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ARTICLE INFO ABSTRACT
2024, vol. 44, no.2, pp. 308-321 In the present study, the effects of water addition into intake air (WAIA) on combustion,
©2024 TIBTD Online. engine performance, and NO emission in diesel engines were investigated numerically. Here,

doi: 10.47480/isibted. 1563972 Ferguson's thermodynamic-based zero-dimensional single-zone cycle model was used and

improved with new approaches for neat diesel fuel (NDF) and WAIA. After controlling the

g::;g;g’:;ggsberzozg model's accuracy for NDF and WAIA, the effects of WAIA were first' investigated in the
Accepted: 21 July 2024 Renault K9K diesel engine. For (5 and 7.5)% water ratios (WRs), effective power decreased

by 4.26% and 7.37%, brake specific fuel consumption (BSFC) increased by 6.95% and
* Corresponding Author 10.56%, and NO emission reduced by 12.43% and 16.39%, respectively. In the second
e-mail: mtuti@ktu.edu.tr application, the effects of (3, 6, and 9)% WRs on combustion, engine performance, and NO

emission in the Renault MOR diesel engine were investigated at 4000 rpm by using this
Keywords: developed model. For (3, 6, and 9)% WRs, BSFC increased by 0.97%, 3.39%, and 8.25%, and
Thermodynamic cycle model NO emission decreased by 10.31%, 17.66%, and 34.20%, respectively. For (3 and 6)% WRs
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effective power increased, and NO emission decreased significantly without considerable
deterioration in the BSFC at 4000 rpm. Cylinder pressure values and heat release rate
increased for (3 and 6)% WRs and decreased for 9% WR.
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Modern Otomobil Dizel Motorlarinda Emme Havasina Su Eklenmesinin Sayisal
incelenmesi

MAKALE BILGISI OZET

Anahtar Kelimeler: Sunulan ¢alismada, dizel motorlarda emme havasina su eklenmesinin (EHSE) yanma, motor
Termodinamik Cevrim Modeli performans1 ve NO emisyonu iizerindeki etkileri sayisal olarak incelenmistir. Burada
Su kullanim Ferguson'un termodinamik esash sifir-boyutlu tek-bélgeli ¢evrim modeli kullanilmistir ve sz

Aci8a cikan 1s1 orani

NO emisyonu konusu model saf dizel yakit1 (SDY) icin yeni yaklasimlarla gelistirilmistir ve daha sonra

gelistirilen ¢evrim modeli EHSE durumu i¢in uyarlanmistir. Modelin SDY ve EHSE igin
dogrulugu kontrol edildikten sonra, EHSE'nin etkileri ilk olarak Renault K9K dizel motorunda
incelenmistir. Secilen %(5 ve 7.5) su oranlari icin; efektif giic %4.26 ve %7.37 diizeylerinde
azalmus, 6zgil yakit tiiketimi (OYT) %6.95 ve %10.56 oranlarinda artmis ve NO emisyonu ise
%12.43 ve %16.39 diizeylerinde azalmistir. Ikinci sayisal uygulamada ise; %(3, 6 ve 9) gibi ii¢
farkli su oraninin kullaniminin yanma, motor performansi ve NO emisyonu lizerindeki etkileri
Renault M9R dizel motorunda 4000 d/d devir sayisinda incelenmistir. %(3, 6 ve 9) su oranlari
icin; OYT, sirasiyla %0.97, %3.39 ve %8.25 oranlarinda artmis ve NO emisyonu ise sirasiyla %
10.31, %17.66 ve %34.20 oranlarinda azalmistir. %(3 ve 6) su oranlarinda, efektif gii¢c artmis
ve NO emisyonu, OYT'de 6énemli bir kétiilesme olmadan énemli dl¢iide azalmustir. Silindir
basinglar1 ve agiga ¢ikan 1s1 oranlar1 %(3 ve 6) su oranlarinda artmis, %9 su oraninda ise
azalmistir.
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NOMENCLATURE

be, BSFC brake spesific fuel consumption (kg/kWh) CA crank angle

Ne effective power (kW) ZDSZ zero dimensional single zone

NDF neat diesel fuel € compression ratio

Yno mole fraction of nitrojen oxide ID ignition delay

WAIA water adding into the intake air HRR heat release rate (J/deg.)

INTRODUCTION optimizing combustion chamber geometry, rather than

It is well known that in modern industries possible maximum
reduction of time and money spent on the development and
preparation of various products and the rapid
implementation of changes in product design parameters and
operating modes are required. Costly and time-consuming
experimental tests can be modeled under the same
conditions, significantly increasing the efficiency of research
and development with the improvement and implementation
of various computer modeling studies (Zhang et al., 2023;
Bondar et. Al, 2020). Modeling studies are also important and
necessary for internal combustion engines, especially diesel
engines which are one of the main sources of mechanical
energy for propulsion of ships (seagoing ships) and land
vehicles. Actually, the modeling of diesel engine cycles is an
important research area from the past to the present, and
various types of engine cycle models are developed and
applied to calculate diesel engine cycles. In practice, by using
these diesel engine cycle models and other simulation
methods, the number of costly systematic experiment studies
could be reduced and optimum engine design parameters can
be calculated in a very short time. By this way, very useful
results can be reached. Thus, these models reduce the cost
and time required for engine development and help to reach
the most suitable designs. Therefore, nowadays new
simulation models are constantly being developed and
improved (Bedford et al, 2000; Pasternak et al, 2009;
Shristava et al.,, 2002; Heywood 1988; Juri¢ et al., 2023). In the
following section, the main models applied in combustion and
cycle calculations in diesel engines have been briefly
introduced. Moreover; some of the results obtained from the
application of these models for NDF and also for alternative
fuels and for alternative solutions given in the main literature
were been summarized.

Literatur Review

Various combustion types and complete cycle models have
been developed for diesel engines, typically categorized as
thermodynamic-based models and multi-dimensional
models (MDMs) (Sahin and Durgun, 2008). Thermodynamic-
based models rely on the application of the first law of
thermodynamics to the engine cylinder or its manifolds,
yielding a system of ordinary differential equations governing
cylinder pressure, temperature, work, and heat transfer.
These equations are solved to compute the diesel engine cycle
accurately, facilitating the determination of engine
performance parameters and exhaust emissions. Conversely,
MDMs involve numerically solving fundamental differential
equations governing fluid motion and combustion processes
within finely meshed engine cylinders. While MDMs offer
detailed spatial and temporal resolution, they demand
extensive computational resources and time due to the
complexity of meshing irregular combustion chamber
geometries. Consequently, MDMs are primarily utilized for
analyzing flow motion in non-combustible states and

modeling entire engine cycles or determining performance
parameters. Therefore, for comprehensive engine cycle
calculations and parametric studies related to engine
performance and exhaust emissions, thermodynamic-based
models are generally preferred (Sahin and Durgun, 2008;
Kokkiiliink et al., 2013).

