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ABSTRACT

A numerical model for the simulation of turbulent combustion processes has
been developed which employs front tracking techniques originally designed for
thin laminar flames and extents these techniques to turbulent premixed com-
bustion with reaction zones of finite thickness. The main features of the model
are a two-dimensional calculation of the propagation of the combustion zone
and the pertinent flow field and a zero-dimensional calculation of thermody-
namic properties with a two-zone model. For the turbulent burning velocity
an expression is used which describes its development with time in the initial
stage of combustion and its approach to a steady state value. The reaction zone
thickness is modelled by an entrainment model which has been modified to be
combined with the front tracking techniques. The model is applied to the turbu-
lent combustion process in a combustion chamber of constant volume. Results
of the numerical simulation concerning flame structure and propagation and
development of burning function y;(t), pressure p(t) and turbulent burning ve-
locity s;(t) with time are given for an acetylene air mixture with ® = 0.74 and
different levels of the turbulence intensity. The results agree satisfactorily with
experimental data.

INTRODUCTION

A goal of this investigation is to develop a method which allows to extend inter-
face tracking methods from laminar flames to turbulent flames. Such methods
have originally been developed by Noh and Woodward [1], Chorin [2, 3], Hirt
and Nichols [4] and Poo and Ashgriz [5, 6] to follow the development in time of
infinitely thin interfaces in various applications. These methods were applied to
the propagation of laminar flame sheets in various flow configurations, see e.g.
[7 - 11]. The main advantage of these methods is the fact that the complexities
of the combustion chemistry can be avoided by making use of the laminar burn-
ing velocity s; to describe the essential features of the combustion process. If
the laminar burning velocity and the flow field are known, the problem of flame
propagation can be considered as a kinematic problem.



Turbulent combustion processes under conditions prevailing in internal
combustion engines (I.C.E.) can be studied experimentally in a rapid compres-
sion device which allows better control over experimental conditions than in-
vestigations in real engines. Such experiments were performed by Trautwein
[12, 13] and by Grudno [14, 15]. From experimental observations it is evident
that the combustion in this system proceeds in a turbulent combustion zone of
well-defined thickness. Experimental data is used to develop a numerical model
which extents the interface tracking methods to this turbulent combustion zone
which propagates with the turbulent burning velocity s, . The model also con-
siders the thickness of this zone.

The turbulent burning velocity s;, covers the effects of turbulence as well
as of the chemical reactions on the combustion process. The dependence of s,
upon turbulence and laminar burning velocity has been investigated intensively,
e.g. [16 - 26]. Our experimental investigations as well as experimental results
of Checkel et al. [21, 22] and theoretical studies, e.g. Trouv et al. [27], indicate
that the turbulent burning velocity is time dependent in the initial stage of the
combustion process. A well known formulation of the turbulent burning velocity
is modified to account for this effect.

The thickness of the turbulent combustion zone is modelled by an en-
trainment model [30]. The thermodynamic state in the combustion chamber is
calculated by a well-known two-zone model [31 - 33]. The calculation of the
mean flow field follows the procedure described by Barr et al. [7, 8].

Although the rapid compression device was designed to investigate tur-
bulent combustion processes under conditions relevant to internal combustion
engines, the present study concentrates on investigations at constant volume.
For these experiments the piston of the rapid compression device was fixed in the
bottom dead center (BDC). The resulting geometry of the combustion chamber
is comparable to the setup used by Checkel et al. [21, 22|, although there are
differences in the turbulence generation.

The present experiments extent the range of data available from the
rapid compression device. First, a different characteristic of the turbulence in
the combustion chamber is achieved. Since the turbulent field produced by the
turbulence generator is not compressed, the turbulent length scales are larger
in the constant volume experiments. In the experiments with compression the
turbulence intensity could be assumed almost constant during the combustion
process, since the decay of turbulence with time is partially compensated by the
turbulence production due to the compression stroke. The latter effect being
missing in the present experiments, the decay of turbulence intensity with time
must be accounted for in the numerical model by a k-e-model. The larger size of
the combustion chamber allows to investigate the development of the turbulent
combustion zone for a longer time interval and the interactions of the flame with
the wall are less dominant in the combustion process.

