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Abstract—Experimental tests were performed on direct injection
(DI) homogeneous charge compression ignition (HCCI) for diesel,
CGTSCPO20 and CGTSCPO10. Experiments were performed at
different fuel injection timings (IT) to differentiate between HCCI
operation and common rail direct injection (CRDI) operation. Pilot
tests with a 60% load were conducted for this purpose, and a heat
release rate (HRR) investigation was carried out. For HCCI
operation, cool flames were seen 20° before the top dead center
(bTDC), 55° bTDC for fuel IT advancements, etc. HCCI engines with
firm fuel blends demonstrated decreased peak HRR. Due to
decreased HRR, higher injection pressure (IP) lowers nitrogen
oxides (NOx). Diesel, CGTSCPO10, and CGTSCPO20 achieved 40
ppm, 34 ppm, and 32 ppm NOX, respectively, in HCCI mode at IP
1000 bar and IT at 80° bTDC. Diesel, CGTSCPO10, and
CGTSCPO20 had smoke opacities of 10 HSU, 17 HSU, and 20 HSU,
respectively, under identical operating circumstances. The study's
findings suggest that IP at 1000 bar and IT at 80° bTDC are the ideal
operating parameters for reducing NOx and smoke while maintaining
an acceptable level of HCCI engine brake thermal efficiency (BTE).

Keywords: Homogeneous charge compression ignition (HCCI);
CGTSCPO; NOx emission; Smoke emission.

1. INTRODUCTION

While diesel engines are quite effective at conserving fuel,
they also produce exhaust and dangerous nitrogen oxides
(NOXx). Compression ignition (Cl) systems work well and can
use biodiesel. Innovative approaches must be employed to
meet regulatory emissions standards. Homogeneous charge
compression ignition (HCCI) was one of these concepts in late
1970. An HCCI engine's generated charge ignites immediately
when it exceeds the chemical reaction's energy threshold. With
an HCCI engine with an intake air temperature of 200°C and a
low CR (less than 8), protracted combustion may be avoided
with the exception of very low NOx and smoke; nevertheless,
a configuration with high hydrocarbon (HC) smoke leads to
poor combustion. As compared to conventional Cl systems,

brake thermal efficiency (BTE) has been shown to be 28%
lower [1, 2]. Very early combustion phasing was seen with
intake manifold injection at greater CR and load, along with
higher HC, negative BTE, and more knock. HCCI tests using
MTBE and diesel (50:50) indicated combustion phasing close
to TDC because to auto-ignition delay [3]. HCCI engines
produce much less NOx and pollutants when there is more HC
and CO present. BTE and the use of alternative fuels (SFC)
both saw a little reduction [4]. HCCI engines with fuel
injection time (IT) that is 120° before top dead centre (bTDC)
are characterised by small diameter multi-hole injectors, 8000
ppm HC output, and very early combustion phasing [5, 6].
Divided injection Early ignition, very high CO and HC levels,
and low NOx are characteristics of HCCI engines [7,8]. A
spray angle of 80 degrees and a bTDC of 40 to 60 degrees
exhibited more smoke than in diesel mode, with 1000 to 2500
ppm HC but higher SFC [9]. The amount of smoke produced
remained constant even though the annular combustor (TCC)
produced less NOx and HC [10, 11]. Many fuel injections
resulted in an increase in NOX, despite a reduction in HC and
CO levels [12, 13]. For HCCI engines, thin spray cone
injectors displayed increased ClI mode BTE [14]. High
negative valve overlap yields reduced NOx and smoke with
great combustion stability at low loads (NVO). Larger loads
have been shown to create greater NOx because to knocking
combustion and quicker pressure rise rates [15]. The multi-
injection mechanism of the HCCI engine reduces NOx and
emissions. Proper blending of improved CC designs has been
identified as a problem [16]. HCCI engines may run at a lower
BMEP (2.1 bar to 4.3 bar) and yet produce less NOx and have
a negative BTE [17] during the early phases of cylinder
injection. An effective method to reduce NOx may be variable
valve timing (VVT) with high-pressure circuit exhaust gas
recirculation (EGR) without cooler [18]. Fuel IT has to be
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optimised in order to stop a deflagration [19-21]. High outside
EGR reduces concussion danger whereas speed, load, and
interior EGR increase risk [22]. Comparable efficiency to Cl
conditions may be attained with less gaseous emissions by
many injections into the cylinder with the last injection being
close to the cool flame. In comparison to conventional diesel
engines, HCCI engines with manifold and in-cylinder
injection release less NOx and exhaust [3, 8]. The most stable
combustion is shown by charge stratification in HCCI engines.
When high HRR is seen, low HRR is reported [23, 24]. The
HCCI engine manufacturing method may be a practical
technical solution to increase fuel efficiency while lowering
emissions [25]. The following is a critical analysis of the little
amount of material on the use of biofuels in HCCI engines.