Many thermodynamic-based models (Sahin and Durgun, 2008;
Kokkiiliink et al., 2013; Oiang, 1992) and MDMs (Savioli, 2015;
Tutak and Jamrozik, 2016) can be found in the literature. Tutak
etal. (2016) improved a CFD model for a turbocharged diesel
engine, confirming its accuracy with test engine data, then used
it to optimize the engine cycle, noting a significant increase in
NOx and soot emissions for optimal efficiency. They
emphasized its value in optimizing internal combustion
engines for thermodynamic parameters and emissions.

Sahin and Durgun (2008) developed a multi-zone
combustion model for NDF, ethanol, and gasoline fumigation
in diesel engines, studying their effects on combustion
dynamics, efficiency, and emissions. Their findings showed
ethanol fumigation reduced BSFC and NO concentration,
while gasoline fumigation decreased NO concentration with
minimal impact on BSFC.

Many thermodynamic-based models (Sahin and Durgun,
2008; Kokkilink et al, 2013; Oiang, 1992) and MDMs
(Savioli, 2015; Tutak and Jamrozik, 2016) have been
performed to calculate the diesel engine cycle for NDF, for
using of alternative various fuel additives, water, etc. in the
literature. These modeling studies have provided valuable
information to scientists and the automotive sector. Today,
numerical studies and also experimental studies for related to
alternative fuel additives, improving of engine design,
developing combustion process, etc. continue intensively. The
main purposes of these studies are to reduce environmental
pollution and to improve engine performance. Since the
adding water in internal combustion engines, especially in
diesel engines consists of an effective method to reduce NOx
emissions, research on this subject continues. In fact; since
the 1950s, adding water in different ways in diesel engines
has been attracted the interest of many scientists and a lot of
numerical and experimental studies have been carried out on
this subject. In recent years, the number of numerical studies
on using of alternative fuels and water in diesel engines has
increased, especially with the increase in the speed and
capacity of computers (Sahin and Durgun, 2008; Kokkiiliink,
2012; Lamas et al, 2013; Gonca et al, 2015; Sandeep et al,
2019; Tamma et al, 2003). Some examples of numerical
studies on the adding of water or various water-alternative
fuels in diesel engines can be summarized as follows:

Bedford et al. (2000) explored cylinder water injection's
impact on diesel engine performance using Kiva-3v based CFD
simulations, finding that it lowered NOx emissions and soot
formation due to water evaporation and increased gas specific
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heat around the flame. Sandeep et al. (2019) investigated the
impact of water addition into intake air (WAIA) on engine
performance and emissions in a turbocharged diesel engine,
employing both experimental and numerical methods.
Simulations were carried out using a one-dimensional package
computer program (DPCP) for different water injection
amounts, revealing that increased injection reduced NOx
emissions but increased smoke levels. Optimal performance
was observed with 2.8 mg of water injection, leading to a
notable decrease in cylinder temperature and an 8-10%
reduction in NOx emissions, despite a 20% increase in smoke.
Kannan and Udayakumar (2009) developed a thermodynamic-
based ZDSZ model to investigate the effects of water emulsion
on cylinder pressure, engine performance, and NO
concentration. Their study reveals that water emulsion
increases BSFC but decreases NO concentration. Kokkiiliink et
al. (2013) investigated the effects of water addition into the
intake air as steam on engine performance and exhaust
emissions through experimental and numerical methods. In
their numerical analysis, Ferguson's (1986) thermodynamic-
based ZDSZ cycle model was refined and adapted for a 20%
water-steam ratio. Employing an electronically controlled
injection system, water was introduced into the intake air as
steam. Their findings revealed that steam injection improved
engine performance and reduced NO emissions, with no
significant impact on CO, CO2, and HC emissions. As can be seen
from the above literature survey, many studies have been
carried out, including dimensional package computer
programs and thermodynamic-based ZDSZ models to calculate
diesel engine cycles for NDF, various alternative fuels, and
different water adding applications. Although there are many
studies on the modeling of NDF (Pasternak et al, 2009;
Shristava et al, 2002; Sindhu et al, 2014) and different
alternative fuels (Nemati et al., 2016; Rakopoulos et al., 2008)
studies on the numerical examination of water adding in diesel
engines are more limited. In fact, the experimental
investigation of water adding in diesel engines has been carried
out widely. In these studies; researchers generally have
preferred three different methods for the application of water
in diesel engines. These methods can be classified as adding of
water into the intake air, mixing of the water with the diesel
fuel, as known as the emulsion method, and injection of the
water directly into the combustion chamber with a separate
injector. Water adding in diesel engines by these three methods
has been explained to be very effective in reducing NOx
emissions (Gowrishankar etal,, 2020; Jhalani et al, 2023; Ece and
Ayhan, 2019). Zhu et al. (2019) made the following statements
about the water adding in internal combustion engines in their
review research. Water adding is a promising technique to
reduce the cylinder temperature and exhaust temperature,
mitigate combustion knock, improve combustion phasing and
decrease NOx emissions. Also, they stated that since mechanisms
of water injection with different aims are distinct, benefits on
engine performances and emissions are also varied.

Out of these; considering the NOx emission reduction
potential of water adding, nowadays water has been
preferred to use with the above-explained methods as a third
additive along with the other alternative fuels in diesel
engines (Wang et al,, 2018; Vellaiyan etal.,, 2019; Maawa et al,,
2020). For example, Maawa et al. (2020) experimentally
investigated the effects of biodiesel-diesel fuel blends (B20)
emulsified with varying proportions of water on engine
performance, combustion characteristics, and exhaust
emissions. They utilized conventional diesel fuel, blended

palm oil methyl ester/diesel fuel (B20), and B20 emulsified
with different water proportions (B20E5, B20E10, B20E20,
and B20E30) in their study. Their findings suggest that water
emulsification with biodiesel-diesel fuel blends effectively
reduces exhaust emissions, particularly NOx, without
compromising engine performance.

