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Abstract

Spray modeling using statistical particles is known to have sewral numerical problems assaiated with grid
dependencyand statistical corvergence.To overcomethesedi culties a new Eulerian spray model is presened
and it is usedto investigate the injection and ignition processof a dieselspray in a high pressure/temperature
cell. To model the chemistry and the chemistry-turbulence interaction a amelet model is employed. Ignition
delay and spatial soot distributions are comparedbetweenexperiment and simulation.

Numerical Mo del

For Diesel simulation spray modeling plays a very important role as it strongly in uences all subsequen
processesucd asmixture formation, ignition, heatreleaseand pollutant formation. The most commonapproac
in CFD codesfor engine modeling is the use of stochastic Lagrangian spray models. The spray is represerted
by parcelswhich then constitute the statistical distribution of location, velocity, size and temperature of the
spray droplets. A detailed description can be found in [1]. Despite its popularity there are a range of mainly
numerical di culties assaiated with Lagrangian spray models and the assaiated submaodelsto describe the
physical processesud as breakup, collision, turbulent dispersion and evaporation. The models for turbulent
dispersionand collision e.g. show a strong sensitivity with respect to the CFD grid. Seeral attempts have been
madeto x theseproblems, seee.g.[2]. Another problem is to reac statistical convergencewhich may require
a huge number of particles. Kr eiger [3] pointed out that maybe the largest problem is the coarsemeshresolution
of the CFD code especially closeto the nozzle.Velocity gradients cannot be properly resolved which leadsto an
underestimated turbulence intensity which then leadsto an underestimation of the turbulent di usivit y. This
howeer is balancedby the increasednumerical di usivit y due to the coarsemeshresolution.

An example for the mesh resolution dependencyis showvn in Fig. 1. The penetration of the gas phase over
time is plotted for an injection of n-heptaneinto a high-pressure/high-temperature chamber. The meshsizehas
beenvaried and the cell sizeis given asa multiple of the nozzlediameter. The simulation data shaws a strong
dependenceof the penetration depth on the resolution. In practice this leadsto tuning of spray parameterson
a given grid to adhieve the correct penetration depth. It should be noted that the number of statistical parcels
for these calculations was kept constart.

A di erent way to model dieselsprays was proposedby Wan and Peters[4] which they called | nteractive-Cross-
Sectionally-A veraged(ICAS) spray model. Eulerian boundary layer equationsfor the gasand the liquid phase
are formulated and integrated over the cross-sectiorof the spray. This leadsto the instationary, one-dimensional
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Figure 1: Penetration depth for di erent mesh resolutions comparedto experimental data, Lagrangian spray
model.

CAS-equations. As an examplethe cortinuity equation for the gasand liquid phaseread
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where the h” i denotesthe cross-sectionalaverage, ” the density of the mixture, ¥;, the liquid fuel mass
fraction, b the half-width of the spray, 04 the gasvelocity, g the density of the ertrained air, the spreading
coe cient, "4y the evaporation rate and 0 the liquid velocity, respectively. Similar equations are formulated
for the momertum, the energy/enthalpy of the gasand the liquid phase.Also an equation for the diameter
of the droplets is solved. This model has also beenextendedto multiple so-calleddroplet classes.The spatial
coordinate x correspondsto the spray axis. The entrainment is prescribed by the spray radius b for which an
empirical correlation obtained from measuremets is used. Theseequationsare solved in a separatespray code.

On the gassidewe usethe R epresemativ e | nteractive Flamelet (RIF) model. The amelet equationsare solved
in a separatecode amelet code. The coupling of the various codesis shown in Fig. 2. The CFD code, which is
KIV A for this investigation, interacts with the spray code aswell asthe amelet code. The coupling of the CFD
and the amelet code has beendescribed in detail in a number of papers [5{8] and only a brief description is
given here. The amelet parametersscalar dissipation rate and pressureare passedto the amelet code which
computesthe instationary amelet solutions for that time step. Thesesolutions, being a function of the mixture
fraction variable, alongwith the probability density function of the mixture fraction canbe usedto compute the
mean temperature and speciespro les in the 3D eld. The chemistry which also includes pollutant formation
processess completely solved within the amelet code. The soot model is also completely incorporated into
the framework of the amelet concept.

The spray code interacts in a similar way with the CFD code. Boundary conditions sudc astemperatures and
speciesmassfractions at the edgesof the spray are passedto the spray code which then solves the radially
integrated equations for the gasand the liquid phasealong the spray axis. The sourceterms for the fuel, the
momertum, the turbulent kinetic energy and dissipation for that time step are then passedto the CFD code.
The CFD code only indirectly seesthe liquid phasethrough these sourceterms.
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Figure 2: Coupling of the CFD-code with the Eulerian Spray code and the amelet code.

These placemern of these sourceterms depends on the axial coordinate x and the half-width b(x). A second
grid for the spray which is usually much ner is generatedand eat computational cell is assaiated with a
KIV A cell which then cortrols the placemen of the sourceterms in the KIV A code.
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Figure 3: KIVA meshand the ICAS exchange mesh.

