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Abstract

The optimization of marine diesel engines is necessary in
order to increase the thermal efficiency (reduction of the
CO; emission) and reduction of soot and NOx emissions.
This optimization may be economized by using numeri-
cal field simulations to get a good first estimate of the
geometrical and operational design that should be used.
Such simulations provide detailed information about the
combustion process where the major limitations are the
accuracy of the mathematical models and the numerical
scheme.

The KIVA-II code has been used to simulate a
medium speed two stroke marine diesel engine. The code
is specially designed to follow the piston movement of an
engine (the ALE - method) and a Lagrangian spray model
where breakup, coalescence and evaporation are included.

The code has been extended with the Eddy Dissi-
pation Concept of Magnussen to handle turbulent com-
bustion. In addition the Zeldovich mechanism for NOx
formation, the soot model according to Magnussen and
an auto-ignition model according to Theobald has been
implemented in the code.

Simulated fields of temperature, CO, COy and NO
are presented. In addition computational results are
shown for rate of heat release, pressure, temperature, CO,
NO and soot concentration as a function of crank angle.
The results for pressure and heat release are compared
with experimental result. Also exhaust NO, CO and CO,
levels are compared with experiments.

Introduction

Detailed knowledge about the different processes in a
diesel engine is crucial in order to make improvement of the
overall process. This knowledge is obtainable by solving
the governing equations for conservation of mass, momen-
tum and energy. This is however a huge task due to the
turbulent flow pattern in an engine, and modeling con-
cepts must be applied in crder to close the set of averaged
governing equations.

The models as such resides on certain assumptions
about the physical processes, and the results from the com-
putations where these models are used, must be evaluated
with the limitations embodied in the assumptions as re-
strictions on the validity of the results.

With these restriction laid on our computational ef-
forts, useful information may be extracted from the nu-

merical results, and the influence of initial conditions and
geometrical constraints on the different process parame-
ters can be obtained. Restricted by the same modeling
limitations, detailed information about the origin of the
change in process parameters can be identified, and a guid-
ance to experimental verification of the observed phenom-
ena is obtained.

The numerical code

The numerical code applied is the KIVA-II code of the
Los Alamos Laboratories [1]. This code consist of a
Lagrangian spray model and an arbitrary Lagrangian-
Eulerian control volume model for the gas phase.

The spray model used is the conventional KIVA-II
model where the breakup, collision and random influence
of turbulence on the droplets are neglected. The droplets
are injected with a given initial radial £-squared distri-
bution. The Sauter Mean Radius (SMR) of the injected
particles was set to 24 pu.

The gas phase model of KIVA-II code contains mod-
els for mass, average momentum, turbulence momentum
(the k — e model), internal energy and specific densities for
the species. The code is also provided with routines for
chemical conversion, but these are based on average quan-
tities for temperature and species mole fractions. This is
not a physical correct picture of chemical conversion in
turbulent reacting flow. Based on this the KIVA-II code
has been extended with a turbulent combustion model,
the “Eddy Dissipation Concept” (EDC) of Magnussen [2].
In addition the soot model of Magnussen [3], NO forma-
tion analog to the EDC using the Zeldovich mechanism
[4] and an auto-ignition model according to the Theobald
extension of the Shell knock model [5] are implemented
into the code.

Combustion and soot modeling

The combustion model used is the “Eddy Dissipation Con-
cept” (EDC) of Magnussen [2]. This model is based on that
the heat releasing chemical reactions take place in the in-
termittently distributed dissipating fine structures of tur-
bulence. The mixing in the dissipative structures are as-
sumed to be fast, and as a consequence, the combustion in
the burning fine structures is modeled as perfectly stirred
reactors.

Taking into consideration that only a fraction, ¥,
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of the fine structures are burning [2], we can relate the
mean density to the fine structures and the surroundings

as follows:

1 * 1 -~
=X Q’X (1)

p P p
where * represent the burning fine structures and ° repre-
sents the fine structure surroundings. ~* is the intermit-
tency factor for the burning fine structures [2]. Density

weighted mass fractions will then be given as
Yo=Y + (1= Y (2)

The governing equation for the reacting fine structures,
modeled as perfectly stirred reactors are given as:

dY; m* - .
: Y'-Y,)=R; 3
T T = (3
dh* m* ~ 1dP
— (h* —h) = — 4
dt + 1——X'y*(h ) p* dt )

where R;‘ is the reaction rate of species 4, P is the pressure
and m™ is the mass exchange rate between the burning fine
structures and its surroundings [2]. The pressure term is
neglected in this work. The mean reaction rate is given
by:

(5)

The currently implemented EDC operates on con-
version of fuel and Oy to CO and Hy which equilibrates
with COQ, Hg and 02.

The soot model is also according to Magnussen and
is based on the soot formation model of Tesner [6] applied
in turbulent combustion according to the EDC [3].