Our literature review confirms that water adding is one of the
best methods that can be applied to reduce NOx emissions in
diesel engines. Therefore, it is worthwhile important to
numerically and experimentally examine the effects of water
adding on combustion, engine performance parameters, and
exhaust emissions in current automotive diesel engines.
Besides, as can be stated from the above brief literature review
modeling studies on water adding are more limited than
experimental studies. For this reason, in the present study, the
water adding into the intake air has been numerically
investigated in two different diesel engines, used by current
automobiles. Also, an experimental investigation of WAIA in an
automotive diesel engine has been carried out and the
experimental data have been compared with numerical results.
Here, to calculate the diesel engine cycle, thermodynamic-
based ZDSZ model, which is practical and easy to implement,
was improved and applied for NDF and WAIA. In this model,
modeling of the intake and exhaust processes, which are not
usually calculated in the cycle calculations in the literature,
were also performed. Then, the mentioned model was adapted
for water adding to the intake air with new suppositions, and
the accuracy control of this program was verified by comparing
with the experimental data and by numerical results of the
studies given in the literature. Also, systematic numerical
applications were carried out to understand the effects of
WAIA on the combustion process, engine performance, and NO
concentration for two different automobile diesel engines,
using in road vehicles today. Thus, the results obtained from
this study can be transferred directly to the automotive
industry. More importantly, the present study fills a critical
research gap by developing and using a thermodynamic-based
ZDSZ model to investigate the effects of WAIA on engine
performance and NO emissions in automotive diesel engines.

BRIEF DESCRIPTION OF PRESENT MODEL FOR NDF

In the present study, a thermodynamic-based single-zone
model for calculating the complete diesel engine cycle is
adapted and improved. Here, intake and exhaust processes
are modeled with a practical calculation method developed
by Durgun (1991). Compression, combustion, and
expansion processes were computed by adapting the
model originally developed and given by Ferguson (1986).
Firstly, the above- mentioned complete diesel engine cycle
model was improved for NDF, and its accuracy was
checked. Then, this model has been adapted for the WAIA.

a) Modeling of Intake and Exhaust Processes: Intake
and exhaust processes are modeled with a practical
calculation method developed by Durgun (1991). This
model will be introduced very briefly here. Detailed
information on this subject can be found in the reference
(Durgun, 1991). The pressure at the intake process was
calculated using the following relation by applying the well-
known Bernoulli equation to the engine intake system.

2
] L2107 (1)

P, (MPa) = P — (B” + &) |

Vipn
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where P! is turbocharger compressor outlet pressure,
([52 + &) is the coefficient showing the total losses in the
intake system, n and ny are the actual engine speed and
nominal engine speed, respectively, Vi is the maximum
flow speed in the intake system, pa is the density of air.
Here, since turbocharged diesel engines are used, the

pressure and temperature at the outlet of the compressor
of the turbocharger were determined by using the semi-
empirical relation (2) and (3) given in Table 1. Also,
residual gases have been taken into account by using yr the
coefficient of the residual gases in the present model and yr
was calculated by using relation (4) given in Table 1.

Table 1. Some relations used in the intake and exhaust process calculation

Equation and equation number

Explanation of some parameters in the relations

P! MPa) =1.5Po low-turbocharged (2a)
P/ (MPa) = (1.5-2.2)Po mid-turbocharged (2b)
P! (MPa) = (2.2-2.5)Po high-turbocharged (2c)

Po: Ambient pressure

T, = (600 — 1000)K
P, = (0.75 — 0.98)P,

, P e To:Ambient temperature
Te(K) = Tp. (T_é) (3) ne: Polytropic compression exponent of the compressor

= T£T+AT_ ‘l;s-Pr _ (4) @, Additional charge coefficient
Pl p v EPeqFaTPstr @, Scavenging coefficient of supercharged
T(’: : TO} for naturally aspirated engines € : Compression ratio of the engine

c— o AT: Amount of preheating of the intake charge

Tr: Temperature of the exhaust gases
T =+ Tp ) TrT—,Tr <39 (5a, 5b) T,: The calculated exhaust temperature
VPo/Pr r P, T, :The selected exhaust gas pressure and temperature

Ty, , Py: Temperature and pressure at the end of the expansion stroke

The temperature at the end of the exhaust process was
calculated by using relation (5a) given in Table 1, depending
on the temperature at the end of the intake. The exhaust gas
temperature calculated at the end of the cycle calculations is
compared with the selected exhaust gas temperature at the
beginning of the cycle. If the difference between the two
values is less than 3%, the cycle calculations and empirical
data selections can be considered compatible. This difference
ratio can be called as the accuracy of the cycle. If the
difference exceeds this value, the cycle might be repeated by
taking the last calculated exhaust gas temperature as the
residual gas temperature value. The cycle calculation
continues iteratively until the difference becomes less than
%3. Thus, complete cycle calculation control has been
reached. Exhaust temperature comparison procedure is
carried out by using relation (5b) given in Table 1.

b) Modeling of Compression, Combustion and Expansion
Processes: Applying the first law of thermodynamics to the
gas mixture in the cylinder, the following set of differential
equations can be obtained by applying the energy balance
where work, heat losses, and mass losses are also considered.
This set of differential equations in question is solved from
the beginning of the compression process to the end of the
expansion process step by step and the cylinder pressure,
cylinder temperature, and cycle work values are determined.
Here, the set of ordinary differential equations numbered (6-
11) is solved simultaneously by Butcher's (1995) 5t Order
Runge-Kutta method during the compression, combustion
and expansion processes. Detailed information on the
deriving of these equations can be found in the references
(Tuti, 2022; Ferguson, 1986). Also, at the end of a step,
cylinder temperature and pressure values were calculated
the next crankshaft angle by using (12) and (14) equations,
given in Table 2. These equations were solved by Newton-
Raphson method in 0.5° CA steps.

dmg _ 1 (_my )

o~ o (1+¢.FS (6)
dme_ 1, ( oo ml-"’-Fs)

® o MG T T eE (7)

du _ Q. dv | orighy  righy

de — w P de [ w (8)
dw dv

E T )

Y T (10)

w w
my.h — C.m.hy (11)
w w

Eq.6 and Eq.7 give the rates of change of the masses of air
and fuel in the cylinder in respect of the crankshaft angle. In
these equations, m; is the loss of mass escaping from the
valves and piston rings, mg; is the total mass of fuel to be
injected, ¢ is the equivalence ratio, and Fs is the
stoichiometric fuel-air ratio. Eq.8 is the first law of
thermodynamics or the energy equation for a closed system
which is applied to the cylinder contents during
compression, combustion, and expansion strokes. The
terms on the right-hand side of this equation show heat
transfer, work, energy provided by injected fuel, and
blowby, respectively. The work, heat transfer, and blowby
have been modeled by using relations (9-11), respectively.

