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Abstract. The steam injection method is an effective solution for thermal efficiency enhancement. While there
exist different steam injection methods, only one of them is discussed in this paper presenting a thermodynamic
analysis of steam injection in the intake manifold of a diesel engine to identify possible steam effects on the
performance and combustion characteristics. The impact of steam injection mass on the thermodynamics of the
diesel engine was evaluated by the engine model, which was created in the ExtenSim7 software, including the
relevant mathematical relationships. The engine KDI 1903M was chosen for analysis, and its technical
characteristics were used to obtain the modelling data. As a result of the model operation, it is assumed that steam
was injected into the intake manifold at the time of the induction stroke at different steam injection mass: 10, 20,
30, 40 and 50 mg. The model confirmed growth of the pressure increase ratio and effective power with the increase
of the steam injection mass, as also variations in the temperatures at the end of compression and combustion. Some
other important parameters, like NOx emissions, are also discussed and compared using steam injection and
without it. The results showed that at 50 mg of steam injection, the combustion temperature and NOx emissions
decreased by 36 K and 62 ppm, respectively. At the same time, a slight increase in power in the amount of 4.3%
is observed due to a growth of the pressure increase ratio. The results provide guidance for the future experimental
studies in laboratory conditions.
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Introduction

For years, the internal combustion engine industry has been looking for a variety of solutions to
reduce emissions following environmental regulations and restrictions. The range of such solutions
included improvement of the combustion process in the engine and implementation of aftertreatment
emission control technologies and the use of various fuel additives. In recent years, biodiesel additive
to fossil diesel fuel has been actively used [1], which makes a significant contribution to the reduction
of greenhouse gas emissions. Despite this, diesel engines are still considered as one of the largest
contributors to environmental pollution caused by exhaust emissions, and this has stimulated researchers
to look for other more efficient options, which include both hydrogen, hydroxyl gas and simply water
injection. Hydrogen is one of the cleanest fuels due to its composition and combustion efficiency, but
its usage is limited due to a lack of storage and supply facilities, as also safety operation in liquid forms
due to a low temperature and high pressures. This could be solved by implementation of on-board
hydrogen generation systems producing hydroxyl gas, which is produced by the water electrolysis
process and is available in another form like hydrogen. Limitations to the use of all mentioned gaseous
fuels in diesel engines are connected with the low cetane number of such fuels in a result of which
gaseous fuels could be used in dual fuel mode or direct injection into the cylinder at the end of the
compression stroke. Taking it into account numerous researches have been done with hydrogen [2], and
also hydrohyl gas [3-4] addition to diesel fuel, biodiesel [5], diesel/biodiesel blends in such way
improving the engine efficiency and also reducing emissions.

Water injection is another option, which has been widely used for similar purposes. Water injection
improves atomization due to a very low interfacial tension between the fuel and water during the
compression process, as also higher contact area results in a better mixing process of the air and fuel
[6]. Additionally, the decrease in the peak flame temperature could reduce also NOx emissions. Besides
of these advantages it was observed that water inside the cylinder could pronounce corrosion. Therefore,
steam injection was preferred as a more suitable method to avoid this negative effect.

The steam injection process is similar to that of water injection and is considered as one of
technologies in waste heat recovery, as also a method to control emissions [7]. There exist different
steam injection methods [8], which include pre-turbine steam injection (PTSI), intake manifold steam
injection (IMSI), and in-cylinder steam injection (ICSI). The pre-turbine steam injection method allows
to improve the turbine power and change the engine performance, while the intake manifold steam
injection can reduce NOy emissions due to a decrease of in-cylinder temperature by the impact of the
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steam. Similarly, the ICSI method also leaves an impact on the engine emission characteristics due to
an impact on the engine piston power, as also on increase in the exhaust pressure and mass flow rate.
The number of studies conducted in this area is not large, but significant. Higher fuel reduction was
observed with steam injection than that of water injection in case of in-cylinder injection for turbo
compound diesel engine [7], while Parlak [9] has observed increase in the torque and power, as also
decrease in NOx emissions till 13% in all engine speeds using diesel fuel-canola oil methyl ester blends.

