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In the present study, the effects of water addition into intake air (WAIA) on combustion,
engine performance, and NO emission in diesel engines were investigated numerically. Here, 
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
model's accuracy for NDF and WAIA, the effects of WAIA were first investigated in the 
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
10.56%, and NO emission reduced by 12.43% and 16.39%, respectively. In the second 
application, the effects of (3, 6, and 9)% WRs on combustion, engine performance, and NO
emission in the Renault M9R  diesel engine were investigated at 4000 rpm by using this
developed model. For (3, 6, and 9)% WRs,  BSFC increased by 0.97%, 3.39%, and 8.25%, and 
NO emission decreased by 10.31%, 17.66%, and 34.20%, respectively. For (3 and 6)% WRs
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.  

Modern Otomobil Dizel Motorlarında Emme Havasına Su Eklenmesinin Sayısal 
İncelenmesi 
M A K A L E  B İ L G İ S İ   Ö Z E T  

Anahtar	Kelimeler:	
Termodinamik Çevrim Modeli 
Su kullanımı  
Açığa çıkan ısı oranı 
NO emisyonu 
 
 
 

Sunulan çalışmada, dizel motorlarda emme havasına su eklenmesinin (EHSE) yanma, motor
performansı ve NO emisyonu üzerindeki etkileri sayısal olarak incelenmiştir. Burada
Ferguson'un termodinamik esaslı sıfır-boyutlu tek-bölgeli çevrim modeli kullanılmıştır ve söz
konusu model saf dizel yakıtı (SDY) için yeni yaklaşımlarla geliştirilmiştir ve daha sonra
geliştirilen çevrim modeli EHSE durumu için uyarlanmıştır. Modelin SDY ve EHSE için
doğruluğu kontrol edildikten sonra, EHSE'nin etkileri ilk olarak Renault K9K dizel motorunda
incelenmiştir. Seçilen %(5 ve 7.5) su oranları için; efektif güç %4.26 ve %7.37 düzeylerinde
azalmış, özgül yakıt tüketimi (ÖYT) %6.95 ve %10.56 oranlarında artmış ve NO emisyonu ise
%12.43 ve %16.39 düzeylerinde azalmıştır. İkinci sayısal uygulamada ise; %(3, 6 ve 9) gibi üç
farklı su oranının kullanımının yanma, motor performansı ve NO emisyonu üzerindeki etkileri
Renault M9R dizel motorunda 4000 d/d devir sayısında incelenmiştir.  %(3, 6 ve 9) su oranları
için; ÖYT, sırasıyla %0.97, %3.39 ve %8.25 oranlarında artmış ve NO emisyonu ise sırasıyla %
10.31, %17.66 ve %34.20 oranlarında azalmıştır. %(3 ve 6) su oranlarında, efektif güç artmış
ve NO emisyonu, ÖYT'de önemli bir kötüleşme olmadan önemli ölçüde azalmıştır. Silindir
basınçları ve açığa çıkan ısı oranları %(3 ve 6) su oranlarında artmış, %9 su oranında ise
azalmıştır. 
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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  ɛ 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	
	
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; Jurić 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 

optimizing combustion chamber geometry, rather than 
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; 
Kökkülünk et al., 2013). 
 
Many thermodynamic-based models (Sahin and Durgun, 2008; 
Kökkülünk et al., 2013; Oiang, 1992) and MDMs (Savioli, 2015; 
Tutak and Jamrozik, 2016) can be found in the literature. Tutak 
et al. (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; Kökkülünk 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; Kökkülünk, 
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. Kökkülünk 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 et al., 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 et al., 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. 
 

