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Y. Kobashi'*, Y. Wang!, G. Shibata®, H. Ogawa?, K. Naganuma?

! Division of Energy and Environmental Systems, Graduate School of Engineering, Hokkaido
University, Japan
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Abstract

To control the ignition timing in a gasoline compression ignition (GCI) engine, ozone
(O3) was introduced into the intake air. The O-radicals are decomposed from the O3 above
550 K during the compression stroke, and combine into oxygen (O2) in a very short time.
The authors adopted two-stage direct injection to mix the fuel injected into the cylinder
at very early timings with the O-radicals, before a reduction of the O-radicals would take
place. The ignition timing of the second fuel injection for the main combustion is
controlled by the heat release from the first fuel injection. In this paper, engine
experiments were performed to examine the feasibility of the ignition control with a
primary reference fuel, octane number 90 (PRF90). The Oz concentration, the quantity,
and the timing of the first injection were changed as experimental parameters. The results
showed that a very small quantity of Os, tens of ppm, is sufficient to promote the heat

release of the first injected fuel. The heat release increases with the Oz concentration and
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the quantity of fuel in the first injection. The addition of O3 has no other impact on the
ignition when the first injection timing is retarded to around -40°CA ATDC. In this
manner, it is possible to control the ignition delays and to alter the combustion state from
typical diesel combustion to premixed compression ignition combustion.

Keywords: Gasoline Compression Ignition Engine, Ozone, Ignition

Nomenclature:

CA50 Mass burned at 50% crank angle [°CA ATDC]

d’Q/d6? Derivative of the rate of the heat release [J/°CA/°CA]

HTHR High temperature heat release

LHVinj.1st Lower heating value of the first injected fuel [J]

LTHR Low temperature heat release

p Cylinder pressure [Pa]

Qcomb.1st Cumulative heat release from ignition of the first injected fuel to that of
the second injected fuel

Finj.1st Ratio of the first injection quantity [%] in the total injected quantity

ROHR, dQ/df Rate of heat release [J/°CA]

TDC Top dead center

Tmean Mean cylinder gas temperature [K]

V Cylinder volume [m?]

Xo3 Concentration of ozone (O3) in the intake air [ppm]

Greek symbols:

o Equivalence ratio [-]

K Specific heat ratio [-]

T2nd Ignition delay of the second injected fuel [ms]

Oinj st First injection timing [°CA ATDC]

Binj.2nd Second injection timing [°CA ATDC]

Bign st Ignition timing of the first injected fuel ["CA ATDC]
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Bign.2nd Ignition timing of the second fuel injection [°CA ATDC]

1. Introduction

Compression ignition engines offer superior fuel economy. However, in diesel

engines employing mixing-controlled combustion strategies, achieving reductions in

exhaust emissions remains a problem, since a turbulent diffusion flame surrounds the fuel

spray, generating nitrogen oxides (NOx) while soot forms in the rich central reaction zone

of the fuel spray, with soot concentrations increasing as the spray is transported

downstream [1][2]. There is no flame zone between the tip of the fuel injector and the

uppermost stream of the spray combustion in a turbulent diffusion flame, and the length

of the zone (from the injector to the flame, elsewhere termed lift-off length or here set-

off length) plays a significant role in the combustion and emission processes as much air

is entrained and mixed with the fuel upstream of the set-off length [3]. Controlling the

set-off length according to engine operating conditions is crucial to optimize the air-

entrainment into the fuel spray.