In Eq.10, B is the cylinder bore, T,, is the wall temperature,
V is the volume of cylinder and h is the convection heat
transfer coefficient of the gas in the cylinder. Here, h has
been determined from Woschni's (1967) correlation.

In Eq.11, m; is the mass flow rate of gas escaping from the
rings and valves, C is the blowby coefficient. Thus, as
explained above V, m,, m¢, U, W, Q; and h; values can be
determined numerically by solving this ordinary differential
equation system. Here U internal energy, V the cylinder
volume, and h enthalpy values in the differential equations
have been calculated in the following forms by using Olikara
and Borman (1998) method.
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Table 2. The used equations for calculation of cylinder temperature
and pressure.

Tivos=Ti + AT (12)
du
v 10-(@)+d_u.(6lnu+6lnu)
| 9nv " de \aInT ' dInP
dlnp
AT = V_Z[( 10cpT 3lnu)_( alnu) | 0lnv (E)lnu ) 61nu)] (13)
T pv ' aInT dIlnP/ " 3InT \@InT ' dInP,
Pivos=Pi + AT (14)
dudlnv
_pVv [1OCpT 0lnv] dv_10(GagmT)
_ T'L pv  0InTl do p
AP = ﬁ[(_lOCpT_‘_6lnu)_(_6lnu)+6lnu_(6lnu Dlnu)] (15)
T pV  dInT dlnP/ " 0InT \dInT ' dInP

After determining the complete diesel engine cycle, engine
performance parameters such as effective power, effective
efficiency, and BSFC are calculated from the relationships
given by Heywood (1988) and Durgun (1991, 2022). For
example; in the present study, effective engine characteristics
have been computed by using the following semi-empirical
mean effective pressure relationship given by Durgun (1991,
2022), while here and in the literature generally indicated
engine characteristics have been obtained.

Pam(MPa) = 10. (a + b. Vi) 5 =
Pme(MPa) = Py — Pym

(16a)
(16Db)

In Eq. 16a and Eq.16b, P, ; isthe mean indicated pressure, and
Vpm Is the mean piston velocity. a and b are coefficients
depending on the engine type and for the Renault K9K 700 type
test engine and Renault Talisman M9R type engine, these
values of a and b were selected as 0.089 and 0.0118, P, ; value

has been calculated as follows by using cycle data (Pmi=W/V).
The Adaptations of the Present Model for WAIA

a) The temperature at the end of the intake process: In
the present study, the developed cycle model for NDF is
adapted to WAIA by applying some modifications. In the
WAIA experiment, water can be introduced into the air
charge by using a simple carburetor. Thus, the
temperature at the end of the intake process decreases

because of water vaporization in the intake manifold. The
decrease in the temperature has been calculated by using
of the following relation.

Te +AT+yr. Ty

My Qw
Tawaia(K) = T

Mj-cp

(17)

Here, Qw is the heat of evaporation or latent heat of the
water, Mw is the mole number of the water added into the
inlet channel for 1 kg diesel fuel, and M: is the mole
number of the fresh charge.

b) Calculation of the thermodynamic properties of the
mixture at low temperature: For WAIA, water, air, and
residual exhaust gases are compressed during the
compression process. Therefore, the following combustion
reaction was used to determine the thermodynamic
properties of the mixture, such as enthalpy, and specific heat,
in the cylinder at low temperatures. For this, first of all, the
mole fractions of combustion products formed at low
temperatures were determined. In Table 3, the number of
moles and mole fraction of the combustion products formed
at low temperatures are given (Ferguson 1986).

X1&m¢CcHp 0oy Ny, + Xp6m¢0H, + (0.210, + 0.79N;)—

v1CO, + v,H,0 + v3N, + v,0, + vsCO+vgH, (18)
where X1emd and Xzemd are the amount of diesel fuel added per
1 mol air, and the amount of water added per 1 mol of air
respectively. Also, here Xi: and X: are the volumetric
percentages of diesel fuel and water in the mixture,
respectively. The term of em is the amount of oxygen required
to burn 1 mol of fuel and it has been calculated by using the
following simple relation &m = (c+h/4-0y/2). Here c, h, and oy
are the atomic numbers of carbon, hydrogen, and oxygen in the
chemical formula of the fuel.

After determining the mol fractions of each substance in the
mixture by this way, the thermodynamic properties of the
mixture were calculated using Ferguson (1986) ve Heywood
(1988) references.

Table 3. vi mol numbers and yi mol fraction ratios for WAIA at low temperature (Tuti, 2022).

Products vi (mol/mol air) o<1 mole fractions, yi=vi/n¢"
=(Xi.€m-0.

CO2 VU1 X1.-€m-.C yeo, = (Xi-&m-¢-c)/n;
H:20 V2 X1 &m-0.h/2 + Xy.6m. 0 Yi,0 = (Em- 0. (X1.h/2 + X3))/n,
N2 V3 X1 €m-0.0/2 4+ 0.79 Yy, = (X1.6m.4.n/2 +0.79) /n,
02 V4 0.21(1 — ¢X,) Yo, = 0.21(1 — ¢X)/n;
(6(0) Us 0
Hz V6 0

"nt is the total mol number of combustion products formed at low temperatures.

¢) Calculation of the thermodynamic properties of the
mixture at high temperature: For the WAIA, the combustion
equation is arranged as follows to calculate the mol numbers of
the combustion products during the combustion process
(Ferguson, 1986).

X1€m§CcHp 0oy Ny, + Xz 0H, + (0.210, + 0.79N;)—
+vg0 + vgOH + v4(N (19)

where vy, vy, V3, V4, Vs, Vg, V7, Vg, Vg, and vy, are the mole
number of the combustion products and they have been
determined by using Olikara’s (1998) method. Once the
combustion products are determined, the thermodynamic
properties and their derivatives with respect to
temperature, pressure, and equivalence ratio can be
calculated. Detailed information on this subject can be found
in the references such as Tuti (2022) and Ferguson (1986).

