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Abstract

Spark knock suppression with hydrogen addition was investigated at two engine speeds (2000 rpm and 4800 rpm).
The experimental results showed that the spark knock is strongly suppressed with increasing hydrogen fraction at
2000 rpm while the effect is much smaller at 4800 rpm. To explain these results, chemical kinetic analyses with a
two-zone combustion model were performed. The calculated results showed that the heat release in the end gas zone
rises in two stages with a remarkable appearance of low temperature oxidation (LTO) at 2000 rpm, while a single
stage heat release without apparent LTO process is presented at 4800 rpm due to the shorter residence time in the
low temperature region. The mechanism of the spark knock suppression with hydrogen addition can be explained by
inhibition of the LTO reactions and H,0, loop reactions by the OH radical consuming reaction with hydrogen, leading
to a reduction in the heat release from hydrocarbon fuel at the initial stage of the ignition process. However, the OH
radical is simultaneously produced from H radical with hydrogen addition at the later stage of the ignition process.
The reduction in the heat release with hydrogen addition can only be obtained at the initial stage of the ignition
process, and the differences in spark knock suppression with hydrogen addition under low and high engine speeds

are due to absence or appearance of LTO at the initial stage of the ignition process.

INTRODUCTION heat ratio of the in-cylinder gas, the compression ratio,

the combustion phase and the combustion period as

In spark ignition engines, a large exhaust loss is one of  detailed in Figure 1. Among these factors, the compression
the primary issues preventing improvements in thermal ratio and the combustion phase are particularly limited

efficiency. The exhaust loss is dependent on the specific by spark knock.
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Spark knock is known as abnormal combustion induced
by the self-ignition in the end gas mixture!"!"!. Spark
knock generally occurs at low engine speeds and tends to
be suppressed with increasing engine speed due to the
shortened high temperature residence time of the end gas
mixture. However, further increase in the engine speed
may also cause the spark knock phenomena called “high-

speed knock” distinguishing it from “low-speed knock”®!,

As a way to avoid the spark knock, the utilization of
hydrogen as an additive fuel has attracted attention.
Hydrogen is known as an alternative fuel produced from
renewable energy, and also can be produced on-board via
fuel reforming. The reformed exhaust gas recirculation
(REGR)'“"'? can reform hydrocarbon fuels into hydrogen,
carbon monoxide, and methane with a reformer catalyst
equipped in the path of the exhaust gas recirculation
(EGR). The REGR has the potential to suppress the spark
knock with the chemical effects of hydrogen as well as
with EGR!"¥'19] Additionally, as the reforming reactions
are endothermic, the exhaust heat can be regenerated to
the energy input!'”. The spark knock suppression with
hydrogen addition has been widely investigated in the
previous studies?”% Naruke et al. showed that the
hydrogen addition extended the knock limit at the engine
speed of 2000 rpm under lean conditions?®’, Topinka et
al. demonstrated that the required octane number of the
primary reference fuel (PRF) to avoid spark knock can be
decreased with increasing the hydrogen concentration at
1500 rpm under lean conditions?”. Ashida et al.
demonstrated that the spark knock resistance improves
with reformate hydrogen at an engine speed of 1200

rpm under stoichiometric conditions®,

Gerty and
Heywood investigated the effect of simulated fuel
reformate (a mixture of hydrogen, carbon monoxide, and
nitrogen) on the spark timing at the knock limit for a
variety of fuels at 1500 rpm under lean conditions and
showed that the required combustion retardation to avoid
knock can be decreased with reformate addition for PRFs
and TRFs'?!, Shinagawa et al. investigated the effect of
hydrogen addition at 1600 rpm under rich conditions
and elucidated that the spark knock suppression with

hydrogen addition is obtained with the inhibition of fuel
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decomposition and hydroxyl radical production®°!

As described above, there are many reports of the
influence of hydrogen addition on knocking characteristics
at various conditions. However, most of the investigations
were focused on the low-speed knock and the effects on

the high-speed knock have not been clarified.