Factors affecting the set-off length [3-5] as well as the details of the flame set-off [6]

have been extensively studied. It has become established that decreasing ambient density

with low boosting and also the oxygen concentration with more exhaust gas recirculation

(EGR) makes it possible to lengthen the set-off length. However, at high load operations,

3
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it is required to increase intake air with high boosting and less EGR, that shortens the set-

off length. A possible way to control the set-off length is changing the fuel reactivity, as

the set-off length is strongly correlated with the ignition delay [6-7]. Considering this, the

low reactivity of gasoline is an attractive characteristic to extend the set-off length, and

the authors have applied gasoline to compression ignition engines. This kind of

combustion strategy termed gasoline compression ignition (GCI) has attracted increasing

attention as an alternative to diesel engines due to the potential of low emissions and high

thermal efficiency [8-11]. This strategy is advantageous to ignition control as the

combustion phasing is closely coupled to the injection timing. However, achieving

ignition control over a wide range of engine loads and rotation speeds is still challenging

as the ignition timing of the GCI strongly depends on the fuel quantity and the time after

start of injection, and another way to control the ignition timing, which is independent of

the injection timing, would be required. One approach to achieve this is to use two fuels

which have different reactivities as implemented in reactivity controlled compression

ignition (RCCI) engines [12], but this strategy requires two fuel tanks which makes it

difficult to implement in engine systems used for transportation.

Ozone (O3) has been utilized to control the ignition in homogeneous charge

compression ignition (HCCI) engines [13-17]. The chemical kinetic mechanisms and
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their rate constants were proposed by Heimerl and Coffee [18]. Yamada et al. [19]

revealed that the O3z decomposes rapidly at around 600 K, and O-radicals generated via

the decomposition reduce the onset temperature of low temperature heat release and

enhance the ignition. Masurier et al. [20] reported that the interaction between Oz — NO

consumes O3, yielding NO2, while retarding the ignition. Controlling the ignition timing

with O3 is advantageous in terms of the rapid response and low energy consumption as

O-radicals are generated with low-temperature plasma. In the report here, the authors

introduce the O3 into the intake air to achieve control of the ignition delays and set-off

lengths of gasoline sprays in a GCI engine over a wide range of operating conditions.

In this paper, as a first step, the methodology is developed with a chemical kinetic

analysis. The results show that the generated O-radicals immediately recombine, to form

O2, and that this has no significant impact on the ignition process of the fuel injected near

top dead center (TDC). To make the first injected fuel react with the O-radicals, the first

injection is implemented before the O3 decomposition would take place. By utilizing the

temperature increase and the chemical species generated due to the first fuel injection, the

ignition delay of the second fuel injection is controlled. A similar approach was adopted

by Pinazzi and Foucher [21], who employed a two-stage injection strategy with early first

injection near -360°CA ATDC. The purpose of their study was to improve low load
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operation of a GCI engine, and is very different from the aims of this study, which is to
optimize the ignition delay and the set-off length in a turbulent diffusion flame with
gasoline and to control the engine load.

Based on the above details, this paper investigates the effects of O3z addition to the
intake air on the ignition processes with the gasoline two-stage injection strategy, in
addition to the chemical kinetic analysis previously described. The conditions of the first
and second injections as well as the Oz concentration were widely varied to examine the
quantities of the Oz and fuel required to achieve the gasoline mixing-controlled
combustion. Finally, it was demonstrated that the combustion regimes are varied from the
gasoline premixed compression ignition to the gasoline mixing-controlled combustion

with implementing the two-stage injection strategy with the O3 addition.

2. Experimental Setup and Procedure

An illustration of the experimental setup is shown in Fig.1. The engine test was
conducted in a single cylinder diesel engine with a toroidal type combustion chamber.
The cylinder head has four valves; two intake ports and two exhaust ports. The
specifications of the test engine are detailed in Table 1. The bore and stroke are 98 mm

and 110 mm, the displacement volume is 830 cm?, and the compression ratio of 16.5. The
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engine is equipped with a common-rail fuel injection system, and an 8-hole nozzle with
the nominal hole diameters of 0.125 mm and an umbrella angle of 155° were employed.
Apiezoelectric pressure sensor (KISTLER, 6125B) which has accuracy better than £0.5%
of full scale output (FSO) was installed in the cylinder head, and the electrical charge
produced by the piezoelectric sensor was converted into a voltage signal with a charge
amplifier (KISTLER, 5011B). The voltage signal proportional to the cylinder pressure as
well as a voltage signal from an injector (DENSO, G4S), which is proportional to fuel
pressure, were recorded with a transient memory board with a resolution of 0.2°CA for
150 cycles. The rate of heat release (ROHR), dQ/d# was calculated based on the
instantaneous measured cylinder pressure, p as follows:

