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ABSTRACT

In the paper, the effect of water injection and different air/fuel ratio on the gasoline engine performance and
emissions was investigated theoretically. A four cylinder SI engine model was built using GT-Power professional
software. The gasoline fuel was injected directly to the cylinder and water was injected into the intake manifold
with different mass flow rate. The calculated engine parameters were: cylinder pressure and temperature, brake
torque, brake power, mean effective pressure, thermal efficiency, carbon monoxide, hydrocarbon, and nitrogen ox-
ide emissions. The results of simulations show that the increased water mass flow rate resulted in an improved en-
gine performance and decreased emissions compared to neat gasoline fuel. However, we found that the excessive
increase of the water amount inside the cylinder resulted in a deteriorated engine performance and, consequently,

poor combustion efficiency.
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INTRODUCTION

The internal combustion (IC) engine operat-
ing on fossil fuel is one the main sources of air
pollution. Therefore, the major challenge faced
by automobile manufacturers is to reduce the en-
gine emissions and increase their efficiency. Re-
cently, the low temperature combustion technique
has been considered as one of the promising tech-
nologies to reduce the in-cylinder temperature
and engine emissions. Water injection technique
is a good technology due to its ability to decrease
the combustion temperature inside the cylinder
by absorbing high amount of heat released from
combustion. In addition, the cooling of the engine
parts increased the engine lifespan, and prevented
the load shock inside the engine.

Many researchers have investigated the effect
of water injection on the IC engine due to improved
engine efficiency and reduced emissions [Berni et
al. 2015, Breda et al. 2015, Brusca and Lanzafame
2003, Hoppe et al. 2016, Harrington 1982, Kim et

226

al. 2016, Mathur et al. 1992, Parley 2011, Peters
and Stebar 1976, Weatherford and Quillian 1970].
Boretti [2013] studied the effect of water on a tur-
bocharged engine and observed a reduction in the
intake gas temperature, resulting in improved en-
gine power and fuel efficiency. Totala et al. [2013]
observed a reduction of carbon monoxide (CO)
and hydrocarbon (HC) emissions when a water/
methanol mixture was introduced to the gasoline
engine. Berni et al. [2015] confirmed theoretically
the effect of water/fuel mixture percentage on the
engine knock resistance. The study on the effect
of intake manifold water injection was performed
by Tauzia et al. [2010]. The extension of the ig-
nition delay compound with NO_ reduction was
observed when water was added to the mixture.
Tesfa et al. [2011] investigated the effect of water
injection in an IC engine operating on biodiesel
fuel. They observed a significant reduction of ni-
trogen oxide (NO ) with engine performance dete-
rioration. Subramanian [2011] analyzed the effect
of water injection on engine emissions.
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The goal of this work was to theoretically in-
vestigate the effect of different water mass flow
rates and air/fuel ratio on the engine emissions
and performance as well. A four cylinder SI en-
gine model was built and simulated. Water was
injected to the intake manifold with various mass
flow rates ranging from 0.5 g-s™' to 1.5 g's'. The
gasoline fuel was injected directly to the combus-
tion chamber. The engine speed was constant for
all runs, amounting to 2000 rpm, and the engine
was operated at full load. The model was vali-
dated using the data available from the literature.

MODEL DESCRIPTION

A four cylinder direct injection spark igni-
tion engine model is presented in Figure 1. The
gasoline fuel was injected directly to the cylin-
der with a mass flow rate of 0.65 g-s™', 0.56 g-s!
and 0.49 g-s! to obtain the air/fuel ratio (AFR) at
12.5, 14.5 and 16.5, respectively, for dry gasoline
combustion. The water was injected to the intake
manifold with mass flow rate varying from 0.5
to 1.5 g-s™! and temperature of 300 K. The neat
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gasoline fuel combustion was also investigated in
order to compare with the gasoline/water injec-
tion parameters. The engine speed was 2000 rpm
and it was kept constant for all simulation runs.
The AFR was varied as shown in Figure 2. The
injected water to the intake port absorbs heat and
reduces the intake charge temperature resulting in
an increased volumetric efficiency and amount of
air introduced to the cylinder causing the increase
of AFR. The gasoline injected mass increased
along with the air mass.