312



RESULTS AND DISCUSSION
The Accuracy Control of the Developed Model for NDF and WAIA

Here, firstly, the numerical results obtained from the
present model for NDF are compared with the
experimental and thermodynamic model results of Rajak et
al. (2018). Rajak et al. (2018) used in their numerical
studies, a professional ready-made package computer
program prepared as a thermodynamic-based multi-zone
combustion model. In Fig. 3(a) and (b), cylinder pressure
and HRR values obtained from the present model are
compared with the experimental and thermodynamic
model results of Rajak et al. (2018) for 18.5 compression
ratio under full load at 1500 rpm. It can be seen from Fig.
3(a) that, the tendencies of Rajak et al.'s (2018) numerical
and experimental pressure curves are similar to that of the
present model. The maximum cylinder pressure values of
the experiments and model of Rajak et al. (2018) are given
87.15 bar at 11.37 °CA, and 90.13 bar at 2.42 °CA,
respectively. However, the maximum cylinder pressure
value has been calculated as 86.80 bar at 8 °CA by using the
present model. Thus, the difference of the present model in
respect to Rajak's (2018) model and experimental results
for maximum cylinder pressure was 3.42%. On the other
hand, the difference between the maximum pressure value
obtained from the present model and Rajak's (2018)
experiment has been determined as 0.402%. Hence, it can
be said that the maximum pressure value obtained from the
developed model is closer to Rajak's (2018) experimental
result than that of Rajak’s (2018) model.

100

Rajak experiment
90 4 Rajak model
= =— Present model

80

1500 rpm
1|ge=18.5

Pressure (bar)
[+ -~
[=] [=]

wn
=}
L

40 |

30 4

20

=40 =35 =30 =25 =20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45
Crank Angle (deg)., (a)

70

Rajak experiment
60 | =— =— Present model
Rajak model

30 A

1500 rpm
40 | e=18.5

Heat Release Rate (I/deg)

0 e

-10 —— T — T T T T T
-40 -35 -30 -25 -20 -15-10 -5 O 5 10 15 20 25 30 35 40 45
Crank Angle (deg), (b)

Fig. 3. Comparison a) cylinder pressure and b) HRR values obtained
from the present model with the experimental and model results of
Rajak et al. (2018).

HRR curves with respect to various crank angles for the
present model and Rajak's (2018) experimental and
theoretical results are shown in Fig. 3(b). As can be seen in this
figure, the tendency of the HRR curve obtained in this model
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and the tendency of Rajak's (2018) experimental and
numerical HRR curves are most similar. The maximum value of
HRR calculated from the present model and the experimental
and model results from Rajak et al. (2018) are 59.77 J/deg at
0.5 °CA, 58.34 ]/deg at 5.43 °CA and 53.06 ] /deg at 2.29°CA,
respectively. The difference between Rajak’s (2018) model and
experimental maximum HRR values was found as 8.12%.
However, the maximum HRR value obtained from our model is
closer to Rajak's (2018) experimental HRR and the difference
was found to be 2.44%. Thus, it is clear from Fig. 3(a) and (b)
that our model results are in good agreement with Rajak’s
(2018) experimental results than that of their own results. The
values and comparison results of effective efficiency obtained
from the developed model and Rajak et al.'s (2018) model and
experimental results are shown in Table 4. As can be seen from
this table, effective efficiency in the present model was
determined as 31.63%. Rajak etal.’s (2018) experimental and
numerical effective efficiency values were given as 32.5%, and
32.59%, respectively. Here, there is a 0.277% difference
between Rajak et al.'s (2018) model and their experimental
effective efficiency values. However, there is a 2.667%
difference between our model result and the experimental
value of Rajak et al. (2018). Possible reasons for this difference
can be explained as follows. In the present model, it is assumed
that all of the fuel is injected into the cylinder as the main
injection. That is to say, pilot and main fuel injections are not
taken into account separately in the present model.

In addition, it is also assumed that the injected fuel burns
immediately and detailed calculations of the penetration,
evaporation, and disintegration of the sprayed fuel have
not been taken into account. In fact, the 2.667% difference
can be considered an acceptable error level, and it can be
said that the predicted results by our model agree
reasonably with the Rajak et al. (2018) data.

In another numerical application, the results of the present
model were compared with experimental results
performed by authors for NDF, 6%, and 10% water adding
ratios (WRs) at 2000 rpm and 4000 rpm under full throttle.
The experimental and numerical variations of cylinder
pressure, cylinder temperature, and HRR are
comparatively presented in Fig. (4-7). Also, experimental
and numerical values of engine torque, effective power,
BSFC, and effective efficiency are given in Tables (5-6). It
can be seen from these figures, the tendencies of the
pressure, temperature, and HRR curves obtained from this
model for NDF, 6%, and 10% WRs at 2000 and 4000 rpms
are quite similar to that of experimental. The maximum
pressure determined by applying the developed model for
the test engine is 155.288 bar and it occurred at 8 °CA and
the maximum pressure measured is 155.288 bar at 8 °CA
for 6 % WR at 2000 rpm. Thus, it can be seen that the
difference between maximum pressure is 1.11%. Similarly,
the maximum numerical and experimental temperature
values for the same conditions are 2053 Kat 22.18 °CA and
2015 K at 19.5 °CA, respectively, and thus the difference
ratio between maximum temperatures has been 1.85%.
HRR values are also reasonably close to each other and the
difference between experimental and model data for
maximum HRR values has been calculated as 4.25%.
However, as can be seen in Fig. 4(c), combustion started
earlier in the model and the HRR curve is slightly shifted to
the left than that of the test results. Possible reasons of this
situation can be explained as follows.



Table 4. Comparison of the HRR, effective efficiency, and peak cylinde
and numerical results of Rajak et al. (2018).

r pressure obtained from the present model with the experimental

=185 Rajak’s exp.  Rajak’s model Present model Diff. Rajak’ exp. and model (%) Diff. Rajak’ exp. and present model (%)
HRR, ]/deg 58.34 53.06 59.77 9.050 -2.451
Ne, % 325 32.59 31.63 -0.277 2.677
Pmax, bar 87.15 90.13 86.8 -3.419 0.402
dP/dBmax 5.45 5.3 4.63 2.752 15.045
As explained above, in the developed model, it is assumed that ~ experimental data. The results of cylinder pressure,

all of the fuel is injected in the main combustion phase and the
injected fuel burns immediately. In addition, phenomena such
as the penetration of the injected fuel in the combustion
chamber, the evaporation of the droplets, etc. could not be
taken into account. As a result, the variations of the experiment
and numerical HRR curves have been somewhat different.
Similarly, acceptable proximity for cylinder pressure,
temperature, HRR, and engine performance parameters values
occurred for 10% WR at 2000 rpm as can be seen in Table 5. As
can be shown in this table, the results of engine performance
parameters calculated from the developed numerical model
for 6% and 10% WRs at 2000 rpm are also very close to the

Table 5. Comparison of engine performance parameters, cylinder, te
and 10% WRs at 2000 rpm with the experimental results of Sahin, D

temperature,and HRR at 4000 rpm for NDF, 6%, and 10% WRs
under full load conditions are shown in Fig. (6) and Fig. (7) and
engine performance parameters results for the same
conditions are also given in Table 6.

