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Abstract: Problem statement: This study describes the use of Reformer Gas (RGilter NQ
emission in a CNG-fueled HCCI engine. Comparisothwidiesel, natural gas has a very high octane
number £€120) and high auto-ignition temperatur&Q0°C). Composed mostly of methane, natural gas
is the only common fuel to manifest relatively pusigle-stage combustion. Other fuels have stronge
low-temperature reaction and the required entropynain stage combustion can be obtained fronotive |
temperature heat release as a result of compressionderate pressure and temperature. In devjdtien
methane molecule resists destruction by free risdiaad produces negligible heat release at low
temperature. In consequences, in CNG-fueled HC@lhen the activation energy required for auto-ignit
must be obtained by extreme levels of charge heatid compression. This causes inherently to arhigh

of heat release. HCCI operation with pure CNG fua$ attained but not really practical due to veghh
NO; production. While HCCI operation is usually desed as a low NEtechnique, the knocking behavior
when running with pure CNG raised the peak combustemperature to a value well above normal
combustion and the critical Zeldovich Nfroduction threshold, giving very high indicate@®Nemissions.
Approach: One approach to improving these properties isctovert part of the base CNG fuel to
Reformer Gas (RG). In this study, modified COMETgi@e was operated in HCCI mode using a
mixture of CNG fuel and simulated RG (75% &hd 25% CO) can be produced on-board from CNG
using low current and non-thermal plasma boosted éonverter.Results. This study shows that
despite of having various RG mass fractionsyas the dominant factor in reducing NEroduction
and increasing RG mass fraction had only a smédtebn increasing NQ This disconnect between
the overall equivalence ratio and RG fraction shelet the real benefit of the RG blending was to
enable lean (high) operation. Highgralso effectively reduced maximum pressure and mami
pressure rategConclusion: Note that due to the low achievable power levals,NQ, emissions continue

to be high and further combustion enhancementsrammd controlled combustion would be needed to make
the CNG-fuelled HCCI engine practical.

Key words: Homogeneous charge compression ignition, compresstedlal gas, reformer gas, air/fuel
ratio, overall equivalence, RG mass, RG fractioCH mode, COMET engine, NO
production

INTRODUCTION after treatment. The problem with the a park igmiti
engine is the poor part load efficiency due to darg
The internal combustion engine the vital to thelosses during gas exchange and low combustion and
current society. Without the transportation perfedm thermo dynamical efficiency. The compression igmiti
by the millions of vehicles on the road and at e®a engine is much more fuel efficient and hence the
would not have achieved the living standard of nmode existing choice in applications where fuel cosmmisre
life. We have two types of internal combustion eegi  important than initial cost. The problem with theé C
such as spark ignition engine and compressioniggnit engine is the emissions of nitrogen oxides and
engine. Both have their merits. The S| engine is garticulate matter. The treatment to reduce nitnoge
preferably simple product and hence has a lowst fir oxides and PM is costly and still not generallyikzde
cost. This engine type in addition made very claan on the market. The natural choice of ideal comlxmat
the Three-Way Catalyst (TWC) is effective for ex$tau would be to find an engine type with the high efficy
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of the Cl engine and the very low emissions of thetemperature to a value well above the critical Aeich
spark ignition engine engine with three-way catialys Nitrogen Oxides production mechanism threshold,
One such new concept is named Homogeneous Chargéving very high indicated Nitrogen Oxides emission
Compression Ignition (HCCI). Homogeneous ChargeHCCI operation with leaner mixtures, enabled by
Compression Ignition engine is a new concept forReformer Gas blending, significantly reduced ,NO
future power trains which will provide improved fue production. The formation of Nitrogen Monoxide and
efficiency and lower emissions at the same timas It Nitrogen Dioxide can be divided into thermal route,
based on the concept of compression ignition dfdire  prompt route, BO route and fuel-bound nitrogen route
mixtures due to reaching auto ignition temperature(Warnatzet al., 2006). The major NOformation route
However, there are two critical problems associatedn IC engine combustion is the thermal route
with the HCCI engines: control of the autoignition (Heywood, 1988). The thermal NO route is the major
timing and the combustion rate. There are a nurober constituent to the NOx emission and can be destribe
strategies that have been currently investigated twith the following three elementary reactions calies
address the above two critical problems, such as @xtended Zeldovich mechanism Eq. 1-3:

variable compression ratio (Haraldssnal., 2002;