However, there exist some researches explaining the impact of steam injection using models. For
example, Gonca [10] modelled the combustion process with a single cylinder, four-stroke, direct
injection, naturally aspirated diesel engine fuelled with ethanol-diesel blend and confirmed decrease in
NOy emissions and improvement in the engine performance. Wu [11] reported improvement in the
thermal efficiency by the steam injection temperature and injection mass, as also increase in the
compression ratio of the in-cylinder steam-assisted cycle.

Literature review confirmed that theoretical researches including analysis of thermodynamics in
case of diesel engines are limited and mainly are concentrated on the in-cylinder steam injection method.
Therefore, this research is focussed on the intake manifold steam injection method and analysis of the
main engine parameters including the in-cylinder pressure rise, temperatures at the end of compression
and combustion, power and NO, emissions. The aim is to understand whether the use of water steam
and the increase in its concentration can affect the previously mentioned parameters.

Materials and methods

The impact of the steam injection mass on the thermodynamics of the compression ignition (Cl)
engine was evaluated by an engine model, which was created in the ExtenSim7 software, including the
relevant mathematical relationships. Since the construction diagram of the created model is too large to
show in the given article, Fig. 1 represents the NO, module of the model analyzed in this research. Initial
conditions and assumptions essential for the operation of this model are listed in Table 1. In the case of
steam application, assumptions were updated according to each specific case. The engine KDI 1903M
was chosen for analysis, and its technical characteristics were used to obtain the modelling data. In the
next stage, it is planned to use the given engine in experimental studies, thus validating the obtained
theoretical data with steam application. This is a highly versatile 3-cylinder in line liquid cooled engine,
used as an agricultural engine, as well as the engine for the generator set, compressor and pressure
washer; the main specifications of it are listed in Table 2 [12].

Table 1
Initial conditions and assumptions for thermodynamic base model
Parameter | Value
Initial conditions
Fuel Diesel
Elements: (wt%)
Carbon 86.6
Hydrogen 12.9
Oxygen 0.5
Lower heating value, MJ-kg* 42.72
Air-fuel ratio 13
Initial temperature, K 288
Initial pressure, MPa 0.1
Assumptions
Filling heating temperature, K 20
Heat utilization coefficient 0.7

Compared to the conventional compression ignition engine, steam is injected in the air intake
manifold during the induction stroke. IMSI method was chosen as the most simplified option to achieve
optimal results. Water injection would not give the desired results as the temperature of the intake
manifold is much lower than that of water, which will not promote the conversion of water into steam.
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Steam in-cylinder injection will be considered as a possible option in future studies if that particular
method does not produce the desired results.

The model was previously validated in other researches [13], and corrections were made in it for
the application of steam. It is known that water steam has the same chemical formula as water, but
molecules in steam are not structured as it is in case of water in liquid and solid condition. Additionally,
they have also different interaction between each other. Water steam contains two hydrogen and one
oxygen molecule. It is assumed that the ratio of hydrogen and oxygen by mass in water is 1:8, which
was considered during modelling.

Table 2
Basic engine parameters
Parameter Value
Engine type Cl engine
Cylinders 3
Bore, mm 88
Stroke, mm 102
Compression ratio 17
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Fig. 1. Schematic of one module of the common
thermodynamic model used in the research

Modelling was performed at the crankshaft speed (2600 rpm), when the engine must reach
maximum power based on the manufacturer data. The impact of the steam injection mass on the
expansion ratio, temperature, power, and NOyx were analysed. As a result of the model operation, it is
assumed that steam was injected into the intake manifold at the time of the induction stroke at different
steam injection mass: 10, 20, 30, 40 and 50 mg. This type of method was chosen as the exact dosing of
the steam amount is expected also in the experimental studies.

Maximum allowable limit of water steam which can be injected into the engine was determined by
mathematical expressions and was included in the model. The temperature when condensation begins
below this limit was found using the following mathematical expression [9]:
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where wp — specific humidity of the mixture, g.kg?;
wy — specific humidity of atmospheric air, g.kg?;
cp — specific heat of dry air, J-(kg-K)?;
To — temperature of atmospheric air, K;
hs — enthalpy of injected steam, J;
nix.a— mass flow rate of atmospheric air, g-s;
nis — mass flow rate of injected steam, g-s™.