The previous studies have suggested that the
phenomenon of the high-speed knock is different from
that of the low-speed knock. Spicher et al. showed that
the knock intensity at high engine speeds has higher
sensitivity to spark ignition advance than at low engine
speeds”®!. Tijima et al. visualized the combustion with
spark knock over a wide range of engine speeds and
revealed that the combustion proceeds at supersonic
speed in the high-speed region, proposing that the
phenomenon corresponds to a “developing detonation”
extending to the strong knock events®?. Goto et al.
suggested that the spark knock at high engine speeds has
a smaller dependence of the low temperature oxidation
(LTO) on the ignition process as the end gas mixture has
the shorter residence time in the low temperature

331 However, the detailed mechanism of the

region
difference between low and high-speed knock is still not
clearly explained. The ordinary way to avoid the high-
speed knock was the fuel enrichment, but due to the
upcoming enhanced emission regulations including Real
Driving Emissions (RDE)"®%, the fuel enrichment will not
be acceptable in the future. Consequently, understanding
the phenomenon and establishing new solutions for

avoiding high-speed knock will be essential.

The objective of this study is to clarify the effect of
hydrogen addition on the high-speed knock as well as on
the low-speed knock and to obtain new insight into the
difference between low and high-speed knock. The
experiments were conducted at the two engine speeds of
2000 rpm and 4800 rpm and the crank angle at the
spark knock onset changing with the quantity of
hydrogen were assessed. Further, the chemical kinetic
analyses with the two-zone model were performed to

elucidate the influence of hydrogen addition on the
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ignition process of the low and high-speed knock. Note
that the motivation of this research is to improve the
thermal efficiency with applying REGR. However, to
understand the basic effects of hydrogen addition and to
distinguish the effects of other reformed gas
compositions, hydrogen was directly introduced to the

intake pipe without REGR application in the present

study.
Specific
~ Theoretical heat ratio
thermal efficiency .
Compression
ratio
Exhaust _|
loss Combustion
| Degree of phase
constant volume
Combustion
period

Fig. 1 Parameters related to the exhaust loss

EXPERIMENLAILSELUR

2-1. Engine Specifications and Experimental
Procedures

The engine specifications are detailed in Table 1 and a
schematic of the experimental system is shown in Figure
2. The experiments were conducted on a single cylinder,
four-stroke, water cooled, naturally aspirated spark
ignition engine. The main fuel was injected into the
intake port and hydrogen was introduced into the intake
pipe upstream of the throttle valve. The quantity of
hydrogen was controlled with a mass flow controller
(ALICAT, MCR-100SLPM-D), and the overall excess air
ratio, 4, was maintained by adjusting the injection
quantity of the main fuel based on the output of a
universal exhaust gas oxygen (UEGO) air-fuel ratio sensor
(Tsukasa Sokken, PLR-5) equipped in the exhaust pipe.
The intake temperature was controlled with a heater in
the intake pipe and the net indicated mean effective
pressure, nIMEP, was maintained with a throttle valve.
The in-cylinder pressure was measured with a
piezoelectric pressure sensor (Kistler, 6053CC). The

signal was amplified with a charge amplifier (Kistler,

5018A) and was recorded with a crank angle detector
(ONO SOKKI, CP-5110A and CA-5004).

2-2. Experimental Conditions

The experimental conditions are detailed in Table 2. The
engine operating conditions were set to the nIMEP of
900 kPa, intake temperature of 318 K, and 4 of unity
(1.0). The primary reference fuel with an octane number
of 90, PRF90, a blend of iso-octane and n-heptane at
90:10 by volume, was used as the main fuel. The
hydrogen addition fraction in the total lower heating
value (LHV) was varied from 0 HV% to 15 HV%.

The onset of spark knock was determined by setting a
specified limit to the band-pass filtered in-cylinder
pressure profiles of 500 cycles over the frequency range
of 9 to 18 kHz. The 50% mass burned crank angle, CA50,
at the most advanced spark ignition timing without the

occurrence of spark knock was defined as the knock limit.