Sjoberg and Dec, 2003; Diaz and Prasad, 2010; AI9O+N2—NO+N )
Khairi et al., 2011; Risbergt al., 2006) variable valve

timing (Kaahaainaet al., 2001) variable intake charge N +0,~NO+O @
temperature or hot exhaust gas recirculation study;oH_ NO+H 3
(Christenseret al., 1999). The exhaust gas injection in 3
the intake port changes the intake temperaturesiiyer Reaction 1 has very high activation energy and is

giving a good control on the combustion phasingd®s the rate limiting step. The triple bond of the Nigen
the HCCI engine. However, EGR consist of many gasegolecule is strong, the consequence of this catlses
such as oxides of carbon monoxide, carbon dioxideseaction rate is slow unless the temperature i.hig
nitrogen unburned hydrocarbon and oxides of némog When assuming quasi-steady state for N concentratio

(NOz, NO). Recent studies have indicated that nitricthe rate of NO production may be described as Eq. 4
oxide can have an important effect on the kinadicthe

autoignition of HC inside HCCI engines through NO- d[NO]

promoted production of OH radical, HENO= dt = 2k[OlIN ] “)
OH+NG, (Kalateh and Ghazikhani, 2012) The presence _
of NO in the recirculated exhaust gases in HCCirergy The NQ production may thus be reduced by

is now perceived as a potentially a promising cphéar  reducing the concentration of Oxygen or Nitrogen, o
controlling the combustion phasing inside theserersy ~ reducing the rate coefficient; kby reducing the
To achieve this, a clear understanding of the lindgr ~ temperature. The rate coefficient ks considered
nitrogen oxide formation inside the HCCI engine isinsignificant at temperatures less than 1700 k
immediately required, which depends on the in-cgin  (Warnatzet al., 2006).

combustion characteristics. Experimental quantifica A common European standard for emission
of the in cylinder nitrogen oxide formation is time legislations were introduced in 1992 with the EURO
Consuming and technica”y Cha”enging_ standard. Since then, the EURO 2, 3and 4 hasmﬁen
into force of implementation with ever more stringe
MATERIALSAND METHODS requirements (Warnai al., 2006). Table 1 shows the

Emission standards for heavy duty diesel and gas
The Reformer Gas is a mixture of light gasesengines for the Transient Test Cycle (Heywood8)98
dominated by Hydrogen and Carbon Monoxide and In the COMET engine, HCCI operation on pure
can be produced from Compressed Natural Gas usirigompressed Natural Gas fuel was achieved but aty re
low current and non-thermal plasma boosted fuepractical due to very high Nitrogen Oxide productio
converter. In the COMET engine, HCCI operation on . .
pure Compressed Natural Gas fuel was achieveddiut nExperimental setup: All experiments were conducted
really practical due to very high Nitrogen Oxide on @ modified COMET engine to operate in HCCI
production. While HCCI operation is generally mode using CNG fuel. Table 2 summarizes the engine
characterized as a low Nitrogen Oxides technicle, t specifications for the current experiment. The
marginal knocking behavior when running with pure Schematic diagram of Experimental setup is as shown
Compressed Natural Gas raised the peak cylindan Fig. 1.
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Fig. 1: Schematic diagram of Experimental s€s@toshi S, SAE, 2001-01-1034)

Table 1: Emission standards for heavy duty diesdlgas engines (motor vehicles over 3500 kg asmaniladen mass) for the transient test

cycle (Heywood, 1988)

Emission standards for diesel and gas engines,tEJtCg/kWh

Tier Date Test CcO NMHC CA NO PM
Euro Il 1999.10 EEVsonly ETC 3.00 0.40 0.65 2.0 .00
2000.10 ETC 5.45 0.78 1.60 5.0 0.16
0.21
Euro IV 2005.10 4.00 0.55 1.10 3.5 0.03
Euro V 2008.10 4.00 0.55 1.10 2.0 0.03

A: For natural gas engines only, B: Not applicablegas fueled engines at the year 2000 and 2@@fest C: For engines of less than 0.75 dm
swept volume per cylinder and a rated power spéeubee than 3000 mifi(Heywood, 1988)

Table 2: Experimental apparatus and fuels

Engine make Comet

Engine type Four stroke single cylinder engine
Rated power output 3.5 kW at a speed of 1500 rpm

Bore diameter 30 mm

Stroke length 110 mm

Throttle Fully open

Main fuel CNG

Additive fuel RG

CR 17
RESULTS

Table 3-7 shows the results obtained from
experiments for different operating conditions.

DISCUSSION

Effect of mixture strength: A: As mentioned
already,A represents the total air/fuel ratio
considering both the CNG and RG as a
combined fuel.

In HCCI combustion, the total chemical energy
inside the cylinder plays the major role.

Figure 2 indicates that despite of having various
RG mass fractionsh was the dominant factor in
reducing NQ production and increasing RG mass
fraction had only a small effect on increasing,NO
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Fig. 2: Effect of relative air fuel ration is NQ at
constant RG mass fraction lines.