Pୟ ሺMPaሻ ൌ Pୡ
ᇱ െ ൫ଶ ൅ ൯ ቂ

୚ౣ.୬

୬ొ
ቃ

ଶ
.
౗

ଶ
. 10ି଺                        (1) 
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where Pୡ
ᇱ is turbocharger compressor outlet pressure, 

൫ଶ ൅ ൯ is the coefficient showing the total losses in the 
intake system, n and n୒ are the actual engine speed and 
nominal engine speed, respectively, Vm is the maximum 
flow speed in the intake system, ρa 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 γr the 
coefficient of the residual gases in the present model and γr 
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	
Pୡ

ᇱ  MPa) =1.5P0               low-turbocharged     (2a) 
Pୡ

ᇱ (MPa) = (1.5-2.2)P0  mid-turbocharged    (2b)                            
Pୡ

ᇱ (MPa) = (2.2-2.5)P0  high-turbocharged    (2c)   
P0	:	Ambient	pressure	

Tୡ
ᇱሺKሻ ൌ T0. ቀ

୔ౙ
ᇲ

୘ౙ
ᇲ ቁ

೙೎షభ
೙೎                                                (3) 

T0:Ambient	temperature	
nc:	Polytropic	compression	exponent	of	the	compressor	

γ୰ ൌ
 ୘ౙ 

ᇲ ା∆୘

୘౨
∙

φs.୔౨

ε.φ౛ౚ∙୔౗ିφ౩.୔౨
                                      (4) 

Pେ
ᇱ ൌ P଴

Tେ
ᇱ ൌ T଴

ൠ        for naturally aspirated engines 

φed:	Additional	charge	coefficient
φs:	Scavenging	coefficient	of	supercharged		
ε	:	Compression	ratio	of	the	engine	
ΔT:	Amount	of	preheating	of	the	intake	charge	
Tr:	Temperature	of	the	exhaust	gases		

T୰
ᇱ ൌ

୘ౘ

ඥ୔ౘ/୔౨
య     ,   ቚ

୘౨
ᇲ ି୘౨

୘౨
ᇲ ቚ  3 %                         (5a, 5b) 

T୰ ൌ ሺ600 െ 1000ሻK 
P୰ ൌ ሺ0.75 െ 0.98ሻPେ

ᇱ 

𝑇௥
ᇱ:	The	calculated	exhaust	temperature	

𝑃௥ , 𝑇௥	:The	selected	exhaust	gas	pressure	and	temperature	
𝑇௕ , 𝑃௕:	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) 5th 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. 
 
dma

dθ
= െ

1

ω
∙ ቀ mሶ l

1+ϕ.Fs
ቁ                                                                       (6) 

 
dmf

dθ
ൌ

1

ω
∙ ቀmሶ f,i െ

mሶ l.ϕ.Fs

1൅ϕ.Fs
ቁ                                                                   (7) 

ୢ୙

ୢ஘
ൌ െ

ሶ୕ ౢ
ன

െ P ∙
dV

dθ
൅

mሶ f∙hf

ω
െ

mሶ l∙hl

ω
                                             (8) 

 
ୢ୛

ୢ஘
ൌ P ∙

dV

dθ
                                                                              (9) 

 

Qሶ l
ω

ൌ
h൬

πB2

2
൅

4V
B

൰ሺTିTwሻ

ω
                                                                (10) 

 
mሶ l∙hl

ω
ൌ

େ.୫.୦ౢ

ன
                                                                                   (11) 

 
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, m୪ is the loss of mass escaping from the 
valves and piston rings, m୤,୧ is the total mass of fuel to be 
injected, ϕ 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, Tw 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, m୪  is the mass flow rate of gas escaping from the 
rings and valves, C is the blowby coefficient. Thus, as 
explained above V, mୟ, m୤, U, W, Ql and hl 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.	

 Ti+0.5 = Ti  + ∆T                                                             (12) 

∆T  ൌ

ି୚.቎
10.ቀ

du
dθቁ

p
∂lnυ
∂lnp

൅
dυ
dθ

∙ቀ
∂lnυ
∂lnT

൅
∂lnυ
∂lnP

ቁ቏

౒మ

౐
ቂቀି

భబౙ౦౐

౦౒
ା

∂lnυ
∂lnT

ቁ∙ቀି
∂lnυ
∂lnP

ቁା
∂lnυ
∂lnT

∙ቀ
∂lnυ
∂lnT

ା
∂lnυ
∂lnP

ቁቃ
           (13) 

Pi+0.5 = Pi + ∆T                                                                       (14)

∆P ൌ
ି

౦౒
౐

.ቂ
భబౙ౦౐

౦౒
ି

∂lnυ
∂lnT

ቃ∙
dυ
dθ

ି
భబቀdu

dθ
∂lnυ
∂lnTቁ

౦
౒మ

౐
ቂቀି

భబౙ౦౐

౦౒
ା

∂lnυ
∂lnT

ቁ∙ቀି
∂lnυ
∂lnP

ቁା
∂lnυ
∂lnT

∙ቀ
∂lnυ
∂lnT

ା
∂lnυ
∂lnP

ቁቃ
             (15) 

 
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. 
 