As can be seen from these figures and table, the model
results are found to be in good agreement with the
experimental results. Therefore, it can be concluded that the
present model can reasonably predict the complete cycles of
diesel engines for NDF and WAIA. Also, as can be seen in the
Fig. (4-7)(b), WAIA decreases the cylinder temperatures for
6% and 10 % WRs at 2000 and 4000 rpms

mperature, and HRR calculated from the developed model for 6%
urgun, and Tuti (2018, 2012).

2000 rpm NDF 6% WR 10% WR

Exp. Model Diff. % Exp. Model Diff. % Exp. Model Diff. %
Ma (Nm) 144068  152.635  -594 | 149.935 151.00 071 | 150.413 148 1.60
Ne (kW) 30173  31.968 -5.95 31.823 31.502 1.01 31486  31.067 133
be (kg/kWh) 0.215 0.223 -3.72 0.221 0.210 4.99 0.226 0.216 431
e (%) 39.9 38.5 3.51 38.4 40.2 -4.71 37.51 39.05 -4.11
Pmax (bar) 155.832 156.011 0.11 157.025 155.288 1.11 156.516 154.634 1.20
HRR max (J/deg.) 55.272 52.077 5.78 54.389 51.177 4.25 54.195 50.395 7.01
Tmax (K) 2168 2062 4.93 2053 2015 1.85 2028 1998 1.48
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Fig. 4. Comparison a) cylinder pressure, b) cylinder temperature,
and c) HRR variations of the present model for 6% WR at 2000
rpm with the experimental results of Sahin, Durgun, and Tuti
(2018) and Tuti (2012).

Similar results were found in the relevant studies in the
literature (Sindhu et al, 2014; Tauzia et al, 2010; Ma et al,
2014). Tauzia et al. (2010) stated that the evaporation of water
in the combustion chamber and dilution of the existing mixture
with the additional water causes a decrease in the
temperatures of the cylinder gas content. As a result of this, it
can be guessed that lower cylinder temperatures may reduce
NOx emissions (Heywood, 1988; Khatri and Goyal, 2020;
Subramanian, 2011). Thus, from the following numerical
applications, it can be said that WAIA reduces NOx.
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Numerical Evaluation of the Use of WAIA in Current
Automotive Diesel Engines

In this paragraph, firstly, the developed computer code has
been run for NDF, 5%, and 7.5% WRs at 2250 rpm, which
could not be tested for the Renault K9K-700 type diesel
engine, and the obtained experimental results are
presented below in tables and graphics. By this way, the
effects of WAIA on the Renault M9R type diesel engine,
used in the Talisman model automobile were investigated
numerically, and reached results have been presented and
evaluated.

Table 6. Comparison of engine performance parameters, cylinder pressure, temperature, and HRR calculated from the developed
model for 6% and 10% WRs at 4000 rpm with the experimental results of Sahin, Durgun, and Tuti (2018) and Tuti (2012).

4000 rpm NDF 6% WR 10% WR

Exp. Model Diff. % Exp. Model Diff % Exp. Model Diff. %
Ma (Nm) 117.980 119.280 -1.10 116.016 114.542 1.27 114.108  112.789 1.15
Ne (kW) 49.394 49.964 -1.15 48.596 47.979 1.25 47.732 47.245 1.02
be (kg/kWh) 0.264 0.269 -1.17 0.274 0.265 3.28 0.260 0.273 -5.04
Ne (%) 32.0 314 1.87 31.2 32.2 -3.21 32.7 309 5.31
Pmax (bar) 157.994 158.032 0.02 154.741 151.808 1.89 156.053 151.018 3.23
HRRmax (J/deg.) 26.079 27.572 572 25.160 23.667 5.78 25.407 23.884 5.99
Tmax(K) 2041 1898 7 1928 1758 8.82 2005.64 1762.10 12.14

Renault K9K-700 Type Diesel Engine

As can be seen from Fig. 8(a), the maximum pressure values
for NDF, 5%, and 7.5% WRs were determined as 156.243,
154.267, and 153.145 bar, respectively. By inspection of this
figure, it can be said that WAIA decreases cylinder pressure.
For 5% and 7.5% WRs, the reduction ratios in maximum
pressure values compared to NDF have been obtained as
1.26% and 1.98%, respectively. Similar results are also
reported in the relevant literature. For example, Ma et al.
(2014) determined that WAIA reduces cylinder pressure and
temperature Also, WAIA decreases cylinder temperature
values, as can be seen in Fig. 8(b). For example, the maximum
temperature values for NDF, 5% and 7.5% WR were
determined as 1973.98 K, 1917.25 K, and 1896.74 K,
respectively. Thus, reduction ratios of the maximum
temperatures for 5% and 7.5% WRs compared to NDF were
computed as 2.87% and 3.91%, respectively. The variations
of HRR for NDF, 5%, and 7.5% WRs have also been shown in
Fig. 8(c) the maximum values of HRR for NDF, 5%, and 7.5%
WR have been determined as 42.11 J/deg, 40.23 J/deg, and
39.49 ]J/deg, respectively. From this figure, it can be said that
WAIA reduces HRRs. For 5% and 7.5% WRs, the maximum
HRR values are reduced by 4.46% and 6.22%, respectively,
compared to NDF. The probable reason of this result might be
arisen from heat losses, which occurred by evaporation of
latent heat of the water.

Table 7 shows the effects of WAIA on the effective power,
BSFC, ignition delay (ID), and volumetric ratio of NO
emission. Here, NO emission has been calculated by
applying the chemical equilibrium mechanism, given by
Olika and Borman (1998) using maximum combustion

temperature. In Table 7, the improvements and worsening
effects of WAIA on the engine performance and NO are
shown in green and yellow colors respectively. For NDF,
5%, and 7.5% WRs, the effective power values were
determined as 36.793 kW, 35.227 kW, and 34.081 kW,
respectively. Thus, effective power values for 5% and 7.5%
WRs have decreased by 4.26% and 7.37%, respectively,
compared to NDF.

