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The present work deals with a numerical investigation on an experimental single 
cylinder direct injection Diesel engine. Calculations are carried out with Kiva3v2 
code using multidimensional detailed chemistry. The study was carried out on pre-
dicted CO, and NOx emission levels by the engine cylinder before exhaust valve 
opening. Correlations proposed for predicted NO, CO, and NOx levels function 
of fuel, O2, N2 concentrations and the maximum in-cylinder pressure rather than 
temperature. Predicted values of averaged pressures, O2, CO, and CO2 levels in 
the exhaust manifold were validated by the measured ones for a set of five loads 
at 1500 rpm. CO, NO, and NOx concentrations at the exhaust obtained by cal-
culations lies perfectly with measured values. Otherwise, numerical simulations 
lead us to analyze injection timing, duration and fuel amount injected effect on the 
engine performances, ignition delay, combustion duration as well as CO and NOx 
emission levels.
Key words: modelling, correlations, Kiva3v2, CO, NOx,  

in-cylinder pressure, injection parameters,  
injection delay, combustion duration

Introduction

It is well known that thermal engine performances enhancement depends on combus-
tion, turbulence and spray understanding in addition emission levels reduction at the exhaust 
[1, 2]. Combustion process in internal engines has been the major objective for several math-
ematical, numerical and comprehensive models developers and scientific researchers [3-6]. 
Progress in Diesel engines combustion phenomena modelling grows with CFD tools evolution. 
Indeed, suitable accuracy can be obtained with CFD tools which represent an alternate way to 
investigate and analyze complex 3-D configurations using RANS transport equations system 
and Arbitrary Lagrangian – Eulerian method coupled at sub-models for combustion, combus-
tion-turbulence interactions, and diphasic injection [7-10]. Chemical kinetics and equilibrium 
state combustion aspect can be taken into account with reaction mechanisms. Physical param-
eters related to the dynamics of the two-phase jet as well as the chemical parameters occur-
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ring at a sub-mesh scale are treated by sub-models from an in-like calculation cell mesh scale  
[11-16]. The NOx emitted by conventional diesel [17] and biodiesel fueled engines [18, 19] 
remains the main chemical pollutant targed by reserchers in the world. 

In the present work, algebraic relationships for CO, NO, and NOx concentrations cal-
culated exactly at the exhaust phase start have been established. Because of his cetane number 
(~50) C7H16 is suggested as fuel for diesel engine simulations [1, 2, 20-22]. Indeed, exhaust 
phase occur to late diffusion combustion characterized by equilibrium combustion where [CO], 
[NO], and [NOx] seems to be constant. Thus, d[CO]/dt, values are function of [C7H16], [O2], 
[CO], and [CO2] levels, and both d[NO]/dt and d[NOx]/dt values are function of [C7H16], [O2], 
[N2] levels in the exhaust gases as well as the maximal in-cylinder averaged pressure rath-
er than the maximal in-cylinder averaged temperature proposed in [22]. Reduced mechanism 
composed of a global reaction for C7H16 associate to 245 elementary reactions with a set of 60 
species has been used. Concentrations of O2, CO, and CO2 calculated at the exhaust have been 
validated by the measured values.

The NO and CO rates modelling

It is well known that the thermal NO concentration can be predicted using three 
elementary reactions of Zeldovich mechanism. A set of six reaction coefficients functions of 
the static temperature are to be calculated each time step. The d[NO]/dt given by a first order 
differential equation and [O2], [N2], [O], [N, [OH], [H], and [NO] are estimated and five addi-
tional equations (partial equilibrium OHC) are added in the aim to estimate [O2], [O], [OH], 
and [H]. simplifications by neglecting slow reverse reactions can be done if one suppose 
steady and partial equilibrium states. The d[NO]/dt can determine according to Bockhorn 
relationships [4]:

[ ] [ ] [ ]13
2 2

d NO 678374.71 0 exp N O
dt T

 = −  
(1)

Or Kee et al. [23] relationship:

[ ] [ ] [ ]15
2 2

d NO 755001.31 0 exp N O
dt T

 = −  
(2)

Similarly, according to Heywood [3, 23] one can determine d[NO]/dt by mean of 
burned gases fraction temperature T:

[ ] [ ] [ ]
16

2 2
d NO 61 0 69090exp N O

dt T T
 = −  

(3)

suming steady-state and partial equilibrium chemistry assumptions an analogous relation given 
by Dryer and Glassman [24] for CO concentration rate using global dissociation reaction with 
the relationship:

[ ] [ ][ ]0.25
CO 2 2

d CO 20130exp CO O H O
d

A
t T

 = −  
(4)

with ACO = –1.3 1010. 