Compression ignition (CI) engines running on UME
(upgraded methyl ester) and CNG were investigated for DF
and HCCI operation. While the DF process performs worse
than conventional mono-fuel production, it emits less gases,
including nitrogen oxides, hydrocarbons, and carbon
monoxide. In terms of breakdown thermal efficiency (BTE),
the HCCI engine performed better than the DF operating mode
but less well than the traditional CI mode. Although HC
emissions are high, other pollutants including CO, NOx, and
soot are minimal. Emissions of greenhouse gases and nitrogen
oxides decreased by almost 98% and 94%, respectively [26].

According to published research, a novel operating concept for
homogeneous charge compression ignition (HCCI) employing
CRDI further decreases particulate matter (PM) and NOx
emissions to almost zero levels with a somewhat reduced
BTE. The operation, emissions, and combustion performance
of the alternative fuel injection-equipped CI, CRDI, and HCCI
engine systems were thoroughly examined [27].

Compressed natural gas (CNG), air, and diesel/fuel methyl
ester (HOME) were added in another study on HCCI engines
to manage the start of combustion in a modified HCCI engine.
According to reports, the engine cannot be run in HCCI mode
with a BMEP of less than 2.5 bar because system restrictions
prevent the intake air temperature from rising beyond 1450C,
and at a BMEP of 4 bar the combustion rate increases
significantly. Nitrogen oxides (NOx) and emissions were
greatly decreased in the HCCI engine's operating mode, while
carbon monoxide (CO) and hydrocarbons (HC) emissions
were found to be greater. The brake thermal efficiency was
shown to be greater for HCCI engine running than for dual
fuel when driven with certain fuel mixes [28].

Diesel and biodiesel were pumped into the intake manifold
during the engine test, which was conducted in HCCI
(homogeneous charge compression ignition) mode. The intake
air temperature with an air preheater ranges from 50 to 80°C
for diesel and 55 to 85°C for biodiesel. The cooling water
temperature for diesel and biodiesel operation ranges from 40
to 60 °C. The HCCI technique for creating diesel and biodiesel
engines results in a large 98% decrease in nitrogen oxide
(NOx) emissions, a 65-75% reduction in exhaust emissions,

and a reduction of 35-45% in brake thermal efficiency (BTE).
On the other hand, HCCI engine systems employing diesel
and biodiesel have 30-40% greater carbon monoxide (CO)
emissions and hydrocarbon (HC) emissions that are 20-25
times higher. Nevertheless, compared to the Cl engine design,
the peak pressure (PP) and heat release rate (HRR) are
decreased by 20-25% [29].

Using diesel, CGTSCPO20, and CGTSCPO10 test fuels, this
work's objective was to assess the performance of an in-
cylinder-injected HCCI engine in order to identify the ideal
operating parameters for reducing soot and NOXx emissions
while the engine is running at a respectable BTE.

2. MATERIALS AND METHODS.

Table 1 summarises the characteristics of Diesel,
CGTSCP0O20, and CGTSCPO10 as determined by the
Bengaluru test house in Bangalore.

Table 1. Physiochemical properties of CGTSCPO10 and

CGTSCPO20
Property BLENDED BLENDED
CGTSCPO10 CGTSCPO20
Kinematic Viscosity (Cst) | 3.95 4.1
Calorific value (MJ/kg) 44.45 443
Cetane number 51 48
Density at 30 °C (g/cc) 0.8 0.84
Flash point (°C) 76 74
Fire point (°C) 85 87
pH 5.2 53

Diesel, CGTSCP0O20, and CGTSCPO10 are operating in
HCCI mode on a single-cylinder, DI hydraulic Cl engine.
With the proper modifications, the CI engine was run in HCCI
mode using the fuel configuration indicated in Figure 1. Table
2 provides the engine specs that were used. Several emissions
are measured using exhaust gas analyzers and Hartridge
smoke metres, and a TRCC (Toroidal re-entrant combustion
chamber) was employed in this investigation.