The GT-Power program solves the conser-
vation equations using a 1-dimensional model
[http://www.gtisoft.com]. The Woschni model
was used to calculate the heat transfer in the com-
bustion chamber. We used the SI Wiebe combus-
tion model, which imposes the burn rate for SI
engine using the Wiebe function. However, the
Wiebe constants should be determined experi-
mentally. The engine specifications are presented
in Table 1. The engine initial conditions are pre-
sented in Table 2. The operation conditions are
illustrated in Table 3. The model was validated
using the data available from the literature, and a
good agreement was obtained.
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Figure 1. Four cylinder engine model using GT-Power code
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Figure 2. Air/fuel ratio variation with water mass
flow rate

Table 1. Engine geometry

Parameter Unit Value
Bore mm 85
Stroke mm 87
Connect rod length mm 180
Piston pin offset mm 0
Number of cylinders - 4
Compression ratio - 10
Bore/stroke - 0.97
Inlet valve close °CA -105
Inlet valve open °CA 308
Exhaust valve close °CA 385
Exhaust valve open °CA 128

Table 2. Engine initial conditions

Parameter Unit Value
Initial pressure bar 1
Initial temperature K 300
Head temperature K 575
Piston temperature K 575
Cylinder temperature K 400

Table 3. Engine operating conditions

Parameter Unit Value
Engine speed rpm 2000
Start of combustion °CA -20
Start of injection °CA 365
Reference pressure of volume
effect bar !
\F/{;Legzng?f et((-itrnp(-;rature of K 300
Mean piston velocity m-s' 5.6

Conservation equations

The conservation equations solved by GT-
Power code are presented below [Lanzafame
1999]:
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Continuity:
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“)
where: m — mass of fuel injected (kg),
p — pressure in the cylinder (Pa),
V — volume of the cylinder (m?),
T —temperature of the cylinder contents (K),
H — enthalpy (J-kg™),
C,— specific heat (J-kg!-K™),

v
p — density of fuel (kg-m?).

Heat transfer model

The heat transfer model used in the simula-
tion was the Woschni model, which calculates the
heat transfer according to the following equation
[Lanzafame 1999]:

0.8
A0 (50

piston

0.8
+C T;‘ac 'V.(p_pmutar)
psac : VSOC

)

where: A, B, C are Woschni coefficients.

Thus the heat transfer per unit area of cylinder
wall is defined as:

d
FQ:h'(Tgas_Twall) (6)

where: dQ/F — heat transfer per unit area (W-m?).

RESULTS AND DISCUSSION

The effect of water injection on engine
performance

Figures 3 and 4 show the effect of water in-
jection and AFR on the engine brake specific fuel
consumption and engine power. The engine fuel
consumption decreased as the mass of the injected
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Figure 3. Effect of water injection on fuel consump-
tion for different AFR
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Figure 4. Effect of water injection on engine brake
power for different AFR

water increased, as shown in Figure 3. This is due
to the reduction of the exhaust gas temperature
and shifting toward stoichiometric combustion.

The engine power also improved when the
water mass increased, as illustrated in Figure 4.
This is due to the increase in the AFR as well as
raised amount of injected fuel and improved ther-
mal efficiency. Besides, if small water droplets
were introduced to cylinder, they could absorb
the heat and decrease the cylinder pressure during
the compression stroke resulting in a reduction of
compression work. Another reason for the engine
power improvement could be the combustion
of the mixture under stoichiometric conditions
caused by the exhaust gases temperature reduc-
tion due to the injected water. Similar results were
obtained by Boretti [2013].

The injected water mass positively affects the
engine brake effective pressure and brake ther-
mal efficiency, compared to neat gasoline fuel, as
seen in Figures 5 and 6. The thermal efficiency
increased along with water flow mass due to the

increased working fluid mass caused by water
droplets evaporation which turn into high pres-
sure steam. Besides, when the injected water mass
flow rate is 1.5 g-s™' the reduction in the exhaust
gas temperature is around 120 °C, which results
in increasing the thermal efficiency by about 10%
for stoichiometric and lean mixtures. Similar re-
sults were presented by Lumsden et al. [1997].

The mean effective pressure is affected by the
spark timing. When water mass increased, the
advanced timing should be increased as well and
consequently the engine effective pressure should
be improved. Moreover, the brake effective pres-
sure will increase along with the water mass due
to knock mitigation caused by the introduced
water. Furthermore, the injected water causes the
combustion retardation, resulting in closer con-
stant volume combustion leading to an increase
in the brake effective pressure. This is in good
agreement with Kim et al. [2016]. In general, the
engine performance improved with water injec-
tion for different AFR (Figures 7 and 8).
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Figure 5. Effect of water injection on engine pressure
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Figure 6. Effect of water injection on engine thermal
efficiency
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Figure 7. Heat release rate versus AFR for dry
combustion
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The effect of water injection on engine
emissions

The extended Zeldovich model was used to
calculate the NO_ emissions. The equations are
shown below [Lanzafame 1999]:

