O increases with increasing temperature
since excess air during combustion catalyzes the
formation of both emissions, but there is little excess of
oxygen in rich mixtures to dissociate and attach to
nitrogen atoms to form nitric oxide. The interplay
between these two effects results in maximum nitric
oxides occurring in lean mixtures, where there is excess
of oxygen atoms to react with the nitrogen atoms to
form NO. Additionnally, the increase of NO emission
in hydrogen-diesel dual fuel combustion is correlated to
the faster burning rate of hydrogen (Naber, 1998).
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Figure 6 shows that as the combustion temperature
equivalence ratios increases, CO emission ¢
increases. Mole fractions of CO showed a remarke
high during rich combustion and temperatures gre:
than 2500K. CO is the minor species in the |
combustion and as the mixture gets richer m
fractions of CO increases due to incomplete combust
of carbon. Futhermore, as the combustion temperal
increases CO, dissociates to form CO and hence, v
fraction of CO increases as temperature incree
(William, 1985).

The variations of O, emission with combusi
temperature is shown in Figure 7. During lean
combustion, mole fraction of O, decreases as
combustion temperature increases. As equivalence ratio
decreases, mole fraction of O, increases while the
highest amount of O, occurs when the equvalence ratio
equals to 0.5. During rich combustion, there was
insignificant changes of O, emissions throughout all
combustion temperature. The reason that, there is a
greater amount of dissociation on the lean side is
because the dissociation of one mole of CO, results in
one mole of CO but only half mole of O,. Thus the lean
mixtures can accommodate more O, from dissociation
than that of the rich mixtures (Chung, 2004).

Figure 8 shows the same trend of OH and NO,
emissions versus combustion temperature. Mole
fractions of both emissions increased as combustion
temperature increases with the decrease in equivalence
ratios. It can be seen that both emissions increases
rapidly when combustion temperature greater than
2500K.
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The variations of atom H with combustion temperature

is shown in Figure 9. It can be seen during rich 1.8E-09

combustion, as equivalence ratio increases, mole 1.6E-09 1

fractions of atom H also increases and the highest § 1.4E-09 1 '

amount of atom H occurs at temperature of 3500K in I e 4 pi=0S

rich mixture. During lean and low temperature 2 10E00 - T phi=08

combustion, there was insignificant changes of atom H § 8.0E10 J *"hf:m

emissions throughout all equivalence ratios. g8 e phi=L.2
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Figure 10 shows Oz emissions versus combustion g 40E-101 \

temperature. With combustion temperature increases, 2.0E-10 ~

mole fractions of O3 will also increase specifically when 0.0E+00 = ¥ + ¥

temperatures are greater than 2500K. It is maximized 1500 2000 2500 3000 3500

during lean combustion, as discussed earlier, increasing Combustion Temperature, K

concentration of atom O promotes formation of O; after
its reaction with O,. This explains another possible
reason about the reduction of O, concentration in excess
air of lean mixture.

Figure 13: Mole of fraction of HNO; with variation of
combustion temperature
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Figure 11 shows NH; and CH, emissions versus §
combustion temperature. With combustion temperature %4-05'11'
increases, mole fractions of NH; and CH, will decrease = 20E-11
with respect to the increase in equivalence ratios. It can 0.0E+00 1 - _ e

be seen that insignificant amount of both emissions
during lean combustion regardless of any combustion
temperature. Both emissions are classified as gaseous
fuel, during lean combustion these fuels were burnt with
excess air in the mixture (Pulkrabek, 2004). For rich
combustion, late combustion of both emissions occurs
when temperature greater than 2000K.

Figure 12 shows that as there were no changes of atom
N formation in the exhaust species when combustion
temperature less than 3000K, further increase in
temperature increases formation of atom N for all
equivalence ratios. Figure 13 below shows the change in
mole fractions of HNO; for various combustion
temperature and equivalence ratios. With the increase in
temperature and equivalence ratio, HNO; emissions
decreases until equivalence ratio equals to unity, further
increase in equivalence ratio causes insignificant
changes in HNO; emissions.
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Figure 14: Mole of fractions of HCN and atom C with
variation of combustion temperature
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Figure 14 shows hydrocarbon emissions of HCN and
atom carbon (C) versus combustion temperature. With
combustion temperature increases, mole fractions of
HCN and atom C will also increase specifically when
temperatures are greater than 3000K. It also can be seen
that there were insignificant changes of both emissions
with respect to combustion temperature before 3000K.
As the equivalence ratio increases greater than unity, the
emissions of hydrocarbon also increases especially for
HCN. This is due to insufficient air to react with the
diesel fuel that remains in the exhaust. The molecules
structure of the remaining diesel fuel will be altered by
chemical reactions within the hot cylinder engine and
hence increases the hydrocarbon emissions (Heywood,
1988).



4. CONCLUSIONS

The emissions characteristics of combustion in
hydrogen-diesel dual fuel system was modeled by using
Equilibrium Constant Method. From the above analysis
and discussion, the conclusions made as following:

e Higher combustion temperature during rich
combustion causes higher H,, CO HCN, atoms C
and H emissions in hydrogen-diesel dual fuel
system.

e Lower combustion temperature increases emissions
of Ny, O, and HNO; during lean combustion.

e Lower combustion temperature has no significant
effect on H,O emission.

e Increase in combustion temperature leads to increase
in mole fractions of NO, atom O, OH, NO, and O;
with decreasing value of equivalence ratios.

e Combustion temperature less than 3000K shows
insignificant changes in atom N emissions.

e Increase in combustion temperature decreases CO,,
NH; and CH, emissions for all equivalence ratios.
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Nomenclature

NO nitrogen ECM  Equilibrium
oxide Constant
Method
COo carbon PHI()
monoxide Equivalence
Ratio
CO, carbon H, hydrogen
dioxide gas
HC hydrocarbon N atom
nitrogen
H atom HNO; nitric acid
hydrogen
H,0 water O3 tri-oxygen
0, oxygen CH, methane
gas
NH; ammonia C atom
carbon
HCN hydrogen N> nitrogen
cyanide gas
OH hydroxide NO, nitrogen
dioxide
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