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Abstract

Many researchers consider Homogeneous Charge Cesimmelgnition (HCCI) engine mode as a promis
alternative to combustion in Spark Ignition and @oession Ignition Engines. The HCCI engine rundeam mixtures
of fuel and air, and the combustion i@guced from the fuel autoignition instead igiited by a spai. This combustion
mode wasdnvestigated in this paper. A variable compressatio, spark ignition engine type TD110 was usethi
experimentsThe tested fuel was Iragi conventional gene (ON=82).

The results showed that HCCI engine can run in ey equivalence ratios. The brake specific foalsamptior
was reduced about 28% compared with a spark ignitiogiren The experimental tests showed that the eoms
concentrations wereeduced by 91.27% for NOx, 85.99% for CO, 78.91% @¢C,, and 83.56% for unburne

hydrocarbons compared to the Sl engine. HCCI engjiaduced little noise with about 26.68% less tBaengin.

Keywords: Homogeneous Charge Compression Ignition, HCCI, gasoline fuel, auto-ignition and combustion.

1. Introduction

The homogeneous charge compression ign
system (HCCI) can be considerasan attractive
system with low emitted emissions, but lo
efficiency compared to conventional engines.
HCCI engine emits low NOx emissionand
virtually no particulate matters (PM) emissio
However, the marketing of HCCI technology ¢
represents a huge challenge because of the n
field of operation and the difficulties associa
with the combustion phag#].

The HCCI depends on thattain of a
homogeneous mixture of the fuley mixing the
fuel and airbefore combustion starts and théis
mixture is autdgnited due to the high
temperatures ofhe compression stro [2]. The
HCCI system is similar to Ssysten as both
systems use a premixed charlyethe same tim,
HCCI system is similar to Ckystemas both

systems are auto-igniteld initiate combustion.
However, the HCClcombustion procesvaries
totally from the two typef3].

When the mixture is compressedits
temperature andpressure increase. When -
timing is controlled successfully, the mixtt
autoignites at a couple of degrees before T
The combustion starts at many locati
simultaneously [4] After ignition, the gas ths
burned first will expand and thereby corrss the
part of the gas that did not burn yet. T
compression, together with the overall rise
temperature and the time necessary for
chemical kinetics to start, leads to eignition of
the rest of the mixture. HCCI combustion has 1
no flame propagation [5].

As far as the mixture preparation is conceri
one approach is poitjection, leadin to a nearly
homogeneous charge as in the Sl engine. An
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one is a direct injection (DI), in which the fuelrc

be injected very early in the compression stroke or

a later stage under very high pressure. The aim of

both methods is to obtain an almost homogeneous

charge [6].

The HCCI engine has no direct means to
control the timing of ignition, unlike the Sl and C
engines. The Sl engine has ignition timing, and CI
diesel cycle engine has a fuel injection beginning,
and both are controlling directly the start of
combustion [7]. However, in the HCCI engine,
the ignition is controlled by controlling the
conditions of the charge and the cylinder walls at
a time when the intake valve closes. The ignition
control is one of the biggest challenges with the
practical implementation of HCCI engine
technology [8]. The ignition timing cannot be
controlled only indirectly through adjustments in
the preparation of the cylinder charge [9].

The most common technological means to
facilitate the self-ignition are:

1- Increasing the compression raég.

2- Using intake air heating [10].

3- Trapping a high residual gas fraction (RGF) by
some method that can alter valve timing and/or
lift (e.g. variable valve timing (VVT),
electronic valve control (EVC)) [11].

4- Running the engine on mixtures of fuel with
different reactivates and control each fuel
fraction [12].

At present, several problems are blocking the
road to successful integration of the HCCI
concept in automotive applications: complex and
expensive solutions (e.g. variable valve train
systems) may be necessary to make HCCI
combustion possible and the operating window of
smooth HCCI operation is still of limited size.
However, the most serious problem is the
difficulty to control the moment of auto-ignition
and the energy release rate. As the mixture in the
cylinder is premixed, and no spark plug is used,
the chemical processes determine the onset of
auto-ignition, as well as the fuel burn rate [13].

Cinar et al. studied the effect of variable
equivalence ratios and constant intake air
temperature of 80 °C on HCCI engine operation
experimentally. Two strategies were used in the
study to obtain exhaust gas trapping and HCCI
operation. The study findings showed that in-
cylinder pressure and heat release rate decreased
using, and more residual gases were trapped. The
indicated thermal efficiency increased at 1000
rpm engine speed and stoichiometric air/fuel ratio
[14].

