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Abstract

Effectiveness of the particles issued from diesel engines that are mainly soot, on human
healthiness by international agency of cancer made in 1988 has shown that, the Particulate
Material (PM) will increase the probability of suffering to cancer.

In this work first of all the naturally aspirated diesel engine of type OM314 from city driving
motorbus and truck vehicles (Khavar) has been introduced. Then it is converted to limited pressure
turbocharged OM314 Diesel engine. At the final stage the injectors pressure have been elevated
from 200 bars to 240 bars with the purpose of decreasing the soot emission. In each stage in order
to investigate the soot contents, the engine has been tested under ECE-R49, 13 mode standard
test. Results show that the naturally aspirated engine does not cover the standard Euro I. The
turbocharged OM314 engine catches the Euro | standard with specific soot emission 35% less
then the naturally aspirated engine maybe due to reduction in ignition delay and better soot
burnout process. The elevating of the injection pressure makes a better mixing of fuel to air and
results an amount of specific soot 21% less than Euro I, but it does not cover the Euro Il standard.

Keyword: Soot emission, Turbocharged Diesel engine, Nuzzle pressure.
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Introduction

Particles are generated from a variety of sources, emissions from the internal combustion engines
are one of the major global sources of particulate matter (PM). PM is known to contribute to
climate change, reduce visibility, and affect human health [1].

Diesel engines are extensively used in automotive systems due to their better fuel economy
compared to conventional gasoline engines as a result of their higher thermal efficiency. Despite
these advantages
diesel engines suffer from environmental drawbacks such as high levels of exhaust No, (oxide of
nitrogen) and particulate matter [2].

With increasing concern on the effect of air pollution on environment, animal and plant life,
particularly in the field of road transport, vehicle exhaust emissions have in recent years, been
subjected to increasingly stringent regulations. It is a matter of importance that diesel engines are
an important source of particulate emissions and smoke. The particulate emission from diesel
engines amounts to about 5% of the total emissions, which consists primarily of soot with some
additional absorbed hydrocarbon materials [3].

Nomenclature

T engine torque (N.m) pr | fuel density (kg/m°®)

M°s00t brake soot flow rate (g/h) te time of 50 cc fuel consumption (s)

Ssoot specific soot emission (g/kwh) e | volumetric flow rate of
exhaust(m®/s)

Pom measured engine brake power (kW) Pe exhaust density (kg/m®)

Phs standard engine brake power Pe exhaust pressure (kPa)

Wi weighting factor Te exhaust temperature (K)

Vair air velocity (m/s) PM particulate matter

AP orifice pressure drop (kPa) N engine speed (rpm)

Pair air density (kg/m®) bsfc | brake specific fuel consumption
(g/kWh)

Me,ir mass flow rate of air (kg/s) Ps.d standard dry-air absolute
pressure (kPa)

A, orifice inlet area (mz) Pn measured ambient-air absolute
pressure (kPa)

Co discharge coefficient P,m | measured ambient-water vapor
partial pressure (kPa)

P liquid density of the manometer (kg/m®) Tm measured ambient temperature
(K)

g gravitational acceleration (m/s°) Ts Standard ambient temperature
(K)

AH height difference of manometer liquid(m) Cs power correction factor

me mass flow rate of fuel(kg/s) LIMP | limited inlet manifold pressure
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Reducing PM emissions to the levels required by stringent new regulations poses a significant
challenge for engine manufacturers. In addition to the emissions challenge, soot formation in
diesel engines can also influence engine performance and have feedback effects on in-cylinder
combustion and emission formation processes [4].

Smoke, or particulate emissions, occurs when there is insufficient air to completely burn the fuel.
One of the factors which the designers vary to provide low emission levels with high performance
and good fuel economy is to use the turbocharger which is driven by exhaust gas from the engine
cylinder [5]. Increasing the intake pressure increases cylinder pressure, the amount of the charge
air entrained into the jet relative to the fuel flow at the lift off length and leads to a reduction in both
in-cylinder soot and exhaust particulate [6].