0=Vt ) ®
where V is the cylinder volume, @ is the crank angle, and « is the specific heat ratio for
which the temperature dependence and the change in the gas species due to the chemical
reaction were considered. The heat loss term, dQwan/dd was calculated with Newton’s
law of cooling while employing Woschni’s correlation of the heat transfer coefficient, h
expressed as follows [22]:

h = 0.013B~02p08y;, 087053 2)

where B is the bore diameter of the test engine. The mean cylinder gas temperature, Tmean
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was calculated while considering the change in the major gas composition including

oxygen, nitrogen, carbon dioxide and water due to the combustion

The average cylinder gas velocity, w is expressed as follows:

VaTh

~(p — pm) 3)

12345

w = ClS_p + C,
where §p is the mean piston speed, Vq is the displacement volume, pr, v, T are the
working-fluid pressure, volume, and temperature at inlet valve closing, and pm is the
motored cylinder pressure at the same crank angle as the instantaneous cylinder pressure,
p. Here (; =2.28+0.308 vs/fp , Where vs is the swirl velocity, and C, =
3.24 x 1073 were employed.

Unlike the experiments where repetition of measurements is possible, it is difficult for
engine tests to repeat many tests at each operating point due to the many data points
involved, and in engine test, cycle-by-cycle variations in the combustion process may
cause a significant error and deteriorate the accuracy of measurements. In the present
study, to mitigate the effects of the cycle-by-cycle variations, the data obtained in the
experimental conditions where the coefficients of variance of indicated mean effective

pressure were less than 5% were used for the evaluation, except for some data in Fig.13.

[Figure 1]
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[Table 1]

The flow rate of the intake air was determined using a differential pressure type

flowmeter, and the pressure difference was measured with a digital manometer (Tsukasa

Sokken, PE-33-D) which has accuracy better than +10 Pa and the impact of the

measurement error on the flow rate is negligibly small. The Os-containing air was

produced with an ozonizer (EcoDesign, ED-OG-S4AD) while introducing air from a gas

cylinder, and it was delivered into the intake pipe (diameter: 52.7 mm), located 450 mm

upstream of the intake port. The O3z concentration was measured with a UV ozone monitor

(EBARA, EL-600) which has accuracy better than £2% of full scale output (FSO) before

the Oz-containing air was introduced into the intake pipe. The O3 concentration, Xoz in

the intake air was determined with the measured Oz concentration, the air quantity

introduced into the ozonizer, and the intake air quantity of the engine. As a result, the

accuracy of the O3z concentration was better than 5 ppm.

The definitions of the ignition timings, ignition delay, z2nd and cumulative heat release

of the first injected fuel, Qcomb.1st are shown in Fig.2. As the ignition timings of the first

and second fuel injections are separate in most conditions, they were independently

determined. The first ignition timing was determined when the exothermic reaction
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recovers the negative heat due to the evaporative cooling, and the rate of the heat release
(ROHR), dQ/dé becomes greater than 0 J/°CA. A different definition was employed to
determine the second ignition timing which starts during the first heat release. Here, the
second ignition timing was determined when the derivative of the ROHR, d?Q/d#?
exceeds 5 J/(°CA?) which is slightly large and was determined while checking if the
ignition of the second injected fuel was distinguished from that of the first one under all
the experimental conditions. The ignition delay of the second injected fuel, z2nd Was
defined as the duration from the start of the second fuel injection, which is determined
from the timing of the fuel pressure drop measured by the G4S injector, till the ignition
of the second injected fuel. The cumulative heat release of the first injected fuel, Qcomb.1st
which was defined as the integrated value of the heat release from the ignition timing of
the first fuel injection to the start of the second injection, was measured to evaluate the

effects of the fuel injection conditions on the reactivity of the initially injected fuel.