Zhao reported that eliminating the local rich
air—fuel mixtures and reduced combustion
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temperature in HCCI operation mode enable to
decrease the PM and NOx emissions trade off
without affecting the high thermal efficiency [15]

Uyumaz conducted an experimental study to
determine the impact of several blends of n-
heptane-gasoline on HCCI combustion mode in
four stroke port injection Ricardo Hydra test
engine. The investigation was carried out at a
constant engine speed of 1500 rpm &rd2. The
tests examined the impact of inlet air temperature
on HCCI combustion. The study results clarified
that increasing the inlet air temperature forces th
start of combustion to advance with all the tested
blends. The results revealed that CO emissions
decreased, and CO2 levels increased with the
increase of inlet air temperature, due to better
oxidization. The Maximum measured CO
emissions were 0.144% (vol.) with B40 (40% n-
heptane and 60% gasoline), 0.138% (vol.) with
B30 (30% n-heptane and 70% gasoline) at 313 K
inlet air temperature. HC emissions decreased
with increasing the inlet air temperature due to
rapid combustion that caused an improvement in
chemical reactions at high inlet air temperatures.
The maximum measured HC concentrations were
440 ppm and 438.88 for B30 blend at 313 K, and
333 K inlet air temperatures respectively. The
study indicated that NOx levels were near zero at
high combustion temperatures, due to the low
temperature of combustion. At high inlet air
temperatures, the measured NO concentrations
were about 1 to 2 ppm [16].

The goal of this work is to compare practically
between two combustion systems, (spark ignition
engine and HCCI engine). The comparison will be
for limited engine conditions; which were 1500
rpm engine speed, and full load operation. The
engine speed of 1500 rpm was selected as it is
relevance to a car's engine runs in city stredis. T
full load operation was chosen to examine the
maximum operation limit before knock limit.

2. Experimental Set Up

This study was carried out using a single
cylinder, four strokes, and variable compression
ratio, spark ignition engine and speed, type
TD110, using hydraulic dynamometer, Fig. 1
illustrates the engine rig and the measuring
instruments. Table 1 gives this engine
specification.

The engine was adjusted to overcome
limitations in power output by making it full open
throttle and adjusting the spark timing to be the
optimum one for every operating condition. The
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engine was also modified to use HC
combustion mode by conversion conventic
diesel combustion at high loads (with et
injection). No manipulation in the general
architecture of the diesel combustion systen
was kept as it is:

— Direct injection;

— Flat cylinder head.

Fuel supply unit

Control board

Engine cooling unit

Air supply unit

Fig. 1. The engine
instruments

rig and the measuring

Tablel,
Engine specifications

varicomp type

Name plate (GROB/000/037A)
The manufacturing year 1998
Engine type TD110
Strokes numbers 4 stroke
Piston diameter 90 mm
Stroke 85 mm
Swept volume 541 C.C
Compression ratio 4-17.5
Max. power output &W at 2800 rpr
Max. rpm 3600 R.P.N
Inlet. valve open 54° BTDC
Inlet valve closed 22° ATDC
Exhaust valve open 22° BTDC
Exhaust valve closed 54° BTDC

Referringto the study of the different HC(
concepts, the use an early injection strate
was choserlhe dilemmawith this method is ho
to avoid the collision of the fuel with t
combustion chamber wall. Therefore, primary
point of this concept is to use a nar-angle of
the spray cone (less than 100 degrees) to re
fuel collision with the wall of the combustic
chamber and to improve the fual mixing, while
there is considerabligexibility in the area ofthe
injection. The common rail fuel injection syst
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has been selected because of the contin
increase in its flexibility.

However, the early injection can cal
advanced ignition timing and knc. Therefore, it
can be a problem. e compression ratieffect
was investigatedtarting from CR=1:1 to 14.5:1
at full load operational cases (full loeconcept
means any more load will cause knot

The nitrogen oxides (NOx), unburne
hydrocarbon UBHC, C@ and CO concentration
were measured byMulti-gas mode 4880
emissionsanalyzer. This device was calibratec
Central Organization for Standardization
Quialty Control in Baghdau

The engine noise verall sound pressure)
measured by aprecision sound level met
equipped withmicrophone type 46:; the device
was calibrated bytandar calibrator meter type
pisto-phone 4220.