This study, will investigate the soot emission level of the naturally aspirated OM314 type diesel
engine from city driving motorbus and truck vehicles (Khavar) and attempts to decrease it by using
a turbocharger and elevating the injection pressure. In this research work soot emission is also
compared with Euro Il standard emission.

Turbocharger

The sole purpose, of which a turbocharger is used, is to improve the overall performance of the
engine [7].

In Fig.1 the turbocharger system of an engine is shown. The rated brake power output is obtained
through an adjustment of the turbocharger waste gate.
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Fig.1: Schematic of turbocharger with waste-gate

Injection pressure

In diesel engines, combustion and emission characteristics are greatly influenced by quality of
atomization and by the fuel-air mixture present in the combustion chamber [8]. Pressure is one of
the most important parameters acting on the pulverization [8]. In present diesel engines fuel
injection systems are designed to obtain higher injection pressure. So it is aimed to decrease the
exhaust emissions by increasing efficiency, when injection pressure is increased fuel particle
diameters will become small. Since formation of mixing of fuel to air becomes better during ignition
period, smoke level and CO emission will be less [9].
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Experimental apparatus and test conditions

- Experimental facilities

In this work as Fig.2 shows a four-cylinder, four-stroke, direct injection,naturally aspirated diesel
engine with a peak power of 63kW and peak torque of 235 N-m at 1830 rpm was used. This was a
2006 production engine Daimler OM314 with a compression ratio of 17 to 1, bore and stroke
97mm and 128mm and displacement volume of 3.784 L. the engine was installed and operated on
a 112kw DXF Heenan & Froude hydraulic dynamometer. An AVL 415 smart sampler was used to
measure soot emission levels in the exhaust gas. An electrical speed meter was mounted on the
engine flywheel to measure the engine speed. The temperatures of inlet and exhaust gases were
recorded on PC utilizing K-type thermocouples attached to the engine while the pressure of the
exhaust and the air inlet manifold was measured using Bourdon pressure gauge. Relative humidity
and atmospheric pressure are read for each mode of test. In table 1 the instrumental resolution of

the apparatus are indicated.

Table 1: Instrumental resolution of the test bed apparatus

Facility Instrumental resolution
Smoke meter 0.1 mgr/kWh
Speed meter 1rpm
Torque meter 1 N-m

Pressure gauge 0.1 mmHg
Thermocouple 0.1°¢

Experimental procedure
- Engine performance test

Internal combustion engines have upper and lower limits of torque and power published by

manufacturers.
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1-Air Tank
2- Diesel Engine
3-Coupling

6-Manometer
7-Thermocouple
8-Pressure Gage
9-Revolution Indicator
10-Interface
11-Computer

12-Soot Level Analyser

e

1

Fig.2: schematic of the engine test bed

Before the engine was provided for the tests, its performance was investigated to be in the

permitted limitations.

The maximum power of the engine was measured for different speeds. Fig.3 and 4 represent the
actual engine performance in comparison with the limits.
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- The standard ECE-R49, 13 mode test.

In this study soot emissions of the heavy duty diesel engine under the ECE R49 13 mode test
cycle were analyzed. OM314 diesel engine was tested under ECE-R49 13 mode sample method.
PM at the exhaust at every test mode was separately sampled. According to the equations coming
in the following, the brake specific soot emission for 13 modes, five modes of speed 1830rpm
(speed at maximum torque), five modes of Speed 2800 rpm (rated power speed) and three modes
of speed 700 rpm (idle speed), were calculated. This cycle is not representative of the engine real
use on road, but allows repeatable conditions, useful for comparative tests [10]. This test should
be under steady state operational conditions and for heavy duty diesel engines at every mode the
torque is varied from 10% to 100% of the engine maximum torque at the specified speed,
according to the regulation [11]. The soot emissions are measured in g/kWh. After the test, for
each mode, a value is defined which stands for weighting coefficient.