In a previous work [22] the authors new correlations for predicting NO and NOx levels 
at late diffusion combustion phase in the exhaust of an experimental engine have been carried 
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out from a multidimensional detailed chemistry simulation. Both concentrations of NO and 
NOx have been estimated using fuel, N2, O2 concentrations and maximal in-cylinder tempera-
ture by the relations:

[ ] [ ][ ] [ ]13
2 2

max

d NO
10 N Fuel O exp

d
A

t Tα

 
= − 

  
(5)

[ ][ ] [ ]13
2 2

max

d NO
10 N Fuel O exp

d
x B

t Tα

    = − 
  

(6)

where
 A = 690 1/K, B = 780 1/K, and α = 0.362

Multidimensional turbulent flow and  
detailed chemistry modelling

Commonly, simulating physical phenomena as turbulent combustion of a 
multi-species mixture in a compression ignition engine can be successfully done by the 
resolution of the RANS system. It is principally composed by species and global mass 
conservation, momentum conservation, energy conservation, and the equation of the state.
it also represents the Eulerian flow phase. The diphasic fl spray with breakup, coalescence, 
and evaporation of fuel droplets during the Lagrangian phase can be performed with the 
Taylor analogy break-up model (TAB) developed by Reitz [16]. There are two regimes 
controlling the breakup process of the droplets, bag breakup and stripping breakup. The 
breakup rate othe droplet is calculated for each one and the instability is determined by the 
mean of the Weber number. Break-up associated characteristic time is then determined for 
both regimes [15, 16]. Source terms due, respectively to heat released by chemical reac-
tions and the spray/flow interaction are calculated in a parallel Lagrangian phase. For the 
aver all chemical mechanism, chemical source term, heat balance for each reaction, the re-
action rate and each kinetic reaction constant are estimated separately for each calculation 
cell when the averaged cell temperature is greater than 900 K. Adapted version of Kiva3v2 
with a new combustion-turbulence sub-model proposed by Golovitchev et al. [1] and Nor-
din [2] has been used. The new sub-model integrated into Kiva3v2 version is essentially 
based on the generalized partially stirred reactor model [20-22]. Turbulence model used is 
the modified RNG (k-ε) model.

Experimental facilities

Measures are done on a test bench and the exhaust gases analyzer. Chemical species 
sensors and accuracies can be shown in the tab. 1. The experimental engine is a one cylinder 
direct injection Diesel engine implanted in the energetic and environment systems department 
(DSEE) IMT ex école des mines de Nantes. Cases treated concern five loads at engine speed 
of 1500 rpm. The engine has been widely explored by a great number of experimental and 
numerical studies as well as combustion-turbulence interactions [20-22] extraction of NOx and 
NO correlations [20], improving engine performances and reducing NOx levels using biofu-
els, animal fat emulsions [25], natural gas [26] and biogas [27]. The engine specifications are 
regrouped in tab. 1.
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Mesh generation

The numerical grid mesh has been created with the Kiva3v preprocessing tool, Bound-
aries are labeled and much with real physical geometry of the piston, the bore, the stroke, the 
squish region and the intake and exhaust valves geometries. The grid is adjusted by the code 
performers and refinement of calculation mesh grid near the moving boundaries is achieved 
using 43 structured blocks. Total cell number of the numerical domain is 23000 cells with 
26000 nodes. Figure 1 illustrates the computation grid before the exhaust valve op ening. Three 
regions are considered distinctly the combustion chamber, the intake and the exhaust ports with 
their valves.

Results and discussions

The numerical test bench built in [22] is achieved by the following assumptions:
 – For the validation of the in-cylinder averaged pressure, calculated values are picked from 

the combustion chamber (Region 1).
 – Calculated values of [O2], [CO], and [CO2] are taken from the exhaust volume (Region 3).