P୫,୫ሺMPaሻ ൌ 10. ൫a ൅ b. V୮,୫൯
୔ౙ

ᇲ

୔ౣ,౟
                                        (16a) 

P୫,ୣሺMPaሻ ൌ P୫,୧ െ P୫,୫                                                          (16b) 
 

In Eq. 16a and Eq.16b, P୫,୧ is the mean indicated pressure, and 
V୮,୫ 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, P୫,୧ value 
has been calculated as follows by using cycle data (Pm,i=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. 
 

Tୟ,୛୅୍୅ሺKሻ ൌ
 ୘ౙ 

ᇲ ା∆୘ାஓ౨∙୘౨

୘౨
െ

୑౭∙୕౭

୑భ∙ୡ౦
                               (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 M1 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). 
 
Xଵ୫CୡH୦O୭୷N୬ ൅ Xଶ୫Hଶ ൅ ሺ0.21Oଶ ൅ 0.79Nଶሻ 

ଵCOଶ ൅ ଶHଶO ൅ ଷNଶ ൅ ସOଶ ൅ ହCO൅଺Hଶ   (18) 
 

where X1εmϕ and X2εmϕ 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 X1 and X2 are the volumetric 
percentages of diesel fuel and water in the mixture, 
respectively. The term of εm is the amount of oxygen required 
to burn 1 mol of fuel and it  has been calculated by using the 
following simple relation  εm = (c+h/4-oy/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.	ʋi mol numbers and yi mol fraction ratios for WAIA at low temperature (Tuti, 2022). 

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

c)	 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). 
 

Xଵ୫CୡH୦O୭୷N୬ ൅ Xଶ୫Hଶ ൅ ሺ0.21Oଶ ൅ 0.79Nଶሻ  
 ଵCOଶ ൅ ଶHଶO ൅ ଷNଶ ൅ ସOଶ ൅ ହC ൅ ଺Hଶ ൅ ଻H 

൅଼O ൅ ଽOH ൅ ଵ଴N                                                                  (19) 
 

where ଵ, ଶ, ଷ, ସ, ହ, ଺, ଻, ଼, ଽ, and ଵ଴ 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). 
	
	

Products ʋi (mol/mol air) ϕ<1	 mole fractions, yi=υi/nt* 

CO2 υ1  Xଵ. ୫. . c 
yେ୓మ

ൌ ሺ Xଵ. ୫. . cሻ/n୲

 
H2O υ2  Xଵ. ୫. . h 2 ൅ Xଶ⁄ . ୫.  yୌమை ൌ ൫୫. . ሺ Xଵ. h/2 ൅  Xଶሻ൯/n୲ 

N2 υ3  Xଵ. ୫. . n 2 ൅⁄ 0.79 𝑦ேమ
ൌ ሺ Xଵ. ୫. . n 2 ൅⁄ 0.79ሻ/n୲ 

 
O2 υ4 0.21ሺ1 െ 𝑋ଵሻ y୓మ

ൌ  0.21ሺ1 െ Xଵሻ/n୲

CO υ5 0  
H2 υ6 0  
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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.  
 

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 

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 J/deg at 5.43 °CA and 53.06 J /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 et al.’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 K at 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. 	
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Table	4.	Comparison of the HRR, effective efficiency, and peak cylinder pressure obtained from the present model with the experimental 
and numerical results of Rajak et al. (2018). 
ε=18.5	 Rajak’s	exp.	 Rajak’s	model		 Present	model	 Diff.	Rajak’	exp.	and	model	(%)	 Diff.	Rajak’	exp.	and	present	model	(%)