Data processing
- Brake specific soot and bsfc calculations
The final brake specific soot level is obtained by Equation (1) [11]:

13 ;
Ser = 2
1

M ot
P
Where, Py stands for standard atmospheric brake power and W; indicates the weighting factor.
The pressure, humidity, and temperature of the ambient air inducted into an engine, at a given
engine speed; affect the air mass flow rate and the power output. Correction factors are used to
adjust measured power output values to standard atmospheric power output. The torque exerted
on the engine by the dynamometer gives the measured power output by the Equation (2).

* \W 1)

f
bs

P =27NT )

Relationship between measured power output and standard atmospheric power output can be
expressed by Equation (3)

P.=C.P, (3)
Where correction factor is given by Equation (4) [12]:
P T &
3T Ny @
m m,v S

Where, Psgq, Tm, Ts, Pm and P, represent standard dry-air absolute pressure, ambient
temperature, standard temperature, measured ambient absolute pressure and the measured
partial water vapor pressure.

Air mass flow rate was measured by Bernoulli's method in this study. The air velocity equation can
be expressed as Equation (5).

V. - [2AP -
pair

Where, AP and p,; represent air pressure difference inside and outside
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of the surge tank and air density, respectively. The air mass flow rate
can be expressed by the Equation (6)

Mar = pajrvair AOCD (6)
Where, Cp and A represent the

coefficient of discharge, verified by 0.6, and the area of the orifice. By summarizing the above
equations,

m. =G,A\ 2P, ”

In this work the pressure drop is investigated by use of a manometer mounted on the surge tank
orifice,

AP = p gAH ®)

Where, p., g and AH represent density of monometer liquid, the gravitational acceleration and the
height difference of liquid surfaces of the manometer. From Equations (7) and (8) the air mass flow
rate is given by

M = C, A/20p,AHp,, (9)

A calibrated burette and a stopwatch were used to measure the mass flow rate of fuel
consumption. This measuring system is based on the time needed for consumption of specific
volume of fuel. The equation can be expressed as

&u:{pft }*50*10‘6 (10)
f

Where p;and t; represent the density of diesel fuel, 0.83, and the time of 50 fuel consumption.
In the Equation (1) in order to measure the specific soot pollution, ms, is obtained from
Equation(11)

Mao = Py *107* Q,* 3600 (1)

Where, psoor and Q° represent the soot density, which is obtained from the smoke meter, and the
volume flow rate of the exhaust. The following equations complete the correlations,

d . m;:+ ma. 12)
2
P
Pe.= We?'l'e (13)
Brake specific fuel consumption is calculated by Equation (14)
bsfc = rﬁ’ *36*10"° (14)

(Cf * Pbm)

140



Results and discussion
- Naturally Aspirated OM314 Diesel Engine

Engine factories publish graphs which mention the upper and lower limits of the maximum engine
operation conditions. In this work the maximum torque and brake power of the engine was
obtained for every operating point. Torque and brake power output versus engine speed graphs
with upper and lower limits and test engine are given in Fig.3.

Brake specific fuel consumption versus engine speed with upper and lower limits, recommended
by the factory, and the engine under test are given in Fig.4.

Fig.3 and Fig.4 show, the actual performance (operating characteristics) of OM314 diesel engine
results. These results indicate that the natural aspirated engine is in an acceptable operating
condition.

The steady state 13 mode cycle, ECE-R49 test was performed on the engine. The tests were
conducted three times in order to examine the sensitivity of the test, and the averages of these 3
consecutive test results represents as the actual test result.

Fig. 5 shows the three brake specific soot results of the tests on the naturally aspirated OM314
diesel engine. The comparison of the engine soot emission and the standards Euro | and Euro Il
are given in Fig. 6.

This result indicates that the naturally aspirated OM314 diesel engine does not cover the Euro 0
standard level, as Pirouzpanah et al mentioned in ref. [13].