Validation and numerical test bench build

Figure 2 represents calculated and measured averaged in-cylinder pressure evolu-
tions as well as the heat released [21]. Calculate mean in-cylinder pressure lie perfectly on the 
measured one. Discrepancies in the pressure prediction do not exceed 2% during compression 
combustion and expansion phases. According to a previous work presented by the authors the 
numerical code has been tuned in order to validate successfully CO, CO2, and O2 concentra-
tions. It has been shown that, for the five loads, measured values of [O2], [CO] and [CO2] at the 
exhaust valve opening lies perfectly with those obtained by Kiva3v2 [19]. Thus, the tabulated 
chemistry used led to a suitable prediction of O2, CO, and CO2 concentrations in the exhaust. 
Figure 3 illustrates confrontation between calculated values of [O2], [CO], and [CO2] and those 
measured at the exhaust valve opening for both 80% and full load. It can be noted that further 
results and information are presented in [19]. The injection parameters related for each load 
can be shown in tab. 2. Injection duration and the start of injection are located using measured 
injection pressure curves.

The [CO], [NO], and [NOx] modelling

It’s well known that because the partial equilibrium and the steady-state d[CO]/dt, 
d[NO]/dt and d[NOx]/dt are very small at late diffusion combustion followed by the exhaust 
valve opening. Therefore, one can considerate that their concentrations are function of:

Figure 1. Numerical meshing  
(piston at 400 CA°)

Table 1. Engine specifications
Designation Value

Cylinder number One cylinder
Engine speed 1500 rpm
Maximal power 5.4 kW at 1800 rpm
Piston diameter 9.525 cm
Piston Stroke 8.85 cm
Connecting rod length 16.5 cm
CR 18:1
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 – The [CO], [CO2], [N2], [O2] [3-5, 19, 21].
 – Maximal in-cylinder pressure rather than temperature as proposed in [19]. In fact, maximum 

value of the averaged in-cylinder pressure, like temperature, is a thermodynamic function 
but much easier to measure in addition. The correlations with the peak cycle pressure in the 
cylinder should be more useful for experiencers and researchers involved in comprehensive 
combustion and engine modelling.

 – The [C7H16] have to be added since fuel depletion between injection start and combustion 
end lead to more accurate models and a better apprehending during premixed and diffusive 
combustion phases can be obtained.

Figure 2. Measured and 
calculated in-cylinder 
pressures and heat released 
rate evolutions
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Figure 3. Predicted and measured O2, CO, and CO2 concentrations in the 
exhaust region [19]

The pressures unit in the following correlations is the Pascal. Thus:
[ ] [ ][ ] [ ]0.25 0.56

7 16 2 2 2
max

d CO 201302 10 exp C H N O H O
dt P

 
= ⋅ −    

 

[ ] [ ] [ ]0.5
7 16 2 20.28

max

d NO 1480exp C H O N
dt P

 
= −    

  

[ ] [ ]0.5
NO 7 16 2 20.28

max

d NO 150010 exp C H O N
d x

x A
t P

    = −    
  

(7)

Parametric analysis 

The present section has been added to the paper in the attempt to bring a better under-
standing of the combustion process. Consequently, using numerical investigations, the analysis 
of influence of fuel mass injected, injection timing and injection duration on ignition delay, 
combustion duration and CO, NO, and NOx concentrations in the exhaust has been carried-out. 

Table 2. Injection parameters
Load mf θinj ∆θinj

 % mg/cycle CA° CA°
 20  55

242

21
 40  65 22
 60  75 23
 80  100 22
100  105 22
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Figure 4. Averaged in-cylinder pressure and tempearature evolutions for 
different injection timings and injection durations
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Figure 5. Averaged in-cylinder pressure and tempearature peaks vs. mass fuel injected 
according to injection timing duration

Five different values of fuel mass injected, injection timing and injection duration have been 
tested with the calibrated version of the CFD code.

Actually, fuel masses injected are maintained as those in tab. 2 and for each value of 
the masse fuel injected, injection timing and injection duration have been varied, respectively, 
as follows:

Injection timing: 335 CA°, 340 CA°, 342 CA°, 345 CA° and 350 CA°.
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Injection duration: 25 CA°, 20 CA°, 17 CA°, 15 CA° as well as the specific value for 
each load in the validation so that 21 CA° when mf = 55 mg/cycle, 22 CA° when mf = 65 mg/
cycle, 23 CA° when mf = 75 mg/cycle, 22 CA° when mf = 100 mg/cycle and 22 CA° when mf 
= 105 mg/cycle. A combination of 125 cases has been achieved. Figure 4 presents in-cylinder 
pressure and temperature evolutions for combined injection timing and injection duration. Mass 
fuel injected is fixed to that of full load. For constant amount of fuel injected and constant in-
jection timing increasing injection duration reduce the engine performances. But for constant 
amount of fuel injected and constant injection duration and increasing injection timing better 