Fuel pump
Flow meter AJF sensor
Mass flow E & controller

Throttle gas

Crank angle sensor

Fig. 2 Experimental arrangement

Table 1 Engine specifications

Number of cylinders [-] 1

Bore [mm] X Stroke [mm] 96 X 96
Displacement volume [cm] 695
Compression ratio 12.5:1

Fuel injection system

Port injection

Table 2 Experimental conditions

Engine speed [rpm] 2000, 4800
Net IMEP [kPa] 900

Intake air temperature [K] 318

EGR rate (%] 0

Main fuel PRF90

H, additive fraction [HV%] 0-15

2 1
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The engine speeds at the conditions of low and high-
speed knock were determined with preliminary
experiments. Figure 3 shows the relationship between the
engine speeds and the CA50 at the knock limit. The
tested gasoline here was a 50:50 blend of commercially
available premium gasoline (research octane number,
RON 100) and regular gasoline (RON 90). Increasing the
engine speed from 2000 rpm, the spark knock tends to
be suppressed and the CA50 at the knock limit
temporarily advances below 3600 rpm. However, the
further increase in the engine speed from 3600 rpm to
4800 rpm causes the spark knock to show up again and
results in the retardation of the CA50 at the knock limit.
From this result, the engine speeds were determined at
2000 rpm as the low-speed knock and at 4800 rpm as
the high-speed knock.

1

[°CA ATDC]

CA50 at knock limit

0
8
6
4 1 1

2 3000 4000
Engine speed [rpm]

000 5000

Fig. 3 Relationship between the engine speed
and the CA50 at the knock limit

EXPERIMENTALLRESULTS

Figure 4 shows the effect of hydrogen addition on CA50
at the knock limit under the engine speeds of 2000 rpm
and 4800 rpm. Increasing the hydrogen addition fraction,
the CA50 at knock limit advances at both engine speeds.
However, the advance of the knock limit is more
significant at 2000 rpm than at 4800 rpm. This indicates
that hydrogen addition strongly suppresses the low-speed
knock, but the effect becomes smaller on the high-speed
knock.
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Fig. 4 Effect of hydrogen addition on the CA50 at the knock
limit under engine speeds of 2000 rpm and 4800 rpm

A previous study by Goto et al. has investigated the effect
of hydrogen addition on the ignition process with the
chemical kinetic analyses at the initial temperatures of
700 K as a condition with a remarkable appearance of
LTO and 1100 K as a condition skipping the LTO process
under constant volume and adiabatic conditions®®. The
results showed that hydrogen addition inhibits the LTO
reactions and increases the ignition delay at low initial
temperature, but rather promotes the temperature rise at
the high temperature region resulting in no increase in
the ignition delay at the condition without the
appearance of LTO. This result suggests that the smaller
knock suppression effect at higher engine speeds may be
due to the smaller dependence of the LTO process on
high-speed knock. In the present study, the chemical
kinetic analysis with a two-zone combustion model was
applied for the further investigation of hydrogen addition
effects on low and high-speed knock under actual engine

operating conditions including piston compression.

CALCULATION.METHOD

4-1. Two-zone Combustion Model

In the two-zone combustion model, the combustion
chamber is divided into unburned and burned zones as
shown in Figure 5. The mass of the mixture moves from
the unburned zone to the burned zone in proportion to
the heat release rate with the flame propagation. There is
a virtual flame surface with no volume between the two

zones and the chemical species in the flame surface
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moved from the unburned zone instantly reach chemical
equilibrium before moving to the burned zone. The
chemical reactions depending on the temperature and the
pressure proceed in the unburned and burned zones. It is
assumed that there is no heat transfer between the two
zones and that the pressures in the two zones are

equivalent.

Burned zone Propagating flame

Fig. 5 Schematic of the two-zone combustion model

In this model, MATLAB (Math Works) was used as a

B% was used for the chemical

platform, and Cantera
kinetic calculations in the unburned and burned zones as
well as for the chemical equilibrium calculations at the
flame surface. A reduced reaction mechanism, SIP-Gr2.0

developed by Sakai and Miyoshi*/*7

was applied for the
reaction model. The mechanism consists of the sub-
mechanisms of a gasoline surrogate fuel (consisting of
iso-octane, n-heptane, toluene, methylcyclohexane, and
diisobutylene) and the base mechanism with the reactions
of chemical species of zero to two carbon atoms,
including hydrogen. The governing equations described
below are formulated in the form of ordinary differential
equations with respect to time, and the simultaneous

equations were solved by the ODE solver of MATLAB.

