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The results of a comparative numerical simulation of combustion and formation of toxic substances

in a diesel engine combustion chamber are given. Experimental findings were used to identify the

mathematical models. The impact of the standard, RNG and realizable k-¢ turbulence models on the

accuracy of numerical simulation of combustion and the formation of toxic substances was studied.

The realizable k-¢ turbulence model was shown to provide a closer agreement of computational and

experimental data during simulation of the diesel engine process when turbulent flows are described.

Introduction
The development of numerical simulation
makes simulate

techniques it possible to

combustion and the formation of toxic
substances in an engine cylinder with a high level
of accuracy and confidence [1, 2]. The features
of combustion in a diesel engine are the
alternating high local concentrations of fuel and
oxidizer, a small cycle time and the essential
impact of the mixture formation method on
engine performance [3-5]. By proper selection of
a model for describing turbulent flows in an
engine cylinder more accurate and valid
numerical simulation results can be obtained.
Conventionally, three main mixture
formation methods are distinguished in diesel

engines: voluminal (all the fuel is vaporized and

80

ignited within the volume of the heated oxidizer),
voluminal-filmy (a fraction of the fuel ends up on
the walls of the parts of the combustion chamber,
vaporizes and ignites) and filmy (during injection
all the fuel ends up on the walls of the
combustion chamber).

Advanced software packages serve for
simulating the processes of mixture formation,
combustion and formation of toxic substances in
the plane axisymmetric and three-dimensional
statements [6-8]. Chemical mechanisms, for
instance, those implemented in the CHEMKIN
package, are used for a detailed description of
fuel combustion kinetics [9].

Not well understood yet are problems
related to selecting and setting up mathematical

models for investigating rapidly changing cyclic



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2019, VOLUME 07, ISSUE 02)

processes of mixture formation, and combustion
and formation of toxic substances in the
combustion chambers of engines, especially
diesel ones, with account of the specific features
of how the mixture formation process is
managed.
Experimental part

Experimental research was conducted on
a test bench with the D21A diesel engine in the
laboratory of the A. Podgorny Institute for
Mechanical Engineering Problems NAS of
Ukraine. The brief specifications of the diesel

engine are given in Table 1.

Table 1.Brief specification of diesel engine

Item Parameter Value
No.
1 Rated power, kW 18.4
2 | Rotational speed corresponding to 1800
rated power conditions, min!
3 Cylinder diameter, mm 105
4 Piston stroke, mm 120
5 Compression ratio 16.5
6 | Number of holes in the injector 3
nozzle
7 | Diameter of injector nozzle holes, 0.3
mm

The following physical parameters were
controlled during the experiment: fuel and air
consumption, exhaust temperature, exhaust
toxicity (a 5-component gas analyzer was used),
and indicator diagrams were plotted (pressure
variation in the engine cylinder). The
temperature of combustion chamber parts
(piston—continuous current pickup and the

cylinder head) was also controlled.
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Next, numerical techniques were used for
a comparative computational study in evaluating
the impact of different k-¢ turbulence models on
the accuracy of simulating the diesel engine
process.

The study used the finite volume method
for numerical simulation of processes in the
engine combustion chamber.

The computational grid for numerical

simulation is shown in Figure 1.

Figure 1.Computational grid (25100 computational cells)

The fuel combustion process (owing to
short-duration fuel combustion in a diesel
engine) can be calculated using the following
dependence:
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where , =1+ n/4 and the equivalence ratio ¢, is

the fuel to air ratio normalized to the stoichiometric
fuel to air ratio.

The standard k-¢ model equations have

the form:
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k is specific kinetic turbulent energy; ¢ is rate of RNG k-¢ model from the standard one is the

viscous dissipation of turbulent energy; p is gas Presence of an additional term in the equation for

. . . S >
density; u, is turbulent dynamic viscosity; u, is
averaged velocity; o,1s a dimensionless C,-p: n’ (1—77}92 ,
o 3
empirical constant; G, is turbulent kinetic energy & 1+8-n° k

formed by mean velocity gradients;G, is

displacement force kinetic energy; C,,, C,, are The realizable k-¢ model, as compared

. o ‘ with the standard one, has two differences:
constants; Y, is the contribution of the variable . )
- the realizable k-¢ model has an alternative

expansion during compression turbulence to the ) ) )
formulation for turbulent viscosity;

total dissipation rate; S, is invariant of the strain . . C
P Pk - the modified transport equation for dissipation

tensor.