Figure 3 shows a typical KIVA meshwith an embedded ICAS mesh which shows the ne resolution of the
spray grid comparedto the CFD grid. This is very bene cial especially closeto the nozzle.It hasbeenshovn
by Krause and Peters [9] that re ning the KIV A grid now leadsto convergert behavior in terms of gasand
liquid penetration in the KIV A code. No unphysical behavior such asin Fig. 1 is found any more.



ambient gas
pressure
gastemperature

air
50 bar
823K

fuel
fuel temperature

Diesel
300K

nozzle
diameter
injected mass

single hole nozzle
0.2mm
6 mg

ignition delay

1.2mg

Table 1: Experimental conditions.

Results

In the following we will presen results for injection and ignition in a high pressurechamber. The experimental
conditions are summarizedin Tab. 1. Further details on the experimental setup and technique can be found
in [10].

The fuel in the experiments is dieselwhich is modeled using a two-componert model fuel being a mixture of
70% n-decaneand 30% -methylnaphthalene. It hasbeenshownn previously [6, 7] that this so-calledIDEA fuel
yields good results for ignition delay and pollutant formation when comparedto real dieselfuel.

The simulation is carried out on a 2D sector mesh with 40 x 150 cells for a domain of 2 cm x 8 cm. The
experimental ignition delay of 1.2 ms is well predicted by the conbined ICAS/RIF model.

The emphasisof the experimental work wason measuringsoot by meansof light extinction techniques. Therefore
in the following we compare measuredand the computed scot pro les. On the one hand soot computations
are a very challenging task but on the other hand it can be usedto assesghe performance of the combined
model as both the mixture formation which directly dependson the spray and the amelet modeling strongly
in uence the soot results.

In Fig. 4 the soot distributions are shown for three instants, 2 ms, 2.5 ms and 3 ms. In the upper half the

experimental result is plotted and the simulation data is shown in the lower half of ead picture. The color
coding is slightly di erent for experimerts and simulations. As the maximum valuesare di erent for experimert

and numerics and due to the nonlinear subdivision of the contour-levels we found that the presen color-cading

is the best compromise. The maximum values should not be adjusted as there may be seweral reasonsfor

deviations of these maximum valuessud asreal vs. model fuel as well as experimental uncertainties. It seems
more important to comparethe spatial soot distribution.

In generalthe agreemem betweenexperimert and simulation is reasonablygood consideringthe complexity of
soot modeling. There are somedeviations especially at the spray tip which are due to somemodeling issuesin
the tip region. Kr eger[3] proposeda solution for that problem but this hasnot beenusedhere.

Summary

In order to overcome someof the numerical problems assaiated with Lagrangian spray models an Eulerian
spray model was dewveloped and coupledto a CFD code. This combined model was applied to the simulation
of the injection and ignition of a diesel spray in a high pressure,high temperature chamber. The simulated
ignition delay is in good agreemen with the experimental value. Two-dimensionalsoot pro les are compared
for three instants. The maximum valuesare of the sameorder of magnitude when comparedto the experimental
data and in generalthe spatial distributions show reasonablygood agreemen



Figure 4: Soot distributions, comparison between experimerntal (upper half) and the numerical (lower half)
results for 2.0 ms (top), 2.5 ms (middle) and 3.0 ms (bottom)



References

[1] AmsdenA.A., O'Rourke P.J., and Butler T.D., Kiva Il: A computer program for chemially reactive ows
with sprays, Ted. Rep. LA-11560-MS, Los Alamos National Laboratories, 1989.

[2] Scdmidt D.P. and Rutland C.J., Eleventh International Multidimensional Engine Modeling User's Group
Meeting, Cray Researt Inc., 2001.

[3] Kruger C., Validierung eines 1d-Spaymadells zur Simulation der Gemischbildungin direkteinspritzenden
Dieselmotoien, Ph.D. thesis, RWTH Aachen, 1997.

[4] Wan Y. and Peters N., Atom. Sprays 9:111{132(1999).

[5] HasseC., Barths H., and Peters N., Paper No. SAE 1999-01-3547.

[6] Barths H., Pitsch H., and Peters N., Oil & Gas and Technolay-Reyv, vol. 54, IFP, 1999, pp. 23{244.
[7] Barths H., HasseC., and Peters N., Journal of Engine Research 1:249{267(2000).

[8] Barths H., HasseC., Bikas G., and Peters N., Proc. Combust. Inst., vol. 28, The Combustion Institute,
Pittsburgh, 2000, pp. 1161{1168.

[9] Numerical Simulation of Transient Diesel Sprays with the CAS Model, 1999.

[10] Wiartalla A.P., Untersuchung der Ru bildung bei der dieselmotorischenVerbrennung in einer Modell-
brennkammer, Ph.D. thesis, RWTH Aachen, 1996.