EXPERIMENTAL INVESTIGATION

The experimental apparatus used by Trautwein, Grudno and recently by Wassen-
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Figure 1. Schematic representation of (a) single stroke engine (b) rectangular

combustion chamber with turbulent combustion zone

berg is shown schematically in Fig. Ta. The setup consists of a combustion cham-
ber with rectangular cross section, a line of 18 spark plugs, a perforated plate
which is moved with high velocity through the combustion chamber acting as
turbulence generator, and a pneumatically controlled piston which was fixed at
BDC in the present experiments resulting in a combustion chamber height of
120 mm. Front and the rear wall of the combustion chamber consist of glass
windows and allow optical access to the whole combustion chamber. The whole
setup is designed to give a two-dimensional flame propagation which allows the
measurement of quantities not accessible in real engines with three-dimensional
flow field and flame propagation. Measurement techniques used include high
speed schlieren photography, Laser Doppler Velocimetry (LDV) and spatially
resolved measurements of CH band emission.

The turbulent flow field initiated by the turbulence generator is essen-
tially homogeneous and isotropic with zero mean flow velocity. The turbulence
intensity in the experiment is controlled by the delay time between turbulence

generation and ignition. Experiments were performed for the conditions listed
in table 1.

Table 1. Parameters of experimental investigation

compression ratio 1

initial conditions 1 bar, 293 K

initial turbulence intensity | 0 m/s, 0.5 m/s, 1.0 m/s, 2.0 m/s
turbulent length scale ~ 10mm

fuel air mixtures CsHg, ® = 1.0, s;, = 0.46m/s

CoHy, ® =0.45, 51, = 0.2m/s
CyHy, ® = 0.55, s;, = 0.41m/s
CoHy, ® =0.74, s;, = 0.8m/s




NUMERICAL MODEL

A schematic representation of the resulting combustion zone inside the rectan-
gular combustion chamber is shown in Fig. 1b. The reaction proceeds inside
the indicated turbulent reaction zone which has a leading and a trailing edge.
The leading edge or flame front propagates into the completely unburned gas
which enters and reacts inside the reaction zone. The gas leaves the reaction
zone completely burned at the trailing edge. In the reaction zone a mixture of
reactants and products is present, whereas the volume behind the reaction zone
contains only products. The energy release can be considered to be spatially
distributed across the reaction zone according to the local wrinkling of the lam-
inar flame as the local reaction rate is related to the flame surface density [27].
The reaction zone is transported by the flow field in the combustion chamber.
In addition the flame front moves relative to the reactants with the turbulent
burning velocity s;. The main tasks in the numerical simulation are the treat-
ment of the evolution of the flame front in time, the calculation of the flow field,
the calculation of global quantities, the treatment of the entire reaction zone
and the accommodation of the turbulent burning velocity.

Front Tracking Methods

The flame front can be described by the volume fraction of fluid f;; behind the
front in each cell of the computational grid. From these values an estimate of
the exact position of the front within a given cell can be derived [1 - 5] . The
reconstruction algorithm used here is called Volume of Fluid (VOF) and was
developed by Hirt and Nichols [4]. With the known position of the flame front the
convective transport with a given flow field can be calculated. Known algorithms
were tested [7, 8] but since they produced too much non-physical deformations
of the flame front a new algorithm was developed. The flame propagation due to
the combustion process is considered by moving the front in a direction normal
to the surface with the turbulent burning velocity. A new algorithm for the
propagation step allowed to further minimize the non physical deformations.
Details of the numerical algorithms employed are given in [34, 35].

Flow Field

The knowledge of the mean flow field is necessary to apply the front tracking
techniques described in the last paragraph. Neglecting viscosity effects and heat
conduction the flow field can be calculated from the Poisson equation
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where ® denotes the potential, p is the density and s(z,y) is a source term
accounting for the compression and expansion of the fluid due to the combustion
process. As has been shown by Barr et al. [8] the source term in a cell is given
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Here n denotes the time step, and the first term describes the expansion due to
the combustion process while the second and third terms describe the compres-
sion of the burned and unburned gas respectively. In the calculation the place-
ment of the sources is important to get physically correct results. We found it
best to place the sources one cell diameter behind the front and then distribute
the values on the next neighbouring cells using a weighting method based on
the position of the sources relative to the next cell centers.

Global Quantities

In order to calculate the flow field, the change of the density of the reactants
and products must be known. To calculate these quantities a zero-dimensional
thermodynamic analysis has to be performed [31 - 33]. Solving the following set
of equations:

Vo= Vi+Vi+V (3)

m = my+my+m, (4)

mycy, dT, = dQu+ Vidp — dm.(h. — hy) (5)

mycp,dTy = dQy + Vidp + dmy(h,, — hy) (6)
my Ry Ty + my By Ty + m R, T,

p = % (7)

the mass and temperature of the reactants, the mass and temperature of the
products and the pressure can be calculated from the volumes of reactants and
products. The ideal gas law then gives the densities of the two fluids. The specific
heat capacities and the specific enthalpies of the two fluids are calculated from
NASA polynomials with the coefficients given in [36]. The heat transfer to the

walls is calculated using constant coefficients.
Model of Combustion Zone Thickness