[Figure 2]

3. Experimental Conditions

10
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The experimental conditions are detailed in Table 2. The fuel used in the present

study is a mixture of primary reference fuels: i-octane (i-CsH1s) and n-heptane (n-C7H1s¢),

and the mixed-in fraction of i-octane in the liquid phase is 90 vol.%, this fuel is termed

PRF90 by reference to Japanese Industrial Standards of regular gasoline. The engine

speed was maintained at 1000 rpm. The fuel flow rate was adjusted to maintain a constant

fuel quantity of 18.8 mg/cycle, and the resultant indicated mean effective pressure (IMEP)

was around 0.27 MPa. The overall equivalence ratio including the first and second

injections was 0.34.

This engine load adopted is low for operation in the mixing-controlled combustion

regime, as the primary purpose of this study is to examine the sensitivity of the ignition

to the fuel injection conditions, and a low load is advantageous to be able to change the

injection conditions without causing knocking. A naturally aspirated operation was

implemented with an intake oxygen concentration of 21% monitored by the BEX-5100D

gas analyzer. The intake air was heated to 80°C to secure the ignition of PRF90 also

without any O3z addition.

The experimental variables were the O3z concentration in the intake air, Xo3, ratio of

the first injection quantity, rinj.1st, the first injection timing, finj.1st, and the second injection

timing, Ginj.2nd.

11
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[Table 2]

4. Considerations for the Fuel Injection Strategy with a Chemical Kinetic Model

Prior to the experiments, chemical Kinetic studies were performed with the

CHEMKIN-PRO software [23]. The PRF model proposed by Curran et al. [24] was

employed, and the chemical reaction model of the Os, listed in the literature [14] was

incorporated into this model. It was confirmed that the trend of the O3z concentration

calculated qualitatively agreed with the experimental results of Ekoto et al. [17].

The calculation conditions are detailed in Table 3. The IC HCCI Engine model was

used to simulate the compression and expansion strokes of the test engine. The initial

condition at the time of the intake valve closing was set to be similar to that in the engine

test. The very lean PRF90 mixture at the equivalence ratio of 0.16 simulated that only the

first injected fuel was homogeneously distributed in the chamber. The concentration of

the O3 was varied to examine the effect of the Os.

First, the timings of the Oz decomposition and the O-radical recombination were

examined by doping the O3 at 20 ppm into the mixture of 21% oxygen and 79% nitrogen

12
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without fuel. The calculated profiles of the temperature and the concentrations of the O3

and O-radicals as well as 40> which stands for the increase in the oxygen concentration

are shown in Fig.3. The O3z concentration decreased slightly due to the decomposition

early in the compression stroke with the simultaneous increase in the O-radical

concentration via the following reaction.

03+M=02+0 +M (R1)

Together with this, the 402 increases due to the recombination reaction as follows:

20+M=0,+M (R2)

The O3 rapidly decreased around -60°CA ATDC where the temperature exceeded around

550 K. After almost all of the Oz has decomposed, the concentration of O-radicals

decreased, generating O>. This study aims to use the O-radicals as the ignition promoter,

and to have the fuel react with the O-radicals, it was decided to implement the first

injection at a very early timing, before the reduction of the O-radicals could take place.