P

Figure 1. Experimental setup

Table 2 . Engine Specifications
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Parameter Specification

Engine type Kirloskar makes single-cylinder

four-stroke direct-injection diesel engine

Nozzle opening pressure| 205 bar

Rated power 5.2kW@1500rpm

Cylinder diameter 87.5

Stroke length 110

Compression ratio 17.5:1
Injection timing 23°TDC
Type of cooling Water

3. THE RESULTS AND DISCUSSION

The test findings for injected diesel, CGTSCPO20, and
CGTSCPO10 acquired using a modified Cl engine running
under HCCI conditions are covered in this section. Using
CRDI injectors with multi-hole and single-hole injectors, pilot
oil is injected into the cylinders using the in-house developed
CRDI system, which can inject oil at any crank angle (CA)
and duration with the help of the ECU at the desired injection
pressure (IP) ranging from 600 to 1200 bar HCCI stage.

The fuel mixture detailed in this section, together with the 7-
hole injectors, powers HCCI engines. Optimal operating
settings, such as the following, were maintained: CR: 17.5;
speed: 1500 rpm; IP: 1000 bar; CC: TRCC; nozzle: 7 holes,
0.18 mm in diameter, 60% load. All injection oils have
different injection times. A fuel adjustment is made to keep
the engine running at a constant 1500 rpm. Injection Timings
for selected oils include 0°, 15°, 35°, 55°, and 80°. Whereas
advanced extended injection timing of 35°, 55°, and 80° relates
to HCCI mode of engine operation, fuel IT of 0°, 15° bTDC
corresponds to BTE mode chosen in CRDI mode.

3.1 Impact of IT on BTE

Fig. 2 depicts the impact of IT on BTE at 60% load for CRDI
and HCCI engine operating modes. When fuel IT advances,
BTE reduces, as can be observed in Figure 3. In CRDI mode
on a diesel powered engine, a mixture of CGTSCPO20 and
CGTSCPO10 demonstrated an increase in BTE levels up to
15° bTDC. Modern IT did, however, detect much lower BTE
levels in IT at 80° bTDC compared to CRDI mode in the
HCCI mode of operation.
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Figure 2. IT Effect on BTE

Hence, a lower BTE was found with fuel 1T of 80° bTDC.
Increased wall wetness, which in turn causes an increase in
HC emissions, is the cause of the trend that has been observed.
Carbon deposits are created as a result of the increased spray
coming into direct contact with the CC wall as the piston
advances away from TDC. Because of their increased calorific
value and weight and reduced volatility, CGTSCPO20 and
CGTSCPO10 perform better than diesel fuels.

Diesel, CGTSCP0O20, and CGTSCPO10 produced 20%,
17.75%, and 15.75% BTE at 80° bTDC in HCCI mode,
compared to 26%, 24.55%, and 23% BTE in CRDI mode for
diesel and biodiesel, respectively.

3.2 Impact of IT on Smoke opacity
Figure 3 depicts the fuel IT performance for CRDI and HCCI
engine running modes at 60% load for smoke opacity.

45 7 IP: 1000 bar, CR: 17.5, Speed:1500 rpm, CC: TRCC

Injector: 7 holes, 0.2 mm diameter, Load: 60%
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Figure 3. IT effect on Smoke

A mixture of CGTSCPO20 and CGTSCPO10 demonstrated a
decrease in smoke emission levels down to 15° bTDC when
used in CRDI mode on a diesel engine. Modern ITs, on the
other hand, were found to have lower levels of smog
emissions during HCCI operation, with 1Ts at 80° bTDC
having much fewer emissions than CRDI models.

Innovative fuel technology lowers engine gas emissions.
Improved combustion parameters of the injected fuel
combination are somehow ensured by the creation of the air-
fuel mixture. As compared to the diffusion phase in the
combustion chamber without fuel-containing sections,
premixed combustion results in higher fuel combustion levels.

Because of their significantly greater molecular structure and
viscosity compared to diesel, CGTSCPO20 and CGTSCPO10
have higher emissions, which leads to lower combustion
temperatures in the cylinder. In the HCCI instance, diesel,
CGTSCPO20, and CGTSCPO10 were used to produce HSU
15, HSU 17, and HSU 23 vapours at IT of 80° bTDC. In the
CRDI case, diesel and biodiesel were used to produce HSU
21, HSU 30, and HSU 36 vapours at IT of 80° bTDC.

3.3 Impact of IT on HC and CO
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Figures 4 and 5 demonstrate, respectively, how IT affects the
HC and CO pollution of CRDI and HCCI engines operating at
60% load.