4-1-1. Governing Equations

The governing equations for the unburned and burned
zones can be described as follows.

Conservation of energy:
4U, =d(mY Y=V ) = 5Quay ~ bV, ~hdm, (1)

AUy =AY WY, =V ), =6Quans —pdVs-+ by, (2)

Conservation of chemical species:

d(mY,,)=V. W, o, ~Y; dm, 3)

d(myY;, )=ViWi i, +Y; dm, (4)
Conservation of volume:
V=V,+V, ®)

Equation of state:
pav, +V,ap=R,T,dm, + m,R,dT, (6)

pav, +V,dp= Ry Tydmy +myR,dT, (7)

Here, the subscript # indicates the unburned zone, b the
burned zone, and f the flame surface. Y; is the mass
fraction of the chemical species i, dm, the mass of the
mixture moved from the unburned zone to the burned
zone with the combustion, W; the molecular weight of the
chemical species 7, and ®; the chemical reaction rate per
unit time and unit volume. In equations (6) and (7), the
derivative term of the gas constant is not considered,
assuming that the change in the gas constant is

sufficiently small and can be disregarded.

The first term on the right-hand side of equations (1) and
(2) represents the heat transfer obtained from Woschni’s

equation®® as follows:

SQwall = hcA(T - Twall )dt (8)
hc :CdM—lpmmeOJS—l.GZm (9)
VT,
—CiSy + G2 (p—p,
w=CS, + ZPer(p D) (10)

Here, h. is the heat transfer coefficient, T the gas
temperature in the combustion chamber, 7., the wall
temperature of each part of the combustion chamber, and
A the area. In this model, the heat transfers from the
piston, the cylinder head, and the cylinder liner have been
taken into consideration. The notation w is the
representative velocity and corresponds to the average
gas velocity in the cylinder. S, is the average piston speed,
and V; is the displacement volume. 7, p,, and V, are the
temperature, pressure, and volume of the working gas at
a specific timing, respectively, and the intake valve
closing (IVC) timing was applied as the initial condition.
The experimental constants C; was set at 2.28, and C; at
zero before the spark ignition and at 3.24 < 107 after the

spark ignition.
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In the present study, the initial conditions described later
were obtained by the one-dimensional engine modeling
and simulation tool, GT-POWER (Gamma Technologies)
and equation (9) was replaced as follows to be equalized
with the analysis conditions of GT-POWER.

h, =3.01426C, d 2 p* S ST 05 (11)

A fitting parameter C; was set at 1.3, applied from the
experimental results of the heat loss over a wide range of
engine speeds. The cylinder diameter was used as a

representative length d.

4-1-2. Simultaneous Ordinary Differential Equations
The ordinary differential equations of each physical
quantity derived from the above governing equations can
be described as follows.

Differentiation of pressure:

-1
i~ [V RV, RuVuJ {_ s + o 0Quas | Ru5Quas

Cpb Cou Cpb Cou

+{R,,T,, SR+ iy - hﬁ,)}dmx
Cpb

Ry W —&‘Vuzhiumm} (12)
Cpb Cou
Differentiation of temperature:
8Quany +Vudp -V, Xl W; o,
dTu — ( L, p u lu ’u) (13)
(M)
AT, = 5Quany +Vidd—~Vy Y 1, Wi a3,
+dm, Y Y, (e, —hi,) () (14)
Differentiation of volume:
dv, = RT,dm, +m,RdT, -Vdp (15)
p
dV, =dV -dv, (16)

The simultaneous ordinary differential adding the
chemical species conservation equations (3) and (4) to

the above are solved in this model.