Second, the effects of the O3 addition on the ignition processes were investigated with

PRF90 (¢ = 0.16). The calculated profiles of the temperature and the concentrations of

the intermediate products are shown in Fig.4. With the Oz addition, all the intermediate

products are produced at the early timing. However, the concentration of the O-radicals

generated by the O3 decomposition is lower than that shown in Fig.3. This is because the

13
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O-radicals were consumed by the following reaction,

RH+ O =R+ OH (R3)

simultaneously generating OH-radicals and alkyl radicals, R which subsequently

accelerate a low temperature reaction via addition of two O2 molecules. Around -60°CA

ATDC where the O3z rapidly decomposed and the O-radical concentration decreased, the

OH-radicals decreased slightly. Immediately after that, the OH- as well as the O-radical

concentrations increased in the low temperature reaction environment, and the

temperature increase due to the low temperature heat release (LTHR) occurred at -30°CA

ATDC. With the Oz addition, the production of CH>0 and H2O> which play important

roles in the H2O reaction loop dominating the heat release from late in the low

temperature reaction to the start of the thermal ignition [25] were promoted and the high

temperature heat release (HTHR) took place earlier, accompanied by the reductions in the

CH20 and H203. From this it may be concluded that the early first injection strategy is a

way to efficiently use the O-radicals as an ignition promoter.

[Table 3]

[Figure 3]

[Figure 4]

14



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

5. Experimental Results and Discussion

5.1 Effects of the intake ozone (O3) concentration

The intake O3 concentration, Xos was changed while maintaining constant first fuel

injection timing, Ginj.1st Of -100°CA ATDC, second fuel injection timing, inj.2nd Of -5°CA

ATDC, and quantity ratio of the first fuel injection, rinj.1st as 46% of the total. Figure 5

shows the variations of (a) the rate of heat release, ROHR and (b) the mean cylinder

temperature, Tmean With the Xo3. The ROHR at the early timings increases as shown in

the panel under Fig.5 (a) provided to evaluate the effects of the O3z concentration on the

low temperature heat release (LTHR). Without the O3 addition (black curve), there is a

single peak in the ROHR. The LTHR near -30°CA ATDC increased slightly with

increasing Xos, followed by an increase of Tmean. This increase of the Tmean advanced the

onset of the first high temperature heat release (HTHR) which appeared before the TDC.

With the increase in the Xos, there is a remarkable increase in HTHR, leading to the

significant increase of the Tmean, and to the advancement of the onset of the second HTHR

timing.

To evaluate the amount of the first HTHR here, the combustion efficiency of the first

15
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injected fuel, #comb.1st is defined as follows:

eign.an d—QdB

o 6
gn.ist
Ncomb.1st = (4)

LHVinj.lst

where Oign.1st is the ignition timing of the first injected fuel, Gign2nd is the ignition timing
of the second injected fuel, and LHVinj1st is the lower heating value of the first injected
fuel. Figure 6 shows the variation of the 7comb.1st With the Xos. The 7comb.1st is initially
very low since the mixture produced by the first injected fuel is too lean due to the long
mixing duration. The 7comb.1st monotonically increased with increases in the Xo3 up to 70
ppm, and showed the effect of the Xos leveled off beyond 70 ppm. This is because the
excessively-lean mixture of the first injected fuel no longer contributes to the reactions
even when the low temperature reaction is promoted with the O3z addition. It was
confirmed that the total combustion efficiency, which was calculated by integrating the
ROHR from the ignition of the first injected fuel until the ROHR being less than 0 J/°CA
in Eq.(4), was not varied according to the Xos.

Inoue et al. reported that the consumed power to produce the O3 concentration of 50
ppm was 60 W in the air flow of 200 L/min [26]. Estimated from this literature data, the
consumed power to produce the O3z concentration of 50 ppm in the present experimental
conditions is comparable to 6% of the indicated engine power, although this can be

reduced with increasing the engine load.

