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One of the possible ways to reduce NOx gas from marine engines running on biodiesel
fuel is by injecting steam water into the air intake engine system. Therefore, this study
attempts to investigate the effect of steam injection incorporated with biodiesel fuel
on the performance and emissions of marine diesel engines. Experiments were
conducted on medium-speed Cummins marine engines using biodiesel blends with
concentrations of 10%, 20%, and 30%. Water steam has been injected into the air
intake engine system. The results show that the use of steam does not have a
significant effect on the torque and power of the marine engine. However, steam
injection methods have successfully reduced the emissions of hazardous gases of
nitrogen oxide and carbon monoxide by 37.2% and 66.7%, respectively. Furthermore,
fuel consumption rate is also more economical as shown by the BSFC value decreasing
Steam injection; biodiesel; marine diesel  up to 15.2%. Overall, the steam injection method can compensate for the lack of
engine; engine performance; emissions performance found in biodiesel fuel when used on marine diesel engines.

Keywords:

1. Introduction

Cumulative effects of exhaust emissions from the shipping activities are major contributors to air
guality problems. Emissions from marine diesel engines are hazardous which contain nitrogen oxides
(NOx), carbon monoxide (CO), carbon dioxides (COz) and sulphur oxides (SOx) [1]. In fact, these gases
are detrimental to the human health because several health issues may be triggered, such as lung
cancer, cardiopulmonary death, bronchitis, and pneumonia. To address this issue, the Marine
Pollution Act has limited the global sulphur level from the current 3.5 to 0.5%, effective on 1 January
2020 [2]. Meanwhile the NOx emissions levels were reduced from Tier | to Tier Il and Tier Il for global
and North American Emission Control Area, respectively as shown in Figure 1.
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Fig. 1. The limits of NOx emission according to Marine Pollution Act

The increasing number of shipboard emissions and stringent regulations enforcement has
encouraged the demands for more viable solutions. The usage of biodiesel fuel appears to be an
effective measure in addressing the issue discussed. Biodiesel is a plant-based fuel, renewable,
environmentally friendly, biodegradable, non-toxic, oxygenated and has similar properties to diesel
fuel [3-6]. Biodiesel fuel is produced by mixing vegetable oil with methyl ester through the
transesterification process [7-9]. Biodiesel also produces stable combustion in terms of cyclic
variation compared to standard diesel fuel [10]. However, the use of biodiesel fuel contributes to
slightly higher in NOx emission and lowers thermal efficiency due to the low energy of biodiesel
content [11-14]. Several schemes have been proposed to reduce the discharge of hazardous gases
from marine engines particularly NOx emissions, while using biodiesel fuel.

The discovery of post-treatment method such as the Selective Catalytic Reduction (SCR) and
Exhaust Gas Recirculation (EGR) has successfully reduced the NOx emission efficiently, but the cost
was very expensive to implement [1]. While the fuel-water emulsion and humid water motor
methods are very complicated and adversely affect the condition of the engine cylinder [15]. Another
way of reducing NOx emission in marine diesel engine is by humidifying the scavenge line where the
warm water is injected and evaporated in the air intake. This technique able to reduced 40% of NOx
emission but it requires a large amount of water [16].

One of cheapest and possible solution is by using steam injection. Parlak et al., [17] developed a
logical Fuzzy electronic system to control the entry of steam into a single cylinder engine. The steam
produced is in superheated form which utilised heat source from the engine exhaust. The
eexperiment results showed a decrease in NOx gas and specific fuel consumption by up to 33% and
5% respectively, while engine power increased by 3% [17]. Later, Gonca et al., [18] also studied the
effect of steam on a single cylinder diesel engine operating of Miller cycle with 5 and 10 crank angle
degree in retard. The authors claim that NO and CO; gases have decreased by 48% and 2.2%
respectively while emissions from HC and CO have increased by 46% and 34% respectively. Optimal
conditions were achieved with 10 crank angle retarding and 30% of steam injection rate [18]. Another
experimental research of using steam injection on a single cylinder engine reported that it saves fuel
consumption by 6.1% and reduce NOx and CO; emissions by 22.4% and 4.3% respectively [19]. Steam
injection on Kirloskar single cylinder engine running using soy biodiesel was performed by Manickam
et al., [20]. In this study, steam with a temperature of 110 °C and a pressure of 1.5 bar was passed
through the engine manifold inlet. The results showed a significant decrease in NOx emission of 30%.
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Steam injection also lowers the levels of other gases such as CO, CO; and HC as well as saves fuel
consumption [20]. Based on the literature review, most of these findings have focused on small
engines and there is no discussion on the influence of steam injection on marine engine applications
so far. Therefore, this study aims to investigate the effect of steam injection running with biodiesel
blends on marine diesel engine performance and emission. The tests have been subjected to various
engine operating parameters in medium-speed four-stroke marine diesel engine.