The equivalence ratio whicdetermined from
the measured air and fuel flow rates to the ent
defined as [14]:

actual fuel/air ratio

~ stoichiometric fuel/air ratio
The following equations used to calculate
engine performance parame [14]:

1- Brake power
21N +T

= 60+1000 - ()

2- Fuel mass flow rate

my = % X t;’;e kg/sec - (2)
3- Volumetric efficiency

Mg act, = Geng X Pair s - (3

Magneo. = Vom X o= X Pair (@

Mgact

Nvol. = o .. (5)
4- Brake specific fuetonsumptio

bsfc = ’:—; X 3600 —Z_ .. (6)
5- Total fuel heat

Q¢ =y X LCV kW . (7

6- The lost power to overcome the frict

(friction power):
TXN

fo = 348.067 - (8)
7- Mechanical efficienc
_bp_ by
r’m_lp _bp+fp "(9)
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8- Brake thermal efficiency

nbm.=2—’:x 100 % ... (10)

Tests Procedure

After running the engine for a warming period
to achieve engine steady state conditions as the oi
temperature is at 76C+5, and cooling water
temperature is at 78C+5, the experiments were
carried out. The engine design and operating
parameters have been varied at the following
levels:

1. Type of fuel included pure gasoline fuel (base
case as a normal spark ignition engine).

The engine load varied from no load to full
load.

The fuel injection timing ranged from 10 to 45
°BTDC in steps of 5

The engine speed fixed at 1500 rpm.

In the first tests set, the engine operated in the
spark ignition mode. Tests of engine performance
and exhaust emissions were conducted as a basis
for comparison. The engine was run at no load
condition, and its speed was adjusted to 1500 rpm
+ 20 rpm. The engine operated at a constant
speed, and then it was gradually loaded. The
experiments conducted at maximum load levels.
The engine left running for a period of not less
than three minutes for each load condition to
confirm the operation stability, and then each test
was replicated three times to ensure the tests
repeatability.

2.
3.

4.

3. Results and Discussion

Fig. 2 indicates that brake power (bp) increases
with increasing compression ratio until it reaches
it maximum value, which is called the higher
useful compression ratio (HUCR). The HUCR for
the gasoline engine is 8:1 as the results clarified
Any further increase in compression ratio led to
high pressure rates and abnormal combustion
(knock) that forced to reduce the engine load
highly.
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Fuel: Gasoline, 1500 rpm, OST

Brake power (kW)

3 T T T T T T T 1
0.7 08 0.9 1 1.2 13 14 15

Equivalence ratio

Fig. 2. Compression ratio effect on brake power for
widerange of equivalenceratios of gasoline fuel.

The HUCR for HCCI engine was 14:1, as Fig.
3 shows. The resulted HCCI engine higher useful
compression ratio confirms what many researches
about the suitable compression ratio for HCCI
engine. These studies pointed to have a moderate
compression ratio to control the better start of
combustion [2, 5, 6 & 12].

Fig 4 compares the resulted bp at HUCR for
the two studied modes. HCCI engines operated in
very lean mixture lied between (&= 0.2 to 0.7)
while gasoline started from @=0.8. The reduction
in brake power for the HCCI mode was 6%
compared to Sl mode. Also, the resulted bp at
very lean equivalence ratio for HCCI mode was
high, due to higher compression ratio.

The equivalence ratio affects both fuel
concentration and oxygen concentration. However,
since HCCI engines operate at lean equivalence
ratios; the equivalence ratio has a stronger
influence on fuel level than on oxygen
concentration. The increasing of the equivalence
ratio means increasing the fuel concentration,
which results in higher reaction rate and higher
brake power.

55 - HCCI Technique, 1500 rpm, OIT
= 59 *
=
=
5 45 -
=
=
e
2 4
g ® CR=12:1 BCR=13:1
3.5
A CR=14:1 X CR=14.5:1
3 T T 1
0.2 0.4 0.6 0.8
Equivalence ratio

Fig. 3. Compression ratio effect on brake power for
widerange of equivalenceratiosfor HCCI engine.
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1500 rpm, OIT

2

0.4

n
7 =N

o

Brake power (kW)
=
PN

@ Gasoline at HUCR=8:1
BHCCT at CR=14:1

w
7]

w

0.2 0.6 0.8 1 1.2

Equivalence ratio

1.4 1.6

Fig. 4. bp of thetwo systems at HUCR for each one
for widerange of equivalenceratio.