16
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[Figure 5]

[Figure 6]

5.2 Effects of the first fuel injection quantity

To examine the effects of the mixture concentration of the first injected fuel on the

ignition and combustion, the ratio of the first fuel injection quantity, rinj.1st Was varied

while maintaining the Xos at 70 ppm, the 8inj.1st 0f -100°CA ATDC, and the inj.2ng Of -

5°CA ATDC. Figure 7 shows the variations of the ROHR with the rinj1st. With increasing

linj.1st ratios, the ignition timing of the first injected fuel advanced and ROHR increased,

followed by a shortening of the ignition delay of the second fuel injection. However, the

ignition delays of the second fuel injection are similar for the rinj.1st of 57% and 50% since

the heat release of the first injected fuel is large enough and the second injected fuel was

ignited right after the second injection under both conditions.

Figure 8 shows the variation in the 7comb.1st With the rinj.1st. With increasing rinj.1st, the

Ncomb.1st 8lSO increased, indicating that the mixture of the first injected fuel is very lean as

the ncomn.st 1S less than 50%, and that a richer mixture is required to enhance the

combustion of the first fuel injection. However, the fuel remaining from first fuel injection

17
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336

after the first combustion is consumed together with the fuel from the second fuel

injection as indicated by the ROHR increase of the second combustion with the decrease

In rinj.1st. As a result, the rinj.1st had no significant impact on the total combustion efficiency.

[Figure 7]

[Figure 8]

5.3 Effects of the first fuel injection timing

Figure 9 shows the variation of the ROHR with the Oinj.1st While maintaining the Ginj.2nd

at -5°CA ATDC, the rinj1st Of 46%, and the Xos of 70 ppm. At the HTHR of the first

injected fuel appearing around -10°CA ATDC, the ROHR decreases with retarding Oinj.1st,

However, the ignition timing of the second injected fuel with the Ginj.1st of -100°CAATDC

is same as that with the Oinj.1st of -47°CA ATDC, and that with the finj.1st of -70°CAATDC

is same as that with the Ginj.1st 0f -50°CA ATDC. The mixture concentration of the first

injected fuel likely affect the ignition timings of the second injected fuels.

Figure 10 shows the variation in the combustion efficiency of the first injected fuel,

#comb.1st, With the finj.1st and rinj.1st. It decreased slightly from the Ginj.1st = -100 to -70°CA

ATDC and more steeply from the 6inj.1st = -70 to -50°CA ATDC, here the retardation of

18
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the Oinj.1st further caused misfiring. Higher combustion efficiency was obtained as the

Finj.1st increased, but the 7 comb.1st Was close to zero at Hinj.1st Of -41°CA ATDC with the rinj.1st

of 57%. Pinazzi et al. suggested that residual NOy in the combustion chamber diminishes

the ignition promotion effect of O3 [20], while it is known that NOy itself promotes the

ignition [27]. To consider the residual NOx effect, the exhaust NOx concentrations are

shown in Fig.11. With larger rinj.1st, the NOx was lower since the locally rich mixture

produced by the second fuel injection decreased. Retarding the Ginj.1st generated higher

NOx emissions as a richer mixture was generated. Overall, however, the differences in

the NOy in Fig.11 are insignificant, and the changes in NOx correspond poorly with those

of 7comb.1st. It may be concluded that the reductions in the #comb.1st in Fig.9 and Fig.10 are

due to the reductions in the O3z and O-radical concentrations as suggested by Fig.3.

[Figure 9]

[Figure 10]

[Figure 11]

5.4 Discussion of the ignition and combustion of the second fuel injection

Figure 12 shows the ignition delays of the second fuel injection, z2ng in the Arrhenius

19
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expression with the various values of the (a) rinj.1st, (b) Xos, and () Ginj1st, where the

horizontal axis is the reciprocal of the mean cylinder gas temperature at the second fuel

injection. With increasing Xos and rinjist, the 72ng decreased exponentially with the

reciprocal of the temperature, 1/Tmean. This indicates that z2ng could be controlled by the

temperature raised by the heat release of the first injected fuel. Retarding the &inj.1st from

-100 to -50°CA ATDC shortened the z2nd, despite the fact that the late first injection led to

a decrease in the heat release of the first fuel injection (see Fig.9 and 10), and the mean

gas temperature at the second fuel injection decreased. This is because the first injected

fuel resulted in a richer in-chamber mixture at the later injection, and the local temperature

increase and/or the higher content of active radicals promoted the ignition. However, the

Oinj.1st Of -47°CA ATDC was overly late and resulted in a longer ignition delay. From this

result, it would appear that the ignition delay of the second fuel injection may be

controlled by both the mixture concentration of the first fuel injection and the temperature

increase brought about by the heat release of the first injected fuel.