The RNG k-¢ turbulence model differs

rate ¢ is derived from the exact transport equation

for r.m.s. vorticity oscillations.

from the standard one by the following features: The equations for a realizable k-¢ model

- it has an additional term for &, which improves  4ve the form:

the computational accuracy for a fluid with high
deformation rates; ot ox, i ox, P

- the model accounts for the vorticity impact on
. . +G, +G,—p-e-Y,, +5,,
turbulence to increase computational accuracy;

- it offers analytical formulae for Prandtl g(p-g)Jri(p-g-LT):i{(y+ija—g}+

turbulence numbers, whereas the standard k- ot o, o, o, ) 0%,
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| t lues.
emodel uses standard values 4p-C-S. —p-C, & +C152C35 G, +5,

The RNG k-¢ model equations have the k+~Nv-¢g
following form: In this study, the processes of formation
P P P ok of monoxide nitrogen (NO) were simulated using
5('0 k)+a_xi(p keit;)= gj(a" Hey g/]jL the thermal mechanism suggested by Ya.B.

Zeldovich and Fenimore's mechanism of the so-

called prompt NO [10-12].
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The formation of thermal NO comprises
a three-stage mechanism:

O +N2 &NO +N

N+ 02 -NO +0

OH + N «<NO + H.

The formation of NO by the prompt NO
mechanism has the form:

CH+N>=HCN+N

2C +No=2CN

CHa+ No=NC + NH.

Diesel fuel is known to be a mix of hydrocarbons
of different chemical groups. In the paper, with
account of recommendations of authors [13-15],
fuel combustion in the combustion chamber is
simulated using n-decane (CioH22) as an analog
of diesel fuel.

Results

Comparative numerical simulation results are
shown in Figures 2- 6.

Figure 2 is the graph of the comparison
of pressure variation in the diesel engine
combustion chamber vs. crankshaft rotation
angle (piston position). The crankshaft angle was

within 225 to 425 degrees.
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1 - standard k-¢ model; 2 - RNG k-¢ model; 3 — realizable

k-¢ model; 4 - experiment

Figure 2. Pressure in the diesel engine

combustion chamber vs. crankshaft angle

Figure 2 shows that the realizable k-¢
turbulence model provides more accurate results
as compared to experimental data.

Figure 3 shows the variation of the
volume-averaged temperature in the diesel

engine cylinder.
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Figure 3. Temperature in diesel engine cylinder

vs. crankshaft angle

As the results demonstrate, the realizable
k-¢ turbulence model used in the experiment
yields more accurate numerical simulation data.

The local values of temperature, gas and
flame velocity, and NO mass fraction as a
function of the used k-¢ turbulence models are
shown in Figure 4-6.

Figure 4 shows the results of computing
combustion and NO formation for a standard k-¢

turbulence model.
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As Figure 4 shows, the maximum local
estimated temperature is 2,420 K, the maximum
local gas and flame velocity is 46 m/s, and the
local NO mass fraction is up to 0.0077.

Figure 5 shows the results of computing
combustion and NO formation for the RNG £-¢

turbulence model.
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Figure 4. Local values of temperature (a),
velocity (b) and mass fraction NO (c) in the meridional
section of the combustion chamber (standard k-¢

turbulence model)
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Figure 5. Local values of temperature (a), velocity (b) and

mass fraction NO (c) in the meridional section of the

combustion chamber (RNG k-¢ turbulence model)

As FigureS shows, the maximum local
estimated temperature is 2,464 K, the maximum
local gas and flame velocity is 47 m/s, and the
local NO mass fraction is up to 0.007.

Figure 6 shows the results of computing
combustion and NO formation for the realizable

k-¢ turbulence model.
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Figure 6. Local values of temperature (a),

velocity (b) and mass fraction NO (c) in the meridional
section of the combustion chamber (realizable k-¢

turbulence model)

As Figure 6 shows, the maximum local
estimated temperature is 2,429 K, the maximum
local gas and flame velocity is 47 m/s, and the
local NO mass fraction is up to 0.0076.
Discussion

Table 2 shows the summarized results of

experimental and numerical research.
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Table 2.Summarised research results (operating

duty with n =1,400 min™").

Parameter P, Tex NOx
Units MPa °C ppm
Experiment 7,065 646 1643
Calculation
(different k-¢ turbulence models):
Standard 6,93 642 1470
RNG 6,92 640 1495
Realizable 7,04 650 1596

n — crankshaft rotation speed;
P, — maximum combustion pressure;

Tex — exhaust temperature.

The summarised results in Table 2 show

that numerical techniques yield a close
agreement of computational and experimental
data when simulating n-decane combustion
processes in a diesel engine combustion
chamber. The realizable k-¢ turbulence model
provides for the most accurate description of
combustion and NO formation for a diesel engine
with voluminal-filmy mixture formation.
Conclusions

The study findings allow for drawing the
following conclusions:
- using n-decane fuel instead of diesel fuel for
numerical simulation of a diesel engine process
produces fairly accurate and meaningful data;
- unrealizable k-¢ turbulence model describes the
process of n-decane combustion in a diesel

engine combustion chamber more accurately;
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-the Zeldovich thermal mechanism and

Fenimore's mechanism used for simulating the
processes of formation of monoxide nitrogen in
a diesel engine combustion chamber yield a close
agreement of experimental and computational
data.
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