Figure 2 shows that the governing factor to de@eas
NO, is A, especially when looking at greater than
2.9. This disconnect between the overall equivaenc
ratio and RG fraction shows that the real bendfit o
the RG blending was to enable lean (high
operation, (which is similar to the benefits seen f
hydrogen and RG blending for non-HCCI engines).
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Table 3: Effect of Relative air fuel ratam is NQ at constant RG mass fraction

Is NO, Emission is NQ Emission at is NOEmission at is NQEmission
Relative air at RG = 60%, RG = 45%, RG = 38%, at-R&D%,
fuel ratio,A in (kg/kW-h) in (kg/kW-h) in (kg/kW-h) in (kg/kw-h)
2.76221 6.60716 11.871220 9.003120 6.316180
2.85822 3.93113 6.601210 4.382150 2.716711
2.92627 2.45150 4.291410 2.351400 2.301140
3.0418 0.80109 2.415200 1.158120 1.101820
3.1519 0.53132 0.891060 0.800160 0.790160
3.24018 0.21630 0.521780 0.501780 0.427180
3.39514 0.18148 0.035516 0.030516 0.025516

Table 4: Effect of relative air-fuel ratio of maximm pressure and maximum pressure rate at cons&anmadgs fractions

) )
de max de max

Relative air Raxat RG = 45% at RG = 45% mBat RG = 30% at RG = 30%
fuel ratio, A In bar In bar In bar In bar
2.76211 77.72815 77.952230 76.91253 75.42233
2.85182 77.52110 77.298180 73.97526 73.01128
2.92267 77.53713 75.531730 67.40224 69.32167
3.04298 73.11115 73.101990

3.1529 70.69422 71.501820

3.24108 68.56329 70.042254

3.39514 65.85129 68.662740

Table 5: is NQincrease with an increasing RG mass fraction oftamt relative air fuel ratio

Is NO, Emission is NQEmission is NQ Emission iISNQEmission

RG% atA=2.5 RG% at A=2.6 RG% atA=2.7 RG% at at=2. 8

A=2.5 in (kg/kw-h) ah=2.6 in (kg/kw-h) ah=2.7 in (kg/kW-h) A=2.8 in  (kg/kW-h)
16 7.6887 30 8.58019 30 2.9425 37 2.63320

23 11.8026 38 9.11722 38 457148 42 2.62280
30 16.15721 41 10.38528 46 4.44144 46 2.62180
39 15.6622 45 11.95628 53 6.00837 53 3.28114
46 19.53233 52 13.40229 59 12.06137 60 4000000

Table 6: Effect of RG on maximum pressure rateoastant relative air fuel ratio

) ) ) )
de max de max de max de max

RG% at Timing RG% at Timing RG% at Timing RG% at ming

A=2.5 (CAD, ATDC) A=2.6 (CAD, ATDC) A=2.7 (CAD, ATDC) A=2.8 (CAD, ATDC)

15 13.3475 34 15.4059 30 12.1584 34 9.6236

22 15.0894 38 15.8812 38 14.1386 37 11.1287

30 17.3862 42 16.9109 45 14.8515 45 12.0787

38 18.0939 45 17.703 52 15.6436 52 13.7426

46 19.76224 52 18.4158 59 18.495 60 15.4059
Table 7: Effect of RG on maximum pressure at caorisilative air fuel ratio

RG% at Ruax RG% at Rax RG% at Rax RG% at Rax

A=25 In bar A=26 In bar A=27 In bar A=28 In bar

15 72.8985 34 74.888 30 69.8297 30 63.238
22 75.5058 38 75.1576 38 72.5689 38 67.3999
30 78.3729 42 75.675 45 72.4535 45 68.1964
38 78.1336 45 75.9556 53 73.2535 53 69.4976
46 78.5433 52 76.2255 59 74.5638 59 71.3389

Higher A effectively reduced the maximum as shown in Fig. 3. B was mostly dominated by
pressure and maximum pressure rate. The input gnergather than RG mass fractions. At very lean cooadsj
in a lean mixture is lower, so a lower combustionthe influence of RG mass fraction op,Rincreased,
temperature, lower maximum pressurg. P and the presumably by ensuring combustion of the most elilut

lower maximum pressure r{(ej—g] J were expected zones in the combustion chamb%{r.ggj J is a strong
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function of bothA and RG mass fraction as indicated in considered a reasonably acceptable noise level
Fig. 3. . .
9 of[(dp} ]=10ﬁ , the only operating points would
do ... CAD
Effect of RG massfraction: RG addition was found 10 pe at) = 2.8 with RG mass fraction less than 35%.