2. Experimental Setup

The engine used for this experimental work was a low compression, medium-speed marine diesel
engine; brand Cummins and having rated power of 201 kW. The engine was connected with a 250-
kW eddy current dynamometer for measuring torque and load. The details of engine specifications
and full engine setup are presented in Table 1 and Figure 2 respectively.

Table 1

Engine specification

Description Specifications
Brand-Model Cummins-NT855

Engine type 4 stroke, Inline 6-cylinder
Bore x stroke 139 mm x 152 mm
Displacement volume 14 liters

Compression ratio 14.5

Maximum torque 1068 N.m at 1400 rpm
Rated power 201 kW at 1800 rpm
Brake mean effective pressure 958 kpa

Air intake system Single-stage turbocharger
Cooling system Water cooled

Exhaust pipe
Air flow meter

Engine block

Fuel pump

Eddy current

Power module
dynamometer

Fuel filter

Load sensor
Flywheel

Fig. 2. Full setup of marine diesel engine test-rig

The schematic prepared diagram for steam injection method is illustrates in Figure 3. The steam
was produced by the steam generator with constant flowrate of 2 liter/hour. It has been channeled
through a fine air filter to prevent water droplets before reaching the intake manifold. The air flow
rate was measured using Veltron Il flow transmitter as shown in Figure 4. A real time data acquisition
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was performed by interfacing the REO-DEC software from KLas Realtime Systems Ltd, UK with the
relevant sensors. The dynamometer and engine demand could be remotely controlled by the REO-
DEC systems as shown in Figure 5. The systems have high accuracy of £ 0.01% uncertainty. The engine
throttle actuator was connected to the REO-DEC box to obtain the targeted engine speed and torque.

The experiments were run under steady-state conditions at varied engine speeds ranging from
800 to 1600 rpm. The test fuels used were BO, B10, B20 and B30 of palm biodiesel blends. Prior to
the test, the engine was warmed up in an idle condition until the temperatures of the cooling water
and lubrication oil attained stability. The cooling water was kept between 80-85 °C while the
lubricating oil was between 90-100 °C. At each change of test fuel, the fuel lines were drained and
the engine was allowed to run for a sufficient time in order to purge the remaining fuel from the
previous test. The important engine operating engine parameters such as speed, torque, brake
power, brake specific fuel consumption, exhaust temperature and exhaust emissions were measured
and calculated accordingly.

Steam

Generator
Biodiesel Diesel
<'}\) tank tank

l Air
flowmeter Valve Valve
[0 Exhaust gas >
Air filter Fuel i
flowmeter
Intake Exhaust
manifold manifold
»{t

=]

00
[1]
0

Gas analyser

Eddy current Marine diesel engine

dynamometer

Data acquisition

unit
Fig. 3. The schematic diagram for steam injection method

@t

Fig. 4. The Veltron Il flow transmitter
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Fig. 5. REO-DCA Data acquisition unit

The test fuels used in this experiment were standard diesel (B0), B10, B20, and B30 biodiesel
blend. The biodiesel blends were prepared by mixing the standard diesel with certified EN 14214
palm methyl ester biodiesels based on volumetric basis as listed in Table 2. Detailed specifications of
diesel and biodiesel fuels used in this experiment are listed in Table 3.

Table 2
Mixing percentage of the test fuels

Blend sample Palm biodiesel (Volume %)

Diesel (Volume %)

BO 0

B10 10
B20 20
B30 30

100
90
80
70

The tests were carried out under steady-state condition at full engine loads and various engine
speeds ranging from 800 to 1600 rpm. All tests were completed without any modifications on the
test engine. Prior to the test, the engine was warmed up in an idle condition until the temperatures
of the cooling water and lubrication oil attained stability. The cooling water was kept between 80—

85 °C while the lubricating oil was between 90-100 °C.