4-1-3. Heat Release Rates

The heat release rate with the flame propagation was
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obtained by approximating the composition of two Wiebe

functions.

m; m+1
aQ m+1( 0" (e "
40 = aQOQmultl 921 (911 J €Xpy—a 911

) my 0 my+1
+a Q@2 m;:z- (a] eXp{—a(eﬂj } (17)

Here, @ is the total heat release, and 6, is the

combustion period. The notations @ and m are constants
and were determined from the experimental results
under the conditions without hydrogen addition at each
engine speed. There is the following relationship between
dm,, the mass transferred from the unburned zone to the
burned zone, and d® / do, the heat release rate.

4Q _ 1 gy 9
o o

(18)

where LHYV is the lower heating value.

4-1-4. Validation of the Model

The parameters of the Wiebe function are determined
based on the experimental results at the engine speeds of
2000 rpm and 4800 rpm and are detailed in Table 3,
and the comparison of heat release rates obtained with
the experiments and the approximated Wiebe function at
each engine speed are shown in Figure 6. Here, the start
of combustion (where the heat release starts) was set at
-9°CA ATDC for 2000 rpm and -19°CA ATDC for 4800
rpm, and hydrogen was not added at these engine
speeds. Although there is a slight difference in the late
combustion period, the approximated Wiebe function

sufficiently reproduces the experimental results.

Table 3 Parameters of the Wiebe function

Engine speed [rpm] 2000 4800

a 6.9

my/my 2.2/2.3 2.5/2.0
@mult1/ @mule2 0.36/0.64 0.85/0.15
0,1/ 0 2(0 sota) 36.0/33.0 (47.0) | 51.0/40.0 (65.0)
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Fig. 6 Plots of the heat release rate obtained by the
experiments and the approximated Wiebe
function

Figure 7 shows the comparison of in-cylinder pressure
obtained by the experiment and the calculation of the
two-zone combustion model with the parameters of the
Wiebe function shown in Table 3. The calculation results
of the two-zone combustion model can well reproduce
the experimental results at both engine speeds. Here, the
rapid pressure rise in the calculation result at 4800 rpm
is caused by the autoignition in the unburned zone. Note
that the experimental results are the ensemble average of
500 cycles and there is no pressure oscillation caused by

spark knock.

2000 rpm

N W B~ O

Pressure [MPa]

—

-60 -30 0 30
Crank angle ["CA ATDC]

Pressure [MPa]
O =~ N W H 01 ONO
T

-90 60 90

Fig. 7 Plots of the in-cylinder pressure obtained by the
experiments and the two-zone combustion model

4-2. Calculation Conditions

The calculation conditions are detailed in Table 4. The
engine speeds were set at 2000 rpm and 4800 rpm. In
addition to PRF90 and real hydrogen, virtual inert-
hydrogen with the same thermodynamic properties as the
real hydrogen without contributions from any chemical

reaction™”

was applied to distinguish the effects of
dilution and chemical reactions of hydrogen addition. The
additive fraction of hydrogen or inert-hydrogen was set
to 12.8 HV%, and 4 to unity with adjustments to the mole
fraction of the mixture. As the purpose of this study is to
clarify the effect of hydrogen addition on low and high-
speed knock from the point of view in chemical kinetics,
the same heat release rates, the combustion start timings,
and the initial conditions were applied both with and
without hydrogen addition at each engine speed to
eliminate the effects of differences in the pressure and
temperature changes. Note that the difference is
sufficiently small for the results not to change whether
with or without considering the difference. The values of
Table 3 were used for the parameters of the Wiebe
functions, and the combustion start timings were

determined as the points where the sufficiently large
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spark knock occurs under the conditions with hydrogen
addition at each engine speed. As the initial conditions,
the in-cylinder pressure, the temperature, and the
residual gas ratio at the IVC timing were calculated with
GT-POWER with the Three Pressure Analysis (TPA)
method. The TPA method is a non-predictive analysis to
calculate the parameters which are difficult to measure
directly such as the above-mentioned initial conditions by
applying the measured intake, exhaust, and in-cylinder
pressures referenced to the crank angle as the boundary
conditions. The initial conditions were calculated after
fitting the model with the measured in-cylinder pressure
by adjusting the pressure loss and heat transfer

parameters at each part of the engine.