The soot model is a two variable model; nucleus for
soot growth, Y5, and soot, Y;,,:. The balance equation
for soot and nucleus in the fine structures are given by:

Ri = V*XRf

ay:  m* " : :
— (Y -Y,) =R} : 6
dt + 1— X’Y*( n ) Rf,n + Rc,n ( )
avy o o .
A Y* _ Y:g — * *
dt + 1— X7*( s ) Rf,s + Rc,s (7)

where R} and R! are formation and combustion rates.
The transient terms are omitted in this work.

The formation and destruction terms are described
by Magnussen [3].

The auto-ignition model

The ignition delay is modeled by using the extension of
the Shell knocking model as reported by Theobald [5].

The Shell knocking model identifies three types of
species which is important for onset of auto-ignition in
hydrocarbons:

¢ R - Reactive radicals
e B - Branching species which splits into two radicals.

e () - Intermediate species which are formed from the rad-
icals and generates branching species

The following types of reactions are identified:

CoHom+02 — 2R ey
R - R+P (1)
R - R+B (111
R - R+Q (1V)
B - 2R (V)
R+Q ~» R+B (V1)
R - P (VII)
2R - P (VIII)

where P is combustion product.

The implementation of this model is mainly accord-
ing to Theobald, but a few changes have been made. The
termination reactions are not assumed to produce N; but
CO2 and H;0, and in addition we have used a slightly dif-
ferent integration method for the chemical source terms.
In the original KIVA-II code, the chemical reactions are
solved in order to obtain detailed mass balance for each
reaction and in addition prevent species from being driven
negative. The way this is handled in KIVA on a quasi im-
plicit basis, results in different degree of implicitness for
the different reactions. This is not to be recommended, so
an alternative method where the same degree of implicit-
ness is applied to all reactions is used, but still demanding
mass balance to be fulfilled. To prevent the overall time
step to become intractable small, sub-cycling on the inte-
gration of the chemical reactions is applied.

The Shell knocking model is able to predict two stage
ignition. For onset of auto-ignition under diesel engine like
condition, the two stage ignition is not dominant. The
onset of one stage ignition is governed by the conversion
of intermediate species, @, to the branching species, B [5].
The conversion of @ to B is governed by reaction (VI). In
addition, the onset of one-stage ignition is dependent on
the initiation reaction (I).

The implementation is tested versus the computa-
tional results of Theobald for auto-ignition of 90 RON fuel.
Our result were in agreement with the results of Theobald.

The fuel used in the experiment was a typical gas-
diesel fuel with a C/H ratio of 1.85. The physical proper-
ties of the fuel was put equal to dodecan, and the param-
eters of the Shell model which Theobald used, were found
to be applicable for this case to.



The NOx model

The high process temperature in the diesel engine indi-
cates that the Zeldovich mechanism [4] is a sufficient chem-
ical kinetic mechanism to describe the NO formation in the
diesel engine process.

The extended Zeldovich mechanism is given by:

Ny + 0O & N+NO (i)
N+ 0, & NO+O (ii)
N +OH 2 NO+H (iii)

By assuming steady state condition for the N atoms the
following expression for the NO reaction rate is found.
NOJ
AL = 2k (O] Na)

- (vo)? (*"fif' o)

Kci KCu IC’zHNzl ( [ IOH])
K [O2]

it

(8)

(NO]
{1+ nf[02 14k f[OH]) }

where K¢; and K¢y; is the equilibrium constants for re-
action (i) and (ii)

In order to make the model work without knowledge
about OH, O and H levels, the following assumptions are
made:

I The O atoms are in equilibrium with O,.
II The denominator of eq. (8) equals one.

III The last fraction of the second term of the nominator
in eq. (8) equals 1.

This gives the following reaction rate:
[NO]
A = 2k O]
1 NOJ?
{l T Kci-Kcii [O2][N2] }

The assumptions II and III are made in order to improve
the simplest expression for the NO reaction rate based on
the Zeldovich mechanism. This reaction rate involves only
the first term of eq. (8) and hence neglects any dissociation
of NO into Ny and Os.

The validity of the assumptions II and III are tested
for perfectly stirred reactor calculations using detailed
chemistry under engine-like conditions. These tests show
that the assumptions are sufficient correct for lean and
stoichiometric conditions, and always better than the sim-
plest version of the NO reaction rate.

(9)

Computational results

The computational results are from simulations of a two-
stroke medium range marine diesel engine from Wartsila
Wichmann, Norway, which are experimentally investi-
gated at MARINTEK Machinery [7]. The engine stroke is
360mm, the cylinder diameter is 280mm and the injector
is located in center of the head with ten 0.15mm diameter

nozzles. The injection angle was 67.5° from the center of
the cylinder.

In the simulations the cylinder was represented by
a 36° sector which is the smallest sector with geometrical
symmetry. This sector was resolved in 7 computational
sectors divided into 42 annuli along the diameter of the
cylinder. At TDC the distance between piston top and
the engine head was divided into 12 levels.

Four different cases was simulated: 1) 25 % load thh
380 rpm, 2) 50 % load with 475 rpm, 3) 100 % load with
600 rpm and 4) 100 %load with 720 rpm.