Table 3

Basic properties of palm biodiesel and diesel fuel [21,22]

Fuel Properties Unit Palm biodiesel Diesel
Density kg/m?3 at 15 °C 875 825
Kinematic viscosity mm?/s at 40 °C 5.66 4.02
Heating value MJ/kg 42.07 48.26
Flash point °C 172 70

Pour point °C - 15 Max
Sulphated ash % Mass <0.01 -

Total sulphur mg/kg 1 500 Max
Carbon residue % Mass - 0.2 Max
Cetane number - 62 49 Min
Oxidation stability Hours at 110 °C 12.6 25 Min
Lubricity micrometres - 460 Max
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The desired engine parameters such as speeds, brake power, torque, brake specific fuel
consumption, exhaust temperature and exhaust gas emissions are measured and calculated
accordingly. Exhaust emission parameters were measured by using the KANE AUTO 5-1 gas analyser.
The accuracy, range and resolution of the measuring equipment are listed in Table 4. In order to
ensure the measurement accuracy, the analyser was sent for calibration before it was used in the
experiment. Carbon oxides concentrations were measured using Non-Dispersive Infrared detectors
while oxygen and nitrogen oxides concentrations were measured using the principles of electro-
chemical cells.

Table 4

Gas analyser measurement specifications

Exhaust gas Range Accuracy Resolution Method
Carbon monoxide 0-10% +0.06% 0.01% Infrared
Carbon dioxide 0-16% +0.5% 0.1% Infrared
Nitric oxide 0-5000 ppm 1+ 25 ppm 1ppm Fuel cell
Hydrocarbon 0-5000 ppm +12 ppm 1 ppm Infrared

3. Results and Discussions
3.1 Torque

The torque value at difference engine speed with and without the steam injection for the B0, B10,
B20 and B30 fuels at full load are shown in Figure 6. The graph trend for all fuels has shown that the
torque value is directly proportional to the engine speed up to the optimum point at 1400 rpm and
then decreases slightly. At constant load, an increase in engine speed after the optimum point will
cause a reduction in the quantity of air intake as well as increase the value of frictional power. The
graph appears that the torque performance for test fuels without steam injection is slightly better
compared to fuels with the steam injection. However, the change is not significant and there is small
percentage decreasing in average of 2.2% when steam injection was applied to the engine systems.
The use of biodiesel blends B10, B20 and B30 also did not show significant different of torque value
compare to BO diesel which is between those values and BO.
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3.2 Brake Power

Brake power is the measurement of the horsepower of an engine before it loses power caused
by the gearbox and other auxiliary components [23]. A device used to load and hold an engine at a
desired engine speed also known as brakes dynamometer. Figure 7 illustrates the differences
between standard diesel and three blends palm biodiesel in brake power at variable engine speeds
with and without the steam injection. The trend of the graph for all fuel type indicates the increasing
values of power when running without steam injection compare to steam injection at all speeds. It
appears that the brake power performance for standard diesel produced the more power which is
167.2 kW maximum compared to other biodiesel fuel when running with and without steam
injection. The output power difference of all the fuel type shows a small percentage decreasing when
using steam injection which were between 2.5% to 6.8% (for B0O), 0.9% to 1.8% (for B10), 0.9% to

3.7% (for B20) and 0.5% to 7.3% as for B30.
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Fig. 7. Brake power vs engine speed for BO, B10, B20 and B30 fuels
3.3 Brake Specific Fuel Consumption

Brake specific fuel consumption (BSFC) is defined as the fuel consumption rate divided by its
corresponding engine brake power output. Producing the same amount of work with less usage of
fuel means BSFC is at lower rate. Figure 8 shows the BSFC differences between standard diesel fuel
and three blends palm biodiesel at variable speeds with and without the steam injection. Generally,
an increasing of engine speed reduces the BSFC value of the engine. It appears that the engine
running with both standard diesel and palm biodiesel indicates the minimum values of BSFC at 1200
rpm. This is due to the engine ideal speed which means less of fuel will be used at the optimum speed
of the engine. The trend of the BSFC graph for all fuels indicates the average decreasing rate of 4.3%
when running with the steam injection compare to without steam injection. The BSFC reduction rate
for BO was between (0.3-15.2%), B10 (0.8-10.2%), B20 (0.2-8.5%) and B30 (0.69-7%). These findings
agree with several previous results that reported a reduction in the value of BSFC of less than 10%
[14,24]. The presence of water steam will lead to a finer atomization of fuel during injection, then
enhance the fuel vaporization and mixing processes [19]. This indicates that the use of steam
injection results in fuel savings in medium speed-marine diesel engines for all tested fuel.
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Fig. 8. BSFC vs engine speed for BO, B10, B20 and B30 fuels
3.4 Exhaust Gas Temperature