Figure 6. Ignition delay 
variation vs. injection 
timing according to 
injection duration and 
mass fuel injected variation
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Figure 7. Combustion 
duration variation 
vs. injection duration 
according to injection 
timing and mass fuel 
injected variation

engine performances can be reached. Figure 5 illustrates averaged in-cylinder pressure and 
temperature peaks obtained for different injection timing, duration and mass fuel injected. Fig-
ures 6 and 7 present, respectively ignition delay and combustion duration according to different 
injection timing, duration and mass fuel injected. It has to be note that ignition delay lay on 
between the start of injection and combustion start. Combustion start and end have crank angles 
been calculated with the entropy variation according to Tazerout et al. method [28]. Ignition de-
lay seems to be very sensitive to injection timing and injection duration variations. Otherwise, 
higher ignition delays are obtained with bigger amounts of fuel injected.

Figure 8 illustrates predicted CO and NOx concentrations according to different injec-
tion timing when mf = 105 mg/cycle and Δθinj = 22 CA°.

As expected while engine performances increase considerably with the increase of in-
jection timing however NOx levels increase considerably about 5.6 times those obtained by late 
injection timing. In order to give useful results according to engine researchers and automotive 
engineers, NOx and CO concentrations are illustrated in gr/Kwh unit instead of PPM.
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Figures 9 and 10 represent, respectively NOx and CO concentrations for different in-
jection parameters picked when exhaust valve is wide open. The figures summarize over all 
parametric cases studied. The NOx levels increase considerably when mass fuel injected in-
creased. For constant values of mass fuel injected late injection timing leads to huge NOx levels 
and lower CO emissions. According to the results increasing the injection duration with fixed 
values of the mass of fuel injected per cycle seems to be efficient to reduce considerably the 
amount of NOx at the exhaust however CO concentrations increase considerably.

Conclusions

A 3-D multidimensional numerical investigation was achieved using an adapted ver-
sion of Kiva3v code. Reduced reaction mechanism of C7H16 has been used. As presented in a 
previous paper a numerical test bench have been build and used with the aim to improve alge-
braic correlations for NO, NOx and CO concentrations emitted at the exhaust of an experimental 

Figure 8. Predicted CO and NOx concentrations according to different injection timing  
mf = 105 mg/cycle and Δθinj = 22 CA° 
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Figure 9. Predicted NOx 
concentrations at exhaust 
valve opening for different 
injection parameters

direct injection diesel engine. Measured mean in-cylinder pressure, and O2, CO, and CO2 con-
centrations at the exhaust have been validated for five engine loads at 1500 rpm.

The principal originality of the correlations presented in this paper consists in the use 
of the maximum cylinder pressure rather than the maximum cylinder temperature. Indeed, the 
pressure is a thermodynamic function related to temperature but much more useful since it is 
easily measured on engine test bench. Otherwise, the correlations use fuel and measurable spe-
cies concentrations O2, N2, H2O, and CO2.

A good agreement has been noted between predicted and measured CO, NO, and 
NOx at the exhaust. In the attempt to optimize the studied engine, a parametric analysis on the 
injection timing and duration as well as the fuel mass injected per cycle influence on the engine 
performances and emissions is performed. 
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Ignition delays seem to be more sensitive to injection timing and injection dura-
tion variations than combustion duration. Higher ignition delays can be obtained when more 
amounts of fuel have been injected.

The analysis of the numerical results concludes that for the same mass of fuel injected, 
are as follows.

 y Advancing injection timing duration increase both averaged in-cylinder pressure peak and 
the NOx levels with lower levels of CO at the exhaust. 

 y Advancing injection duration reduces both averaged in-cylinder pressure peak and the NOx 

levels accompanied with higher CO levels at the exhaust. 
A compromise seems to be necessary to get good performances with acceptable emis-

sion levels of NOx and CO at the exhaust.

Figure 10. Predicted CO 
concentrations at exhaust  
valve opening for different 
injection parameter
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Nomenclature
A – constant
ACO – constant
B – constant
k – turbulent kinetic energy
mf – fuel mass injected
N – engine speed
P – pressure
Pmax – maximum in-cylinder pressure
T – temperature

Tmax – maximum in-cylinder temperature
t – time

Greek symbols

α – exponent for NO and NOx relations
ε – turbulent kinetic energy dissipation 
θinj – injection timing
∆θinj – injection duration
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