Table 7. Effective power, BSFC, NO and ID values for NDF, 5% and
7.5% WRs at 2250 rpm

ks Ne(W) be (g/kKWh)No000 T (K) 1D (°CA)
NDF 36.793 216.33 5191 197398 2.096115
5% WR 35.227 231.38 4546 1917.25 2.098760
750 WR 34081 239.17 4340 189674 2.098664
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This is due to the reduction in the pressure and temperature
by the effect of the vaporization of water as explained above.
However, evaporation of water reduces combustion
temperature and thus NO emissions. For example, as can be
seen in Table 7, mole fraction values of NO for NDF, 5%, and
7.5% WRs were determined as 5.191, 4.546, and 4.340. Thus,
mole fraction values of NO for 5% and 7.5% WRs were
decreased by 12.43% and 16.39%, respectively, compared to
NDF. As can be seen in Table 7, WAIA increases ID. WAIA
application decreases the intake and the compression
processes temperature values, which results in increased ID.

Renault M9R Type Diesel Engine

In another numerical application, the turbocharged Renault
MOR type diesel engine with common-rail injection system,
which is also used in the current 2021 model Renault Talisman
automobile, has been used and the effects of WAIA in this
engine have been investigated theoretically (Automobile
Catalog, 2021). The main technical specifications of this engine
are given in Table 8. Before investigating the effects of WAIA
on this engine, the catalog values of the effective power and the
fuel consumption values of this engine, and the effective power
and fuel consumption values calculated from the present
model were compared. The catalog value of effective power

Table 8. Technical specifications of Renault Talisman M9R engine.

(nominal effective power) of the Renault Talisman is given as
118 kW. The calculated effective power of this engine by using
the present model is 127.27 kW. Thus, it can be seen that there
is a 7.86% difference between the effective power values. The
fuel consumption value of the vehicle (qeo) at 100 km for a
constant 90 km/h velocity, is given as 4.81 L/100 km in the
catalog. The calculated fuel consumption by using the present
model for NDF is 4.5 L/100 km. Thus, a difference at the level
of 6.88 occurred between these fuel consumption values. It can
be understood from these results that the present model
calculates engine performance parameters reasonably close to
the catalog values of the engine for NDF. After this step, the
developed model was applied to 3%, 6%, and 9% WRs under
full load at 4000 rpm, which is the nominal speed. The
variations of cylinder pressure, cylinder temperature, and HRR
have been shown in Fig. 9 (a), (b) and (c). Also, some engine
performance parameters and the mole fraction values of NO
are presented in Table 9.

As can be seen in Fig. 9(a) that the tendencies of pressure
curves for NDF, 3%, 6%, and 9% WRs are similar to each other
and the determined maximum pressure values were 153.562,
157.721, 158.368, and 149.969 bar for NDF, 3%, 6%, and 9%
WRs, respectively. For low WRs such as 3% and 6%, the
cylinder pressure values increase slightly, but for 9% WR the
cylinder pressure value reduces. It can be said that the use of
low WAIA such as 3% and 6% improves combustion.Similar
results have been reported in the relevant literature. For
example, Kannan and Udayakumar (2009) stated in their
numerical study that WAIA improved combustion to some
extent by increasing the cylinder pressure values. The use of
additives such as alternative fuels and water at low ratios is
suggested by some researchers in the literature (Sahin et al,
2014; Kumar and Sharma, 2013; Vigneswaran et al, 2018).
Durgun (1988); Sahin et al, (2014); and Sahin et al,, (2015)
have determined and suggested the most suitable ratio for
ethanol and gasoline fumigation and for water was
approximately 6 %, which is called the magic ratio.

As can be seen from Fig. 9(b), the temperature values for 3%,
6%, and 9% WRs are lower than that of NDF. For 3%, 6%, and
9% WRs, the maximum temperature values were reduced by
2.02%, 3.88%, and 8.14%, respectively. Numerical and
experimental analysis performed in the relevant literature
showed also that the presence of water vapor within the fuel-
rich regions decreases the flame temperature. Thus, the
chemical reaction rate in the flame zone decreases, leading to
reduced temperature and pressure values. As mentioned
above, any effort to decrease the cylinder temperature would
contribute to a significant reduction in NOx emissions (Sandeep
et al, 2019; Gowrishankar et al, 2020; Ma et al, 2014). HRR
variations as functions of CAs for 3%, 6%, and 9% WRs are
shown in Fig. 9(c). As can be seen in these figures, any significant
differences in the HRR profiles at the selected WRs have not been
observed. However, for 3%, and 6% WRs, HRR increases, but for
9% it decreases. The maximum HRR values have increased by
5.71% and 6.15%, for 3%, and 6% WRs, respectively, and it has
decreased by 6.2% at 9% WR, compared to NDF.

Injection system and injection Pressure

Common-rail and max: 2500 bar

Compression ratio 15.1
Cylinder bore and stroke length 85 mm and 88 mm
Number of cylinder and displacement 4 and 1997 cm3

Maximum power and nominal engine speed
Maximum torque and speed

118 kW, 4000 rpm
360 Nm, (1500-2750) rpm
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As explained before, it is thought that WAIA at low ratios such
as 3% and 6% would improve the combustion process. Some
substantial engine performance parameters and the mole
fraction values of NO are presented in Table 9. As can be seen
in this table, similar to the variation in HRR and pressure
values, the effective power increases for 3% and 6% WRs, and
it decreases for 9% WR. Effective power increases by 6.19%
and 5.01% for 3% and 6% WRs, respectively, and decreases by
1.39% for 9% WR. For 3% and 6 % WRs, as dictated in the
relevant literature, the entrainment of the air-water mixture

into the fuel spray, the evaporation, and the separation of these
water molecules in the fuel spray (micro-explosion phenomena)
enhance the formation of the air-fuel mixture and would
enhance atomization and could promote complete combustion,
which would result in an increase of in the effective power
(Subramanian, 2011). According to Gowrishankar et al. (2020),
there were no significant decreases in the cylinder temperature
values to cause deteriorated combustion efficiency at low water
ratios. However; it is thought that at a high water ratio such as 9%
combustion process started to worsen.

Table 9. Effective power, BSFC, q90 fuel consumption as liter at 100 km, the mole fraction values of NO, ID values for NDF and at
(3-6-9)% WRs in the Renault Talisman vehicle. In addition, the ratios of increase and decrease of these values according to NDF.