O+N,=NO+N (7)
N+0,=NO+0 (8)
N+OH=NO+H 9)

The O, concentration variation as a func-
tion of crank angle was presented in Figure 9a.
The characteristic of NO emissions for different
AFR is presented in Figure 9b. The effect of wa-
ter mass flow rate on NO emissions for different
mixtures was illustrated on Figure 10. As shown,
the nitrogen oxide amount decreased signifi-
cantly when the water mass flow rate increased
for the stoichiometric and lean mixtures. This
is due to high cylinder temperature caused by
complete combustion and the exceeded amount
of oxygen available to react with nitrogen. As it
is known, the NO formation required oxygen,
nitrogen and high local temperature. Another
reason for high NO emissions for lean combus-
tion could by the improper spark timing which
should be adjusted according to the AFR and
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Figure 9. Engine emissions characteristics versus crank angle for different AFR (dry combustion)
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Figure 10. Effect of water injection on NO emissions (dry AFR, a=12.5, b=14.5, and c=16.5 respectively)

injected water mass. The increase of the inject-
ed water amount resulted in a better control of
engine emissions. This observation is in agree-
ment with Mathur et al. [1992] who performed
a reduction of NO_ emissions as the water flow
rate increased. Furthermore, Adnan et al. [2012]
reported that the increased water injection dura-
tion resulted in an elevated water amount in the
mixture and, consequently, reduced NO_ emis-
sion. Moreover, when the water mass increased,
the maximum cylinder temperature decreased,
resulting in lower NO_ emission. For the stoi-
chiometric mixture, the reduction of NO_emis-
sions is about 90% for 1.5 g-s' water mass,
compared to neat gasoline fuel.

Figure 11 illustrates the hydrocarbons con-
centration versus the water mass flow rate for
different mixtures. As it can be seen, the in-
creased of water mass resulted in decreased HC
emissions due to the extension of burn duration
0f 0-50% fuel mass. The HC emissions are high-
er for rich mixture due to incomplete combus-
tion. For stoichiometric and lean mixtures the
HC emissions are lower due to the consump-
tion of all fuel injected into cylinder. The HC
formation could be affected by engine misfiring,
flame quenching, improper ignition timing, in-
sufficient burning time and not burnable air/fuel
mixture. Too lean or too rich mixture resulted
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in increased HC emissions. For the rich mixture
the oxygen concentration is low, causing incom-
plete combustion of the fuel (hydrocarbons) in-
jected to the cylinder and hence increased the
HC emissions. The injected water reduces the
fuel percentage in the mixture and increases the
air amount introduced to the cylinder and conse-
quently more amount of injected fuel will burn
and lower HC will be produced. Similar results
were confirmed by Hoppe et al. [2016]. In addi-
tion, the injected water reduced the peak burn
rate leading to higher HC emissions.

The effect of water mass on the carbon di-
oxide and carbon monoxide emissions is pre-
sented in Figures 12 and 13. The CO, and CO
concentration decreased when the water flow
mass increased.

As shown in Figure 13, the higher CO
emissions presented for rich mixture due to
insufficient oxygen in the mixture caused in-
complete combustion and slow CO oxidation.
As the oxygen amount increased (as for lean
mixture) the CO emissions decreased. Besides,
the CO emissions reduced significantly when
the water flow mass was added to the mix-
ture, compared to dry combustion for all AFR.
When the water was injected to the engine port
and introduced to the cylinder, the fuel enrich-
ment conditions diminished resulting in lower
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Figure 11. Effect of water injection on HC emissions (dry AFR, a= 12.5, b=14.5, and ¢=16.5 respectively)
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Figure 13. Effect of water injection on CO emissions (dry AFR, a= 12.5, b=14.5, and c¢=16.5 respectively)

O, available for CO oxidation. The same re-
sults were obtained by Kim et al. [2016]. In
addition, water could decrease the emissions,
if CO and water shift to produce H, and CO,,
as performed by Parley [2011].

CONCLUSIONS

As aresult of the investigations, the following

conclusions were drawn:

1.

When injected, the water mass increased to the
optimum value, the engine power and thermal
efficiency increased respectively.

. In general, the increase mass of injected water

resulted in decreased engine emissions for dif-
ferent AFR.

. The stoichiometric mixture produces higher

engine power compared to other mixtures due
to complete combustion.

. Further addition of water inside the cylinder

resulted in deteriorated engine performance
and weaker combustion efficiency. Therefore,
the mass of injected water should be limited to
the optimum value for each engine operating
conditions.
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