be an effective means of expanding the lean boyndarNso, increasing the RG mass fraction advancggy P
of the HCCI operating window. As mentioned earlier,

the operating region of CNG for this engine is maot and [(p} ] timings earlier in the combustion cycle.
practical operating window. For the knock boundary, max

limit of [@j = 20ﬂ was chosen to represent a
d6 ), ax AD

c 25 26 27 38 28 30 31 32 33
medium  knocking condition, while in other 50 LA R . 20
Y —n— "
experimental HCCI studies,lo% is usually 78 \-.r__h_'i_.\ . fdf;’ge,m____ 1
considered as a boundary (lietzal., 2001). o BT e _\\ -iipdg, 1 =
Also, the lean operating limit measured in this 2 i \ e i Rl
. . g . 4 RG mass=45% =
study is not a misfiring boundary and was defined a % ) \R 112 ¥
the maximum usablé\ without a drop in engine = -, | _ w_§:
speed. Increasing the fuel's RG mass fraction —— \; <
expanded the operating window significantly on the 70 DR N\, * 1¥
lean side, while the pure CNG-fueled HCCI engine - 1 \‘-_\ 6
could operate ax = 2, blending a fuel with 60% RG . . . . \\.\ y
increased the lean operation range\te 3.5. Hence, b5 26 27 28 29 30 31 32 33

the mechanism of all the positiva effect on
operating parameters such as decreasing maximum
pressure, maximum pressure rate and is NOFig.

2) RG blending to achieve HCCI combustion without
knock substantially decreased NG@missions as relative air fuel ratioof maximum pressure and
indicated in Fig. 4. Note that due to the low maximum pressure rate at constant RG mass
achievable power levels, the specific N@evels fraction lines

continue to be high and further combustion
enhancements would be needed to make the CNG:
fueled HCCI engine practical. RG addition has a
secondary impact on NGmissions. Looking at any .
of the constantA lines in Fig. 4 indicates that —

displacing CNG with RG at a constant air/fuel ratio

actually increases NO /

The observed trends of engine and combustion
parameters resulting from RG additions in a CNG
fueled HCCI engine can be further investigated gisin
the cylinder pressure traces collected in this wtud
Figure 5 and 6 shows that RG increased the 4 o
maximum cylinder pressure and maximum cylinder o -
pressure rate substantially. With NO\A has the 0
dominant effect. Hence, expanding the operating 10 20 30 40 50 60
region towards leaner mixture can reducg,FRand

Fig. 3: Effect of relative air fuel ration is Q at
constant RG mass fraction lines. Effect of

-
L=
|

bo ko ba b
Bo iy Oy i

RS ]

1sSNO, (g/kWh)
"

RG mass (%0)
[(jg} J while, for a givenA increasing RG mass
e Fig. 4:is NQ increase with increasing RG mass fraction

fraction increased the B and ([dpj ] If we at constant Effect of relative f_;\ir fl_JeI ratim is
8 ) e NO, at constant RG mass fraction lines
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result of added pD, production before the main stage
of methane auto-ignition.

The tendency of RG to shift the allowable
operating range towards leaner mixtures advances th
peak pressure timing. Also, despite the eliminatidén
audible knock, the advance in peak cylinder pressur
timing generally resulted in higher peak pressures
RG addition, (Fig. 6) Overall, both the peak pressu
timing and peak pressure were highly correlatedh wit
RG fraction and\.

CONCLUSION

A CNG-fueled COMET engine was modified to
operate at high compression ratios and high intake
temperature enabling to attain HCCI combustion.hwit
CNG fuel the operating range was very limited betwe

Fig. 5: Effect of RG on the maximum pressure réte apgih houndaries marked by heavy knock and misfire.

constant Effect of relative air fuel ration is
Knox at constant RG mass fraction lines
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Fig. 6: Effect of RG on maximum pressure at cortstan
Effect of relative air fuel ratioon is NQ at
constant RG mass fraction lines

The effect of RG addition on combustion onset is a
complicated thermal/chemical phenomenon that cannot

be explained just by looking at engine operating

The attainable engine speed range was low. Ovéhnall,
COMET engine appeared to be poorly suited for HCCI
combustion with natural gas fuel. As a result, HCCI
operation on pure CNG was considered unsuccessful
because of high indicated specific NChigh cyclic
variation and low efficiency. A Partial Reformar $Ga
replacement was found to be beneficial for expamdin
the operating range of fuel rich side, reducing dkno
severity and reducing indicated specific N@mission,
maximum peak cylinder pressure and rate of pressure
rise with respect to crank angle which could not be
achieved on pure CNG fueling. However, considering
the situation of constamelative air fuel ratio the peak
cylinder pressure, rate of pressure rise with retspe
crank angle and NQevels were increased substantially
while replacing Compressed Natural Gas with
Reformar Gas. This implies that the best quanfitR@

is the minimum necessary to enable and enhance
operation at the desirable operating point.
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