240

200

torqueN-M

—=— |.D.E.M upper limits
engine under test

—O— |.D.EM lower limits

120

1200 1400

1600 . 1800 2000 4 2200 2400 2600 2800
enaine speed rom

Fig.3: torque and brake power output vs. engine speed
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- Effect of turbocharger

The engine is turbocharged without any change in compression ratio, fuel injection and valves
overlap, aiming to a decrease in specific soot emission levels; it is called the limited inlet manifold
pressure turbocharged engine (LIMP turbocharged engine).
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Fig.4: Engine bsfc vs. Engine speed

first 6/6/85 second 7/6/85 third8/6/85

Fig.5: Brake specific soot emission at three ECE-R49 test results for natural aspirated OM314 diesel engine
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Fig.6: A comparison between soot levels of the naturally aspirated engine with Euro standards

In cooperation with Ferdowsi University of Mashhad, the Borg Warner turbo charger producing
company in Germany proposed the suitable turbocharger, according to the data provided by the
Ferdowsi University [14].

In the LIMP turbo-charging method although higher efficiency is obtained, as the fuel consumption
is the same as naturally aspirated, there is no significant change in the engine power and torque.
Thus ECE-R49 13 modes test, under steady-state cycle do not vary. It should also be mentioned
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that due to exhaust back-pressure proposed by the turbocharger, the temperature of the cylinder
will increase and thereby, the exhaust valve and upper ring of the piston would be exposed to
more deterioration than before turbo-charging.

With regards to the sensitivity of the test, at this stage, the test is also repeated for three times as
shown in Fig. 7.

The comparison of the soot levels are shown in Fig. 8 for naturally aspirated, turbocharged engine
and Euro standard levels.

The results show that the soot emission decreases with increasing the inlet manifold pressure.
This reduction may be due to increasing the intake-air temperature which results in reduction of
ignition delay that prolongs the late combustion phase. This improves the soot burnout process.

12

Ssoot (g/kWh)
o
[e2]

24/8/85 25/8/85 25/8/85

Fig.7: Brake specific soot emission at three ECE-R49 test results for turbocharged OM314 diesel engine
- Effect of pressurizing The Fuel Injection in Turbocharged Engine

In order to investigate the effect of fuel injection pressure on brake specific soot emission level, the
injector pressure is adjusted for optimum value of 240 bars [15]. Washer(s) has been used for the
adjustment of the injector, that according to the experiments each of them makes a 10 bars
increase in pressure, and then tested by the test apparatus.
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Fig.8: A comparison between soot levels of the turbocharged engine with Euro standards

After pressurizing, due to loss in fuel flow, because of the pressure drop, the injection pump is
readjusted according to Bocsh standard table.

As the engine maximum power and torque do not vary, the 13 modes of the test do not alter and
the test is performed just like previous stages. Fig. 9 and 10 show the three results of the test and
the comparison between the results of three stages of the study, respectively.
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Fig.9: Brake specific soot emission at three ECE-R49 test results for turbocharged diesel engine with
pressurized injection

The result indicates that higher injection pressure makes the fuel particle diameters to be smaller.
Since formation of mixing of fuel to air becomes better during ignition period, Smoke level will be
less.

12

0.8

11nl.

Ssoot (g/kwWh)

Om314 turbo elevated Euro | Euro Il
naturally ~ charger injection
aspirated pressure

Fig.10: A comparison between soot level of the turbocharged engine with elevated injection pressure with
Euro standards

Conclusions

In the present study, special investigation has been conducted on the soot emission level on an
OM314 DI diesel engine. During the tests the engine was operated at three different conditions,
naturally aspirated, LIMP turbocharged and elevated injection pressure.

It was observed that the naturally aspirated engine had acceptable performance characteristics but
needed urgent attention in view of the soot emission levels.

LIMP turbocharged engine had reduced the soot emission level to the extent of 35% because of
the higher pressure and temperature of intake-air and reduction of ignition delay which improves
the soot burnout process, due to a prolong in the late combustion phase.

When the injection pressure was elevated, it was observed that the specific soot pollution
decreased about 26% less than the turbocharged engine, and that was because smaller fuel
particles diameter and better formation of mixing fuel to air. Also it is observed that the soot
emission level of the engine was 21% less than the Euro | standard level but it does not match
with the Euro Il standard level.
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