In CRDI mode on diesel-powered engines, CGTSCPO20 and
CGTSCPO10 blends exhibit the lowest HC and CO emission
concentrations up to 15° bTDC. However, in the HCCI
system, advanced IT had substantially greater levels of HC
and CO contamination, and at 80° bTDC, IT had much higher
amounts of HC and CO vapours than under CRDI settings.
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Figure 4. IT effect on HC
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Figure 5. IT effect on CO

The findings show that HC and CO levels rise with the
number of injections. Around 80° bTDC, a high HC release
was seen. This may be because using a 7-hole needle while the
piston is far from TDC causes wall wetness. In contemporary
IT, crankcase dilution is also seen. When compared to diesel,
CGTSCPO20 and CGTSCPO10 had greater HC and CO
emissions. When these alternative fuels are used, the brakes
lower engine temperatures, which is linked to a decrease in the
premixed combustion phase, which is the cause of these
problems. The lower power and larger mass of the engine
operating on the mixture of CGTSCPO20 and CGTSCPO10
may further contribute to further incomplete combustion,
which would then result in increased UBHC emissions. Due to
its higher oxidation rate, CGTSCPO20 performed better than
CGTSCPOL10.

While utilising diesel, CGTSCP0O20, and CGTSCPO10
blends, HC emissions were measured at 1108 ppm, 1128 ppm,

and 1156 ppm. When using diesel, CGTSCPO20, and
CGTSCPO10 in accordance with CRDI requirements, HC
emissions were measured at 24 ppm, 28 ppm, and 32 ppm.

Diesel, CGTSCPO20, and CGTSCPO10 blends predict CO
emissions of 0.14% vol, 0.16% vol, and 0.22% vol,
respectively, at IT at 80° bTDC in HCCI mode, and% vol for
diesel, CGTSCPO20 and CGTSCPO10 in CRDI mode
volume.

3.4 IT effect on NOx

Figure 6 illustrates how IT affects NOx emissions for CRDI
and HCCI engine operating modes at 60% load. Using a
mixture of CGTSCPO20 and CGTSCPO10 in CRDI mode on
a diesel engine resulted in a rise in NOx levels of up to 15°
bTDC. In contrast to the CRDI model, where a considerable
decrease in NOx emission was seen for IT at 80° bTDC,
contemporary IT found lower NOx emission levels in the
HCCI system. The HRR may be decreasing with the gas
temperature in the combustion chamber, which might be the
cause of the observed trend. Moreover, as shown in Figure 7,
the burn phase of sophisticated IT lags behind owing to the
rise in ID.
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Figure 6 IT Effect on NOx

For diesel, CGTSCPO20 and CGTSCPO10 blends, and 850
ppm, 675 ppm, and 400 ppm CRDI status, respectively, NOx
emissions are estimated to be 30 ppm, 30 ppm, and 22 ppm.

3.5 Effect of IT on HRR

The HRR fluctuation of the CI engine in CRDI and HCCI
modes at 60% load is shown in Fig. 7. With CRDI and fuel IT
less than 35° bTDC, the engine operates similarly to normal ClI
engines. Minimal corrosion was seen during HCCIl mode
engine running with fuel IT of 35° 55° and 80° bTDC,
suggesting a gentle flame pattern in the premixed charge as a
result of low temperature combustion (LTC). Upgrades to
HCCI are only feasible when Technology develops further.
For the ITs at 55° bTDC and 80° bTDC, the cold flame always
begins at 340° CA, which is 200 bTDC; however, no cool
flame is seen for the other ITs selected to perform the CRDI
test. In order to better comprehend the fundamentals of HCCI
operations, several ITs were chosen.
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Figure 7 IT Effect on HRR

At 60% load in the aforementioned test, very high HC and CO
and low BTE were discovered. The apparent contraction of the
crankcase was another problem found during the examination.
Every oil that was tested showed crankcase dilution. The
aforementioned issues are the result of severely wetted walls
brought on by extremely early oil injection.

4. CONCLUSION

The following findings about in-cylinder direct injection
HCCI engines are made based on the study:

Both CGTSCPO10 and CGTSCPO20 biodiesel work well in
HCCI engines, and HRR analysis at 60% load clearly
demonstrates a soft flame at 20°bTDC.

e The creation of 55° bTDC Fuel IT etc. marked the
beginning of the HCCI process.

e Lower peak HRR for HCCI engines, followed by a
decline.

e At IP 1000 bar and IT 80° bTDC, reported values for
Diesel, CGTSCPO20, and CGTSCPO10 HCCI were 42
ppm, 36 ppm, and 34 ppm, respectively. Higher IP
reduced NOXx as a result of lower HRR.

e Diesel, CGTSCP0O20, and CGTSCPO10 can all produce
low emissions for 9 HSU, 15 HSU, and 17 HSU under
the same operating circumstances.

e The levels of HC and CO are high here.

Generally, it can be said that the best setting for NOx and
smoke reduction in HCCI mode with a little lower brake
temperature is IT with IP 1000 bar and 80° bTDC (BTE).
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