Table 4 Calculation conditions

Engine speed [rpm] 2000 4800
Main fuel PRF90
Additives 12.8 HV% of H,, inert-H,
2 -] 1

Start of combustion [°CA ATDC] -23 ‘ =27

CALCULATION,RESUITS

5-1. Difference Between Low-speed Knock and
High-speed Knock

Figure 8 shows the effects of hydrogen and inert-
hydrogen addition on the in-cylinder pressure and the
end gas temperature under the engine speeds of (a)
2000 rpm and (b) 4800 rpm calculated with the two-
zone combustion model. The spark knock occurs at both
engine speeds, and significant pressure and temperature
rises can be observed due to the self-ignition in the end
gas. With hydrogen addition, the start of spark knock is
retarded, and the pressure rise is suppressed due to the
reduction of end gas volume at the spark knock timing,
showing spark knock suppression effect at both engine
speeds. However, the effect at 4800 rpm with the high-
speed knock is smaller than at 2000 rpm with the low-
speed knock, indicating that the calculation results are

qualitatively consistent with the experimental results.
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Fig. 8 Effects of hydrogen and inert-hydrogen addition on
the in-cylinder pressure and the end gas temperature

Figure 9 shows the effects of hydrogen and inert-
hydrogen addition on the heat release rate in the end gas
under the engine speeds of (a) 2000 rpm and (b) 4800



Chemical Kinetic Analysis with Two-Zone Model on Spark Knock Suppression Effects
with Hydrogen Addition at Low and High Engine Speeds

rpm calculated with the two-zone combustion model.
Under the condition with inert-hydrogen addition at
2000 rpm, a remarkable LTO appears between -5 to 0°
CA ATDC, followed by a high temperature oxidation
(HTO), and the heat is released in two stages. With
hydrogen addition, LTO is suppressed and the
appearance of HTO is significantly retarded. However, at
4800 rpm, the heat is released in a single stage without
appearance of LTO even under the condition with inert-
hydrogen addition, and hydrogen addition only slightly
retards the appearance of HTO.

10
o
8% 8f
<o
22 41 I
- §
B x
= 2t L
0 I 1
-20 -10 0 10 20
Crank angle ["CA ATDC]
(a) 2000 rpm
10
o
8% 8f
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-20 -10 0 10 20
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Fig. 9 Effects of hydrogen and inert-hydrogen addition on
the heat release rate in the end gas

Figure 10 shows the end gas temperature under the
engine speeds of 2000 rpm and 4800 rpm, plotting the
time after the IVC in the abscissa. The residence time in
the temperature range of 600 to 900 K where LTO
appears is longer at the low engine speed than at the
high engine speed. This longer residence time at 2000

rpm leads to a larger dependence of LTO on the ignition

process of the low-speed knock than of the high-speed
knock at 4800 rpm, explaining the difference of the
spark knock suppression effect with hydrogen addition

between low and high engine speeds.
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Fig. 10 End gas temperature vs time after IVC
(with inert-hydrogen addition)

5-2. Effect of Hydrogen Addition on Low-speed Knock
Figure 11 shows the effects of hydrogen and inert-
hydrogen addition on the heat release rates of
representative elementary reactions in the end gas, and
Figure 12 shows the concentrations of OH, iCgH,7, CH20,
H,0,, HO,, and H with the additions of hydrogen and
inert-hydrogen at the engine speed of 2000 rpm, plotting
the temperature change with the reaction process in the
abscissa. The fuel series is a group of reactions consisting
of reactions (R1) to (R12), related to iso-octane, the major
component of the main fuel. The oxidation process of iso-
octane initiates from producing alkyl radicals by
hydrogen abstraction with hydroxyl radicals (OH)
(reaction (R1)). Under the low temperature conditions
from 600 to 900 K, OH increases via the primary oxygen
addition reaction, internal isomerization reaction, and
secondary oxygen addition reaction (reactions (R2), (R5),
(R6), (R8), and (RI)). The series of these processes is