Next, the combustion phasing control with the strategy developed here will be

demonstrated. Figure 13 is a plot of the crank angle where 50% of the fuel is consumed,

CA50 versus the second fuel injection timing, Binj2nd and Xos, maintaining a constant

Oinj.2nd and Finj.2nd. From Ginj.2na = -2°CAATDC to -12°CA ATDC, the CA50 advanced with
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increasing Xos and advancing finj.2nd t0 a too early injection retarded the CA50 slightly,

likely due to the formation of an excessively-lean mixture (for example: from Ginj.ond = -

12°CAATDC to -15°CA ATDC with Xoz of 70 ppm). Further advances in the Ginj.2na Were

prevented by diesel knocking accompanied with the rapid combustion exceeding the

maximum pressure rise rate of 1.2 MPa/°CA, as indicated with a hatched area, occurring

as the CA50 was advanced extensively, and additionally the simultaneous combustion of

the fuels of the first and second injections. Combustion without knocking was however

still achieved while advancing the 6injong until -30°CA ATDC. Overall, it may be

concluded that the CA50 is maintained close to the TDC with the Xo3 for a wide range of

Oinj.2nd timings. This is advantageous because it shows that it is possible to control the

amount of premixed fuel before the onset of combustion by the combination of the Xo3

and fuel injection conditions. As an example of this conclusion, Fig.14 shows the ROHR

of the conditions under which the CA5O0 is close to the top dead center. Here a Ginj.2nd OF -

30°CA ATDC, ROHR of Xosz of 20 ppm was selected as it was the closest to the TDC.

The ROHR of the finj.2na 0f -5°CA ATDC shows a low peak and it is maintained until late

crank angles, suggesting a typical mixing-controlled combustion. Note that the

experiments were conducted under low load conditions since employing a wide range of

injection parameters was a primary concern. Overall, it has been confirmed that further
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increases in the operational load elevated the ROHR of the mixing-controlled combustion

rather than the ROHR of the premixed combustion. Advancing the Ginj2nd, ON the other

hand, increased the peak ROHR, indicating that the premixed combustion was dominant.

[Figure 12]

[Figure 13]

[Figure 14]

6. Conclusions

The present study added ozone (Os) into a gasoline compression ignition engine,

aiming to control the ignition timing and combustion characteristics. A two-stage fuel

injection with very early injection and also late injection close to the top dead center was

adapted to utilize the O-radicals decomposed from the Oz before the recombination

reaction reduces them to O», to control the heat release rate with the second injection. The

fuel injection parameters as well as the Oz concentration were varied to develop a

methodology to alter the combustion regime from premixed charge compression ignition

to mixing-controlled diesel-like combustion. The conclusions may be summarized as

follows:
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1.

4.

With increasing O3 concentrations, the heat released by the first injection increases,

raising the cylinder temperature. This temperature increase shortens the ignition delay

of the second fuel injection.

The effect of the Oz addition on the quantity of the heat released by the first injection

is saturated with low quantities in the first injection, while it is increased with

increasing fuel quantities of the first injected fuel with the O3 concentration of 70

ppm.

Retarding the first injection timing decreases the quantity of heat released by the first

injection, even remarkably so later than -60°CA ATDC, while the richer mixture

produced by the retarded first injection promotes the ignition of the second fuel

injection.