Results and discussion

The effect of the steam injection mass on the engine thermodynamic parameters was observed and
analysed in this section. Fig. 2a shows the effects of the steam injection mass on the temperature at the
end of compression and 2b shows the effects of the steam injection mass on the temperature at the end
of combustion. It could be observed that the temperature at the end of compression increases with the
amount of injected steam while the peak temperature decreases in such way providing easy ignition. In
case of water injection longer ignition delay could be observed, which could be reduced with a well
mixture preparation [9]. Therefore, increased amount of steam could promote this easy ignition option.
Besides, combustion duration could be prolonged, and the flame speed decreased with increased amount
of steam, which could be also confirmed by the steam impact on reduction of concentration of OH and
H radicals [14]. Therefore, steam reduces high-density flame distribution and results in the temperature
drop in the cylinder.
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Fig. 2. Effect of steam mass on the temperature at the end of combustion (a) and the
temperature at the end of combustion (b)

The impact of the steam injection mass on the pressure increase ratio is illustrated in Fig. 3a. It is
observed that the steam injection mass increase improves also the in-cylinder pressure, which could be
explained by improvement of the combustion process. Therefore, improvement in the pressure increase
ratio is also observed, which must improve further also the engine power. As it is known, the maximum
in-cylinder pressure is closely related to the fuel consumption and power performance.

Fig. 3b shows the engine effective power improvement based on the steam injection mass increase.
Similar situation during modelling was also observed with the fuel specific consumption, although the
data obtained are not reflected in this publication. However, such increase is lower, as it would be
expected, for example, in case of in-cylinder steam injection, where the mass flow rate would be
increased [8]. Besides, the maximum steam injection mass is limited based on the exhaust temperature
and the heat exchange capability [8]. In any case increase in power, as also the torque, could be explained
by the fact that steam injection contributes to decreased fuel droplet diameters and better atomization
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[9]. Water droplets vaporize rapidly in such way absorbing the heat of the cylinder charge owing to the
high heat capacity and partial pressure of oxygen increases [15].
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Fig. 3. Effect of steam mass on the pressure increase ratio (a) and effective power (b)

As it is known, NOy formation is strongly dependent on many factors, the most important of which
is high temperature in the cylinder during combustion or the peak combustion temperature. As it was
seen in Fig. 2, as the combustion temperature decreases, then must be expected decrease also in NOx
emissions. Fig. 4 confirms this statement. Reduction could be explained by the combined effect of
different factors — vaporization absorbing heat, high molar heat capacity of H,0 and reduced partial
pressure of oxygen [9]. Therefore, it could be concluded that the specific heat of steam is more than 2
times higher than of the air. This allows to absorb more than 2 times higher heat allowing to reduce the
peak combustion temperature during formation of oxides of nitrogen [9].
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Fig. 4. Effect of steam mass on NOx emissions

Increased steam injection effect could be usable in case of biofuels as the formation of the main
combustion products, including NO, will be decreased and the specific heat together with the engine
performance increased [15]. Utilization of oxygenated fuels, for example biodiesel, which produce
larger NOy emissions, together with steam injection would be a valuable solution. For example, Cesur
[16] has found decrease in NOy emissions by 13.7% and increase in the power by 2.2% using 15% steam
injection to diesel fuel containing biodiesel (90% diesel + 10% biodiesel).

Conclusions

The use of steam in small quantities could be a suitable solution for increasing the engine efficiency
and reducing emissions in diesel engines. The increase in the pressure and decrease in the combustion
temperature in the cylinder can have both positive and negative benefits — combustion improvements,
as also reduction of NOx emissions. For example, at 50 mg of steam injection, the combustion
temperature and NOx emissions decreased by 36 K and 62 ppm, respectively. At the same time, a slight
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increase in the power in the amount of 4.3% is observed due to a growth of the pressure increase ratio.
As there is a possibility of the growth of other emissions than it is necessary to find the optimal method
and quantity of supplied steam and possibly also fuel (for example, biodiesel) to obtain the best results.
The created model confirms the relationships obtained theoretically and experimentally by other
researchers, which indicates the possibility of its further application.

The next stage of the research will be focussed on the validation of the theoretical results by
performing experimental studies of the particular engine on the engine test bench. Likewise, further
research could pay attention also to the effect of the steam temperature, injection pressure, as also
injection timing on the engine operating parameters.
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