The detailed information of field simulations are in-
structive in order to see if assumed connection between
different variables exists. Planes through the computa-
tional field are shown in fig. (1) for temperature and
velocity, CO, COs; and NO 9° ATDC. The shape of the
flame are clearly illustrated by the velocity field onset by
the momentum from the diesel spray. The flow field shows
a recirculation zone in the middle of the flame which also
is a high temperature region. This indicates that the flow
transports hot products into the recirculation zone. This
is confirmed by the CO. field.

The CO field shows highest concentrations in the
front of the jet generated by the spray. The high CO
level may be a result of poor mixing and hence, only small
amounts of Oy are mixed with the fuel. The maximum
CO level coincide with low CQO, levels. This coincident
is equivalent to rich conditions where not enough O, are
present to convert fuel to COs.

The NO field shows maximum values in the region of
high temperature which is correct according to the thermal
NO model used.

The rate of heat release of case 1) - 3) is shown in fig.
(2). The irregularity of the computed results are due to
the non-uniform distribution of the droplets in the compu-
tations, and hence the evaporation will not occur smooth.
The computational results reflects the shifting of the heat
release with crank angle as shown by the experiment. The
rate of heat release calculations from the field simulations
gives satisfactory onset of ignition.

The process pressure of case 1) - 3) is shown in fig.
(3). The computed results are in very good agreement
with the experiments, and indicates a satisfactory descrip-
tion of the heat releasing process in the computations.

The process temp of case 1) - 3) is shown in fig.
(4). The temperature is found to be higher for the 50
% load than for the 25 % load and the 100 % load. An
explanation might be that for the 25 % load, the excess air
will lower the temperature considerably while for the 100
% load the combustion process are not completed before
the expansion stroke has started to affect the temperature.
This is due to the longer injection period for case 3).

The CO mass fraction of case 1) - 3) is shown in
fig. (5). The variation reflects to some extent the varia-
tion in temperature. The major effect on the CO level is
the dissociation at high temperatures, which also explain
the difference between case 1) and 2). For case 3), the
maximum level is almost as high as for case 2). This may
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Figure 2: The rate of heat release for 25 %, 50 % and 100
% load compared with experiments .
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Figure 3: The process pressure for 25 %, 50 % and 100 %
load compared with experiments

be explained with the lower air/fuel ratio for case 3) which
prevent CO oxidation.

The soot mass fraction of case 1) - 3) is shown in fig.
(6). The development of the soot mass fraction is clearly
seen to follow the behavior of the temperature. The pro-
cess curve of soot are more peaked than the temperature
curve. The spontaneous formation of soot nucleus is mod-
eled as an Arrhenius expression according to Tesner [6]
which explain the consistency with the temperature varia-
tion. The soot reduction shown is due to soot combustion.

The NO mass fraction of case 1) - 3) is shown in fig.
(7). The consistency with the temperature variation is
again pronounced. The difference between case 1) and 3)
is larger than for the temperature. This may be explained
by the NO formation dependency on Oj. For case 1) the
air/fuel ratio is larger than for case 3) and will therefore
promote the NO formation. The stable level of the NO
mass fraction results from the strongly temperature de-
pendent dissociation process of NO to Oz and Nj.

Calculated outlet values of different species for case
1) - 4) are compared with experimental findings and given
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Figure 5: The CO mass fraction for 25 %, 50 % and 100
% load
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Figure 6: The soot mass fraction for 25 %, 50 % and 100
% load.
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Table 1: Outlet levels of different species for 1) 25 % load,
2) 50 % load, 3) 100 % load and 4) 100 % load with 20 %

increase in engine speed

CO. [ke/ksp ] | CO [g/kep,] | NO [g/keg,
Exp. | Calc. | Exp. [ Calc. [ Exp. | Calc.
1 3.5 3.2 2.8 6.7 | 92.0 | 100.0
2 3.3 3.2 | 31.5 20| 770 99.0
3 3.4 3.2 7.9 1.8 | 59.8 | 68.2
4 3.3 3.2 8.8 1.9 | 444 | 48.0

in table (1). The CO; level is correctly reproduced within
10 % of the experimental results which again shows that
the overall heat release is correctly modeled. The CO level
is not well simulated compared with the experimental find-
ings. This may be explained with the fact that equilibrium
was assumed in the reaction zones and therefore kinetic
effects which may affect the CO level are neglected. The
NO level is somewhat over-predicted but within 30 % of
the experimental findings. What is more important is the
qualitatively behavior of the simulations which shows the
same trend as the experiments when changing the load
and the engine speed.

Conclusions

The KIVA-II code has been provided with models for auto-
ignition, turbulent combustion, soot- and NO formation.
The computational results show good agreement with ex-
periments on a medium range two-stroke marine diesel en-
gine for the onset of ignition, heat release and NO forma-
tion. The CO level is not well predicted using equilibrium
assumption in the reaction zones and chemical kinetic ef-
fects on CO formation should be incorporated in the CO
model.

The simulations show expected coincidence between
the different variables and the code seems to be a good tool
for testing the effect of different load and engine speed on
the NO emission.
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