"0 and activates the reactions in

called “RO, chemistry
the system. In addition, as the reactions (R1), (R2), and
(R8) are exothermic, a heat release occurs as LTO in the

above temperature range.

iCgH;s + OH — iCgH;7 + H20 (Rl)
iCgHi7 + O, — iCgH ;7,00 (R2)
iC8H17 — CH3 + iC7H14 (Rg)
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iCgH;7 — iC4Hg + iC4Hg (R4)
iCgH;700 — iCgH;s00H (R5)
iCgH1s00H + O, — iHOOCgH ;500 (R6)
iCgH;600H — CH,0 + OH + iC7Hy4 (R7)
iHOOCgH;600 — OH + iCgKET (R8)
iCsKET — CH,0 + OH + iC;H;30 (R9)
iC7Hy4 + OH — H,0 + iC7H;3 (R10)
iC4Hg + OH — H,0 + iC4H; (R11)
iC4H7 + H — iC4Hg (R12)

With the progress of the reactions, the main route of OH
consumption shifts from reaction (R1) to (R13) due to the
decrease in fuel and the increase in formaldehyde (CH20).
This results in the degeneration of LTO, and the reaction
system moves to the thermal ignition preparation period.
In this period, the reaction with hydrogen peroxide
(H20,) produced from CH,O via reaction (R13) to (R16)
promotes the OH production by the thermal
decomposition. The elementary reaction group consisting
of reactions (R13) to (R16) is called the “H,0, loop™*!!!42]
The overall reaction of the H;0; loop is exothermic as
represented by reaction (R17), and greatly contributes to

the heat release until the thermal ignition occurs.

CH,0 + OH — H,0 + HCO (
HCO + 0, — CO + HO, (
HO; + HO, — H,0; + O, (R15)
H.0, + (M) — OH + OH + (M) (
2CH,0 + O, — 2H,0 + 2CO + 473 kJ/mol (

The onset of thermal ignition can be defined as the point
where the reaction rate of reaction (R18) exceeds that of
reaction (R19)"*®. Reaction (R18) is a chain branching
reaction which activates the reactions in the system
increasing the number of radicals. However, the reaction
itself is endothermic and does not contribute directly to
the temperature rise. On the other hand, reaction (R19)
is exothermic and considerably affects the temperature
rise during the later stage of the thermal ignition

preparation period.

H+ 0, — 0+ 0OH
H+0,+M — HO, + M

(R18)
(R19)

149 YAMAHA MOTOR TECHNICAL REVIEW

As shown in Figure 11 under the condition with inert-
hydrogen addition, LTO appears at 850 to 900 K,
followed by the gradually increase in the heat release
with the H,0; loop above 900 K. When the temperature
reaches above 950 K with further increases, the heat
release rate from reaction (R19) increases and the

thermal ignition eventually occurs.

With hydrogen addition below 1000 K, the OH
concentration is decreased due to the OH consumption
by hydrogen as represented by reaction (R20), and due to
the suppression of reaction (R1) around the start of iso-
octane oxidation, the heat release from the subsequent
LTO is reduced. The decrease in OH concentration also
leads to the decrease in the CH,O concentration,
resulting in the reduction of the heat released from the
H,0, loop. However, the decrease in the OH
concentration with hydrogen addition cannot be obtained
above 1000 K with the increase in the H, HO,, and H,0»
concentrations. This is due to the H produced by reaction
(R20) eventually produces OH via the HO; and H,0; by
reactions (R19), (R15), and (R16). Thus, the heat release
rate from the fuel series and H,0; loop is less likely to be
reduced, and the heat release rate from reaction (R19)
increases. In addition, as reaction (R20) is exothermic, the
activation of this reaction by hydrogen addition
contributes to the temperature rise. The above results
suggest that hydrogen addition has a large effect in
reducing the heat release rate in the relatively low
temperature region at the initial stage of the ignition
process with LTO, but it rather promotes the temperature
rise in the high temperature region with the progress of
the reactions.