Brake specific fuel consumption (bsfc) for
HCCI engine reduced about 28.35% from
gasoline engine’s bsfc, as Fig. 5 indicates. The
lean operation reduces the fuel consumption while
preserves the resulted power high.

For comparison purposes, the relationship
between the bp and the bsfc for the two engines
was plotted as in the Fig. 6. The brake specific
fuel consumption of the HCCI engine was less at
equal brake powers of the both engines, which
means better combustion and fewer engine losses
in HCCI mode.

The lean mixture combustion produces lower
exhaust gas temperatures compared to richer
mixtures. As Fig. 7 shows HCCI engine produced
lower exhaust gas temperature compared with the
Sl engine.

1500 rpm, OIT
0.9 P,
_= o8
o~
EZ o7
%g 0.6
=
;"-E 0-3 \‘.—‘./l
S = 0.4
=E 03
£ 3
22 0.2 # Gasoline at HUCR=8:1
S 01 ®HCCT at CR=14:1
0
0.2 0.7 1.2 1.7
Equivalence ratio

Fig. 5. bsfc of the two systems at HUCR for each
one for wide range of equivalenceratio.
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Fig. 6. The bsfc for variable bp of the two systems at
HUCR for each one.

o 650 1500 rpm, OIT
£ 600
2
g 550 /\\
2
£ 500
2
= 450
o
2o
- 400
g # Gasoline at HUCR=8:1
= 350 BHCCI at CR=14:1
= 300
0.2 0.7 1.2 1.7
equivalence ratio

Fig. 7. Exhaust gas temperatures of the two systems
at HUCR for each one, for wide range of
equivalenceratios.

Operating the engine with very lean mixtures
means increasing the air portion in the mixture,
result in higher volumetric efficiency. Also, due t
lower temperature of the combustion chamber that
will reduce its temperature and increases the
interring mass flow rate for the subsequent cycle.

As Fig. 8 represents, HCCI has higher
volumetric efficiency compared with a gasoline
engine.

The mechanical efficiency of HCCI reduced
with about 19.86% in relation to the Sl engine, as
Fig. 9 represents. Brake power reduction due to
working on lean mixtures and fp increased due to
CR resulting in mechanical efficiency reduction.
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95 1500 rpm. OIT
g 90 * Gasoline at...
? 85 l.\-k"l
=
S 80
3
2 75
£
s 70
£
= 65
-

60

0.2 0.7 1.2 1.7
equivalenceratio

Fig. 8. Volumetric efficiency of the two systems at
HUCR for each one, for wide range of equivalence
ratio

HCCI engine produced high brake power with
lower brake specific fuel consumption compared
with the Sl engine. As Fig. 10 shows, the brake
thermal efficiency of HCCI exceeded gasoline
engine.

20 1500 rpm, OIT
= @ Gasoline at HUCR=8:1
e EHCCI at CR=14:1
oy
E 80
&
= <
@
g {_,V"-\
=
=
=
g
E

60

0.2 0.4 0.6 0.8 1 1.2 1.4
equivalenceratio

Fig. 9. Mechanical efficiency of the two systems at
HUCR for each one, for wide range of equivalence
ratios

HCCI engine distinguished by near zero NOXx
concentrations, as Fig. 11 represents. The engine
operation with lean equivalence ratio produced
lower temperatures inside the combustion
chamber. These temperatures are not enough for
N, and Q to react effectively.
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70 1500 rpm, OIT
°\=
;: 60 # Gasoline at HUCR=8:1
E 50 BHCCI at CR=14:1
=
£ 40
@
- J})’N .
S 20
= )
=}
2 10
£
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02 04 06 038 1 1.2 14 1.6
equivalence ratio

Fig. 10, brake thermal efficiency of the two systems
at HUCR for each one, for wide range of
equivalenceratio.

+
A 1400 1500 rpm, OIT
& 1200 @ Gasoline at HUCR=8:1
T EHCCI at HUCR=14:1
£ 1000
=
E 800
=
g 600
£
S 400
S 200
g 0
0 02 04 06 08 1 12 14 16
Equivalence ratio

Fig. 11. NOx concentrations of the two systems at
HUCR for each one, for wide range of equivalence
ratio

Because of air overabundance in lean mixtures
operation, the resulted GQ@oncentrations were
limited to the minimum values, as Fig. 12 appears.
The CQ levels are at the minimal values
compared to those produced from the Sl engine.