4000 rpm NDF 3% WR Diff.(%) 6% WR Diff.(%) 9% WR Diff.(%)

N. (kW) 127.27 135.15 6.19 133.65 5.01 125.50 139

be (g/kWh) 206 208 0.97 213 3.39 223 8.25

*Yxnox 1000 4.558 4.088 -10.31 3.753 -17.66 2.981 -34.20

qoo (L/100 km) 4.80 4.846 0.96 4.96 3.33 5.19 8.13

ID (°CA) 4.5237 47070 4.05 4.7346 4.66 47342 4.65
nNo mol

"Yxo is the mole fraction of NO calculated from the chemical equilibrium. ( yy, = —2 =

Table 9 shows BSFC values and qoo fuel consumption values at
100 km of Renault Talisman for NDF and selected 3%, 6%, and
9% WRs. Additionally, the variation of qoo fuel consumption
values at 100 km are presented in Fig. 10(a). As can be seen in
this table, WAIA increases BSFC. For 3%, 6%, and 9% WRs
BSFC values have increased by 0.97%, 3.39%, and 8.25%,
respectively, compared to NDFE. The increase ratios in BSFC for
3% and 5% WRs are lower than that of a high WR of 9%.
Similarly, q90 fuel consumption values at 100 km also have
increased with selected WRs. q90 fuel consumption as a liter
at 100 km has increased from 4.8 liters to 5.13 liters for 9%
WR. These results are in agreement with the results given in
the relevant literature Bedford et al. (2000). As can be seen in
Table 9 and Fig.10(b), WAIA decreases considerably the mole
fraction of NO. The mole fraction of values NO for 3%, 6%, and
9% WRs have reduced by 10.31%, 17.66%, and 34.20%,
respectively, compared to NDF.

Primarily the cylinder temperature values primarily
influence the rate of formation of nitric oxide according to the
well-known Zeldovich mechanism (Heywood, 1988). Thus,
any effort to decrease cylinder temperature would result in
beneficial effects to reduce the mole fraction of NO. As it is
known from the relevant literature, the use of water in diesel
engines is one of the most effective methods to reduce NO
emission without worsening BSFC (Kokkiiliink, 2012; Ma et
al, 2014). For example, Kannan and Udayakumar (2009)
stated that they achieved approximately 20% reductions in
NO emission by adding water as diesel-water emulsion in
their numerical study.

The ID values for NDF and selected WRs are given in Table 8.
ID values for 3%, 6%, and 9% WRs increase by 4.05%, 4.66%,
and 4.65%, respectively, compared to NDF. With the WAIA
application, the temperature values during fuel injection
would be lower because injected water during the intake
stroke will vaporize and cool the air, which leads to a rise in
ID. Also, increasing ID may cause more fuel to be burned
around TDC. It is well-known in the literature that without
knocking the burning of fuel around TDC increases the
effective power and efficiency of diesel engines (Heywood,
1988; Durgun, 2022).
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CONCLUSIONS

In this study, a computer code based on the thermodynamic-
based ZDSZ model originally proposed and given by Ferguson
(1986) for diesel engine cycles has been improved with some
additional modifications for NDF and WAIA. This developed
model can calculate diesel engine cycles with sufficient
accuracy for NDF and WAIA. The accuracy control results of
this model and the results of the applications for water adding
into intake air at different ratios, on engine performance and
NO emission in two different automotive diesel engines are
briefly given below.
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Fig. 10. Variations of (@) q90 fuel consumption as liter at 100 km and (b)
the mole fraction values of NO versus different WRs at 4000 rpm in the
MOR type diesel engine used in Renault Talisman automobile

1. The accuracy of our model was validated using experimental
data from tests conducted at 2000 rpm and 4000 rpm, with 6%
and 10% WAIA levels. For instance, at 2000 rpm, the maximum
pressure difference between our model and experimental
results was 1.1% for 6% WAIA, and 1.2% for 10% WAIA.
Similar differences were observed at 4000 rpm. Overall,
differences in cylinder pressure, temperature, and heat release
rate ranged from 0.02% to 12.14% across all conditions.

2. The present model could calculate motor performance
parameters with sufficient accuracy for NDF and WAIA. The qoo
fuel consumption value of the Renault Talisman at 100 km for
90 km/h constant velocity is given as 4.81 L in the vehicle
catalog. The calculated fuel consumption by using the present
model for NDF is obtained as 4.5 L. Thus, a 6.88 % difference
was calculated between the qoo fuel consumption values.

3. The results obtained at the end of the numerical study for
two different automotive diesel engines can be summarized
separately as follows. In the first application, the developed
model has been applied for NDF, 5%, and 7.5% WRs at 2250
rpm in Renault K9K-700 type diesel engine.

3.a) WAIA decreases cylinder pressure, temperature, and HRR
values for selected operating conditions for this engine. For 5%
and 7.5% WRs, cylinder temperature values, and the maximum
HRR ratios have decreased by (2.87%, and 3.91%) (4.46% and
6.22%), respectively, compared to that of NDF.

3.b) WAIA reduces effective power and NO emissions but
increases BSFC for this engine. Compared to NDF, effective
power and NO emissions decreased by (4.26%, 7.37%) and
(12.43%, 16.39%) for 5% and 7.5% WRs, respectively.
Meanwhile, BSFC increased by 6.95% and 10.56% for 5% and
7.5% WRs, respectively. Additionally, ID values slightly
increased with WAIA at 2250 rpm.

4. The second numerical application was made for the
Talisman automobile engine and the numerical comparison
results obtained from the present model at 3%, 6%, and 9% at
4000 rpms in this engine are given below.

4.a) 3% and 6% WRs increase slightly the cylinder pressure
values, but 9% WR reduces the cylinder pressure values. For
3% and 6% WRs, the increase ratio of maximum pressure
values compared to NDF was determined as 2.71% and 3.13%,
respectively. At 9% WR, the decrease ratio of maximum
pressure value was calculated as 2.34%.

4.b) 3%, 6%, and 9% WRs reduce the cylinder temperature
values. For 3%, 6%, and 9% WRs, the maximum temperature
values decreased by 2.02%, 3.88%, and 8.14%, respectively.

4.c) For 3 % and 9 % WRs, HRR increase, but for 9 % it
decreases. The maximum HRR values have increased by 5.71%
and 6.15%, for 3 % and 6% WRs, respectively, but it has
decreased by 6.2% at 9% WR, compared to NDF.

4.d) BSFC values and the qoo fuel consumption values at 100 km
of Renault Talisman increase with application of 3%, 6%, and
9% WAIA. For 3%, 6%, and 9% WRs BSFC values have
increased by 0.97%, 3.39%, and 8.25%, respectively, compared
to NDF.

4.e) WAIA decreases considerably NO emissions of this engine.
NO emission values for 3%, 6%, and 9% WRs have reduced by
10.31%, 17.66%, and 34.20%, respectively, compared to NDF.

4.f) WAIA increases ID values in this engine. ID values for 3%,
6%, and 9% WRs increase by 4.05%, 4.66%, and 4.65%,
respectively, compared to NDF.
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