HRR, J/deg 58.34  53.06 59.77 9.050 -2.451 

ηe, %  32.5 32.59 31.63 -0.277 2.677 

Pmax, bar 87.15  90.13  86.8  -3.419 0.402 

dP/dθmax 5.45 5.3 4.63 2.752 15.045 

As explained above, in the developed model, it is assumed that 
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 

experimental data. The results of cylinder pressure, 
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 

	
Table	5.	Comparison of engine performance parameters, cylinder, temperature, and HRR calculated from the developed model for 6% 
and 10% WRs at 2000 rpm with the experimental results of Sahin, Durgun, and Tuti (2018, 2012). 
2000	rpm	 NDF 6%	WR	 10%	WR	

 Exp.	 Model	 Diff.	% Exp. Model Diff.	% Exp.	 Model Diff.	%

Md (Nm) 144.068 152.635 -5.94 149.935 151.00 -0.71 150.413 148 1.60 

Ne (kW) 30.173 31.968 -5.95 31.823 31.502 1.01 31.486 31.067 1.33 

be (kg/kWh) 0.215 0.223 -3.72 0.221 0.210 4.99 0.226 0.216 4.31 

ηe (% ) 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

 

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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Fig.	5. Comparison a) cylinder pressure, b) cylinder temperature 
and c) HRR variations of the present model for 10% WR at 2000 
rpm with the experimental results of Sahin, Durgun, and Tuti 
(2018) and Tuti (2012). 
 

 
 

 

 
Fig.	6.  Comparison a) cylinder pressure, b) cylinder temperature 
and c) HRR variations of the present model for 6% WR at 4000 
rpm with the experimental results of  Sahin, Durgun, and Tuti 
(2018) and Tuti (2012). 
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Fig.	7. Comparison a) cylinder pressure, b) cylinder temperature and c) 
HRR variations of the present model for 10% WR at 4000 rpm with the 
experimental results of Sahin, Durgun, and Tuti (2018) and Tuti (2012). 

	
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.	%	

Md (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

ηe (% ) 32.0 31.4 1.87 31.2 32.2 -3.21 32.7 30.9 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 -5.72 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 
2250	
rpm,WRs 

Ne	(kW)	 be	(g/kWh)	YNO*1000	 Tmax	(K)	 ID	(°CA)	

NDF 36.793 216.33 5.191 1973.98 2.096115 

5% WR 35.227 231.38 4.546 1917.25 2.098760 

7.5% WR 34.081 239.17 4.340 1896.74 2.098664 
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Fig.	8.  Variations of a) cylinder pressure, b) cylinder temperature and c) 
HRR values obtained from the present model for NDF, 5% and 7.5% WRs 
at 2250 rpm 
 
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 
M9R 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 

(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 (q90) 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. 

	
Table	8.	Technical specifications of Renault Talisman M9R engine. 

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 118 kW, 4000 rpm
Maximum torque and speed 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.(%) 
Ne (kW) 127.27 135.15 6.19 133.65 5.01 125.50 -1.39 
be (g/kWh) 206 208 0.97 213 3.39 223 8.25 
*YNO×1000 4.558 4.088 -10.31 3.753 -17.66 2.981 -34.20 
q90 (L/100 km) 4.80 4.846  0.96 4.96  3.33 5.19  8.13 
ID (°CA) 4.5237 4.7070  4.05 4.7346  4.66 4.7342  4.65 

*YNO is the mole fraction of NO calculated from the chemical equilibrium. ( 𝑦ேை ൌ
௡ಿೀ

௡೅
ൌ

௠௢௟

௠௢௟
, 𝑛் is the total mol number of combustion products) 

 
Table 9 shows BSFC values and q90 fuel consumption values at 
100 km of Renault Talisman for NDF and selected 3%, 6%, and 
9% WRs. Additionally, the variation of q90 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 NDF. 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 (Kökkülünk, 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).  

Fig.	9. Variations of a) cylinder pressure, b) cylinder temperature 
and c) HRR obtained from the presented model for NDF, 3%, 6% 
and 9% WRs at 4000 rpm in the M9R type diesel engine used in 
Renault Talisman automobile 
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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. 
 

	
Fig.	10. Variations of (a) q90 fuel consumption as liter at 100 km and (b) 
the mole fraction values of NO versus different WRs at 4000 rpm in the 
M9R 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 q90 

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 q90 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 q90 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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