Engine exhaust gas temperature (EGT) is an important indicator of the cylinder combustion
temperature which reflects combustion efficiency and engine exhaust emissions. The variations of
EGT of marine diesel engine, when operated with BO, B10, B20 and B30 at full engine loads with and
without steam injection are shown in Figure 9. EGT was found to be decreased when steam injection
was applied to the fuel. The EGT’s percentage difference for all the fuel is reducing which were
between 7.3% to 18.1% (for B0O), 1.6% to 16.0% (for B10), 2.5% to 16.5% (for B20) and 0.4% to 20.0%
as for B30. This indicates that the use of steam injection can lower the combustion temperature of
the engine without significantly affecting the output power of the medium speed-marine diesel
engine. It also inhibited the decreasing of EGT in average of 11.6% with the application of biodiesel
blends compare to standard diesel. This could be high values of biodiesel cetane number minimize
the combustion premixing phase in the engine compression stroke.
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Fig. 9. EGT vs engine speed for BO, B10, B20 and B30 fuels

3.5 Nitrogen Oxide Emissions

Emissions of thermal nitrogen oxides (NOx) are formed as a result of fuel combustion at high
temperature in the engine cylinder. NOx engine emissions consist of the elements nitrogen monoxide
(NO), nitrogen dioxide (NOz) and nitrogen oxide (N20) [25]. The NOx gas is released by the reaction
of nitrogen bound with oxygen during the fuel combustion process. The kinetics of NOx formation
involving the reaction of nitrogen and oxygen is described by the Zeldovich theory mechanism as
shown in Eq. (1) to Eq. (3). The effects of steam injection on the NOx emissions at full load and
different engine speed are shown in Figure 10. In overall, the NOx pattern is seen to increase with
the increase of engine speed, where the maximum amount of NOx was 1388.1 ppm at 1600 rpm
engine speed. This phenomenon occurs due to more fuel burned at high speeds which are directly
proportional to the combustion temperature and NOx emission released. The use of the water
element can reduce NOx emissions due to its effect in reducing the adiabatic flame temperature of
fuel combustion [27].

N, +O <> NO+N (1)
N+02(—)NO+O (2)
N+OH < NO+H (3)

On the other hand, the used of steam injection has reduced the NOx emission rate for all fuels as
indicates by 2.7% to 36.9% for B0, 3.6% to 6.9% for B10, 5.7% to 37.2% for B20 and 0.6% to 12.8% as
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for B30. Lower combustion temperature when operated with steam injection is the main factor of
NOx reduction in this study. Steam particles would absorb some heat during the fuel combustion
process in turn lowers the combustion temperature.

B Without steam
Il \Vith steam

1400 - B10

NOx (ppm)

1200 1400 1200 1400

1400 - B20 1400 - B30

NOx (ppm)

1000 1200 1400 1600 800 1000 1200 1400
Engine speed (rpm) Engine speed (rpm)
Fig. 10. NOx vs engine speed for B0, B10, B20 and B30 fuels

3.6 Carbon Monoxide

Carbon monoxide (CO) emissions are intermediate combustion products resulting from
incomplete combustions of engine fuel. CO emissions are hazardous and detrimental to the human
health such as vomiting, nausea, unconscious and death. The effect of steam injection on CO
emissions with respect to the engine speeds can be observed from Figure 11. The CO emissions are
at lower range for all test fuels. On overall, the presence of steam in the fuel has significantly reduced
the emission of CO gases between 20.0-66.7% for all tested fuels. The main reason for this trend is
the additional oxygen molecules in steam particles and biodiesel that promotes complete
combustion of fuel and therefore reduces the CO emissions. Additionally, a decrease of 20.3%
average was also noticed when using biodiesel blend of BO, B10, B20 and B30 compare to standard
diesel. Previous findings state that the oxygen element in biodiesel is capable of completing the
combustion process in diesel engines [28].
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Fig. 11. CO vs engine speed for BO, B10, B20 and B30 fuels

4. Conclusions

The effects of steam injection on the medium-speed marine diesel engine running with biodiesel

fuel were investigated in this study. The palm biodiesel blend B10, B20 and B30 were used in the
engine testing and the results are compared with the standard diesel (BO) in terms of their
performance and emission characteristics. The engine laboratory test was conducted at full load and
various engine speeds ranging from 800—-1600 rpm. Some conclusions can be drawn from this study

as follows
i.

The use of steam injection does not give a significant change in torque and power on the
marine diesel

The BSFC value was found to be reduced up to 15.2% with the injection of steam into the
engine. This can compensate the increase in fuel consumption with the use of biodiesel
without neglecting the output power.

The use of steam injection methods contributes to the reduction of nitrogen oxide emissions

by a maximum of 37.2%.
This is also in line with the decrease in exhaust engine temperature by 20% with the use of

steam injection method.
The hazardous emissions of carbon dioxide were reduced significantly 66.7% due additional
effects of oxygen molecules in steam particles and biodiesel that promotes complete

combustion.
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