H, + OH — H + H,0 (R20)
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Figure 13 shows the heat release rates of representative ; ME /
elementary reactions in the end gas, and Figure 14 shows § s 61 All reactions— T
the concentrations of OH, iCsH,7, CH,0, H,0,, HO,, and H [ 90 4| /4" .
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decreased with hydrogen due to reaction (R20), leading 10 i
]
to the suppression of reaction (R1) and the reduction of O — H,+OH— /
heat release from the fuel series and H,0; loop as in the © U‘j” 8 H(:;ZO? /
. . O = [
case of low-speed knock. However, since there is no § = 6+ Al reactions/g,l')
appearance of LTO, the reduction in the heat release D2 4 /
from the fuel series is smaller than in the case of low- © 2 / w/ H,
_ _ O X f wi inert-Hz\
speed knock. Further, due to the reactions onsetting at T— 2} /
higher temperature, the heat release from reactions (R19) 0 — 1)/

800 960 1000 1100 1200

and (R20) activated by hydrogen addition increases at
End gas temperature [K]
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loop. The effect of suppressing the temperature rise is ~ Fig. 13 Effects of hydrogen and inert-hydrogen addition on
the heat release rates of representative elementary

cancelled, resulting in the small reduction effect in the reactions in the end gas (4800 rpm)

overall heat release. The smaller effect of suppressing the
high-speed knock with hydrogen addition can be
explained by the absence of LTO at the initial stage of the
ignition process with a shorter residence time in the low

temperature region.
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10 < CONCLUSIONS
— 106
g’ In the present study, engine experiments and chemical
210 kinetic analyses with a two-zone combustion model were
6 10+10 performed to investigate the spark knock suppression
effects of hydrogen addition at low and high engine
1312 speeds. The results may be summarized as follows:
gi 10 51 & 1. Hydrogen addition can advance the combustion phase
% 1071 ‘A\\OQ' s\qw at knock limit at 2000 rpm, showing a large effect on
ol suppressing the low-speed knock. However, the advance
S 10 9 F of the knock limit becomes smaller at 4800 rpm, and
101 . . . hydrogen addition is not effective for suppressing the
10 -1 high-speed knock.
2. In the calculation with the two-zone combustion model,
E’ 10y 78 the similar results as in the experiments were obtained,
% 10 5 \“\\QQ 5\ showing the smaller knock suppression with hydrogen
T addition at higher engine speeds.
©107r 3. At low engine speeds, the heat is released in two stages
10 © - - - with a remarkable appearance of LTO, whereas at high
10 2 | engine speeds, the heat is released in a single stage
= 104 due to the shorter residence time in the LTO temperature
3 range.
= 10 . . .
3 4. The mechanism of spark knock suppression with
T 10 hydrogen addition is the reduction in the heat release
at the initial stage of the ignition process due to the
11%_1_:) OH consumption by hydrogen, and the temperature
rise is promoted somewhat with hydrogen at the later
£ 10 stage of the ignition process under high temperatures.
2 10 -5 5. The differences in the spark knock suppression with
o hydrogen addition under low and high engine speeds
T 107 are due to the absence or presence of LTO at the
10 9 initial stage of the ignition process.
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DEFINITIONS/ABBREVIAGIONS

EGR
REGR
PRF
LTO
HTO
nIMEP

d
w
RY

=

C,

N

Subscripts

i

S~ ~ = =

Chemical Kinetic Analysis with Two-Zone Model on Spark Knock Suppression Effects
with Hydrogen Addition at Low and High Engine Speeds

exhaust gas recirculation
reformed exhaust gas recirculation
primary reference fuel

low temperature oxidation

high temperature oxidation

net indicated mean effective pressure
excess air ratio

lower heating value

crank angle

after top dead center

50% mass burned crank angle
internal energy

mass

specific enthalpy

mass fraction

pressure

motoring pressure

Volume

displacement volume

heat release

heat transfer

molecular wight

chemical reaction rate per unit time and unit volume
gas constant

temperature

wall temperature

heat transfer coefficient

heat transfer area

representative length
representative velocity

average piston speed

specific heat at constant pressure

chemical species index
unburned zone
burned zone

flame surface
Representative
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