Combustion phasing can be controlled by adjusting both the fuel injection condition

and the Oz concentration. Utilizing this methodology, it is possible to vary application

of this strategy from premixed charge compression ignition to mixing-controlled

combustion.

The present study was conducted under low loads of the IMEP, around 0.27 MPa. In

future work, this strategy will be applied to higher loads to show the conditions where it

is possible to achieve emissions and high efficiency. And the ignition enhancement by the
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ozone addition potentially allows for less air heating. This will be demonstrated in future

work.
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Table 1 Specifications of the test engine

Bore x Stroke [mm] 98 x 110

Displacement [cm?] 830

Compression ratio [-] 16.5
Spray angle [9] 155

c

ouv

5 g Number of nozzle hole 8

= C
Hole diameter [mm] 0.125

Table 2 Experimental conditions

Engine rotation speed [rpm] 1000
Intake O2 concentration [%] 21
Intake air temperature [°C] 80

Intake O3 concentration

[Ppm] 0to 110

First injection timing, Binj.1st

[PCAATDC]| -100 to -47

Second injection timing, Binj.2nd

[PCAATDC]| -30to -3

Total injection quantity

[mg] 18.8

Ratio of first injection quantity, rinj.1st

[%]| 30to57

IMEP

[MPa] ~ 0.27

18



Table 3 Calculation conditions

Reactor model IC HCCI Engine
Initial pressure [MPa] 0.1

Initial temperature [°C] 80

Start of calculation [°PCA ATDC] -140
Equivalence ratio, ¢ [-] 0, 0.16
Initial Os3 [ppm] 0, 20

concentration

19



Manometer
(PE-33-D)

Air
Nozzle [<——

Exhaust
—

1 Surge f
Tank H

Fuel (PRF90
— /

- Pressure

—
Ozone monitor | —
(EL-600) é 1 |sensor (6125B)
I
Ozonizer @ \

(ED-OG-S4AD)
ﬁ Air Rotary PC
encoder

Fig.1 Hlustration of the experimental setup

— Heater
g
b

Charge amplifier

2nd injection

v 2nd ignition

. d?QIde? >
1stignition 5 J/(°CA?)
dQ/dé >0 J/°CA

ROHR [J/°CA]

{ Tond

Crank angle [°CA ATDC]
Fig.2  Definitions of the ignition timings of the first and second fuel
injections, and the ignition delay, z2nd

19



Fig.3

Fig.4

-
[=]
(=]
(=]

800+
600 -
400 :

-
o

—

Concentration [ppm] Temperature [K]

0120 80 =0 o
Crank angle [°CA ATDC]

Calculated profiles of the temperature and the concentrations of
the Oz and O-radicals and the increase of the O, concentration,
A0 (without PRF90 , ¢ = 0)

'00¢
=20 99“\
[olo3 o3

0 pon;

00y

Concentration
[ppm]

Concentration
[ppm]

Xosz =20 ppm

-80 -60 -40 -20 TDC 20
Crank angle [°CA ATDC]

Effects of Oz addition on the calculated profiles of the
temperature and the concentrations of the intermediate
species (with PRF90, ¢ = 0.16)

20



Fig.5

160

<« 120}
S
5 8ol
'-':‘E: 40
8 i
-20 -10 0 10
Crank angle [°CA ATDC]
2
Xo3 =70 ppm

-
T

ROHR [J/°CA]
(=]

20 10 0 10
Crank angle [°CA ATDC]

Variations in (a) the rate of heat release, ROHR and (b) the mean in-cylinder

temperature, Tmean With O3z concentration, Xo3
(Ginj.1st = -100°CA ATDC, rinj.1st = 46%, Oinj2nd = -5°CA ATDC)

Ncomb. 1st [%]

30 60 90 120
Xo3 [ppm]
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(a) change of nnj.1st, maintaining @nj1st = -100°CA ATDC, Bnj2nd = -
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