Fig. 13 represents the emitted CO
concentrations for the two tested engines. Partial
oxidation of fuel to CO can occur at extremely
lean mixtures. Three temperatures govern the
HCCl engine. The required auto-ignition
temperature to get fuel/air mixture ignited; the
combustion temperature must reach at least 1400
K to have good combustion efficiency, in the
same time, this temperature must not increase to
more than 1900 K to prevent the formation NOXx.
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10 1500 rpm, OIT
S

= 8

a # Gasoline at HUCR=8:1

£ 6 BHCCI at HUCR=14:1

£

=

s 4

=

]

5 2

<@ ._.,.—I—]—.

«

S 0

= 0 0.2 04 06 08 1 1.2 14 1.6

Equivalence ratio

Fig. 12. CO, concentrations of the two systems at
HUCR for each one, for wide range of equivalence
ratio.

5
;‘\; 1500 rpm, OIT
§ 4
= # Gasoline at HUCR=8:1
E3
= SHCCI at HUCR=14:1
£
<2
o
g
g1
e o
Q9 5

0 02 04 06 08 1 12 14 1.6
Equivalnce ratio

Fig. 13. CO concentrations of the two systems at
HUCR for each one, for wide range of equivalence
ratio.

The UBHC concentrations in the recent study
seem lower than the Sl engine levels depending
on the optimal gasoline injection timing that
provides better air-fuel mixture homogeneity.

Fig. 15 manifests the engine noise, which
increased with increasing equivalence ratio, but
HCCI produced lower noise with about 26.68%
compared to the gasoline engine. The reactivity of
the fuel-air charge is too high at rich mixtures,
where the burn rate becomes extremely high at
these ratios. The pressure rates inside combustion
chamber increase resulting in mechanical stresses
and noise.

UNHC concentrations behaved as CO and CO
concentrations, and stayed at the minimal values,
as Fig. 14 represents. It can be observed that
UBHC had higher values at @=0.2, and reduced
from its value while moving towards @=0.7, the
combustion temperatures increase with increasing
fuel quantity in the mixture, and this increment
reduces UBHC concentration although it was
little.
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1500 rpm, OIT

* Gasoline at HUCR=8:1

B HCCI at HUCR=14:1

Bsesa g
0 02 04 0.6 038 1

Equivalence ratio

UBHC concentration ( vol. %)
S R WAt a®

1.2 14 1.6

Fig. 14. UBHC concentrations of the two systems at
HUCR for each one, for wide range of equivalence
ratio.

1500 rpm, OIT

£ 83
81
79 *
71
69
67

0 0.2

¢ Gasoline at HUCR=8:1

EHCCI at HUCR=14:1

Sound pressure level (
-
w

04 06 08 1

Equivalenceratio

1.2 14 1.6

Fig. 15. noise level of the two systems at HUCR for
each one, for wide range of equivalenceratio.

4. Conclusions

HCCI engine equivalence ratio is usually very
lean and strongly diluted; the average peak
temperature is much lower than that of the Sl
mode. The heat losses from HCCI engine are
reduced, and the formation of NOx is avoided to a
large extent; NOx emissions of HCCI engines are
often near zero.

Emissions of CO and HC were lower than the
S| engine emitted emissions. Fuel consumption
values have the potential to be approximately 28%
less than SI mode. Also, HCCI mode produced
brake power lower than the Sl engine with about
6%. The HCCI engines have higher brake thermal
efficiencies compared to Sl engines.

Notation

BTDC before top dead centre
bp brake power

BTE brake thermal efficiency



Nahedh Mahmood Ali

Al-Khwarizmi Engineering Journal, Vol. 12, No. 4, P.P. 102- 110 (2016)

CO, carbon dioxide
(6{0) carbon monoxide
CR compression ratio
CA crank angle

dB decibel

DI direct injection

fp friction power

IT injection timing

N engine speed (rpm)

NOXx nitrogen oxides

LCV Lower calorific value
oIT Optimum injection timing
OSsT Optimum spark timing

T engine torque

UBHC unburnt hydrocarbon
Vsn swept volume

Greek |etter

/] Equivalence Ratio
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