In order to describe the behaviour of the whole reaction zone an entrainment
model [30] is introduced. The reactants enter this zone as entrained volume
elements of a characteristic size [. These volume elements burn with the laminar
burning velocity s; which is calculated from the following equation [37] with
values for s;, from [38]:

=Ly (8)

Po

Assuming a cylindrical shape the volume of reactants in an element is
Vi, ~ (1 — sltA)Q were 1 is the time since the element entered the reaction zone.
From this equation the volume being burned in one time step can be calcu-
lated. A summation over all the volume elements is needed to calculate the
total change of the volume of products in the actual time step. This value is
used as input to the thermodynamic submodel discussed above.

The volume elements are transported with the flow field. The positions
where the volume elements are completely burned determine the trailing edge
of the reaction zone. In the numerical model instead of the volume elements the



source terms in the Poisson equation are moved. Only the fraction of the source
strength which corresponds to the fraction of the volume element being burned
in the actual time step is used in the calculation of the flow field. The volume
sources of earlier time steps also contribute to the total source strength as long
as the volume elements contain reactants.

The distribution of the volume sources describes the local combustion
rate in the reaction zone. Obviously the assumed shape and size of the volume
elements has great influence on the resulting distribution of the local combus-
tion rate and recently made measurements of these distributions [43] will allow
refinements of the model used here.

Turbulent Burning Velocity

Investigations of the initiation phase of turbulent combustion have shown a
pronounced non steady behaviour of the turbulent flame [12, 13, 15, 27, 39].
Similar results were obtained by Checkel et al. [21, 22]. Starting at ignition
with the laminar burning velocity it grows to a final quasisteady value, which
is formulated by an expression of the form (see e.g. [12, 16, 17, 18, 40]):
s u’
L =14 0(—)" (9)
S S
The growth to this final value is quite well approximated by an exponential

expression
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The characteristic size [ is assumed to be also the size of the entrained volume
elements in the entrainment model. The growth function may be established
taking into account the growth of the laminar flame area due to wrinkling and
the decrease of this area due to the burnout of pockets [35]. This expression is in
good agreement with our own experimental results and also with the numerical
data of Trouv ([27], Fig.5, Le ~ 1). The coefficients in the last equation C, n,
ko and [ must be determined from experiments.

Under the present conditions the turbulence intensity u’ decays at a
significant rate with time. Therefore the time dependence of u’ is modelled by
the well-known k-e-model (see e.g. [15, 41])

Dk
pﬁ = Pk + lek — Disk (11)
D
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were P denotes the production term, D: f the diffusion term and Dis the dissipa-
tion term. The coefficients in these equations for turbulent kinetic energy k& and
dissipation € were fit to the experimentally measured decay of the turbulence
intensity u’ given by [15].



RESULTS

For the experimental conditions listed in table 1 numerical calculations were
performed. The results presented here will be limited to the combustion of
an acetylene air mixture with ® = 0.74 and a laminar burning velocity of
s, = 0.8m/s.

In Figure 2 schlieren pictures are compared to the numerically calculated
flame shapes and positions for the three different initial turbulence intensities at
ignition. The figure shows for each turbulence intensity a sequence of schlieren
pictures with time increasing from left to right. Under each schlieren picture
the corresponding calculated flame shape is shown. The numerical results also
include the calculated flow field. The combustion process proceeds faster with
increasing turbulence intensity as can be seen from the different time scales
given for each set of data. During the combustion process the thickness of the
combustion zone grows and at least for the lower turbulence intensity seems to
reach a final steady state value. If flame shapes of different simulations but for
similar spatial positions are compared, the combustion zone thickness increases
with turbulence intensity. For the same position in time the higher turbulence
intensity gives the higher combustion zone thickness (see e.g. the pictures for
t=3.2 ms in the second and third row of Fig. 2). These effects can also be
observed in the numerical simulation. In general the agreement between the
numerical calculated flame shapes and the experiments is satisfactory although
near the end of the combustion process the computed flame zone is sometimes
too small.

At the beginning of the combustion process the flow is directed into the
unburned gas while the burned gas behind the combustion zone is almost at
rest. Near the end of combustion the reverse situation is true: the unburned gas
near the wall ahead of the combustion zone is at rest while the products flow
away from the combustion zone. This effect is due to the volumina of compressed
fluid ahead and behind the combustion zone. In the intermediate stages of the
combustion process flow reversal can be observed in the combustion zone near
the side walls. At this time near the center line no flow reversal is observed
since the products push the flame zone forward in this area. When the flame
is already quenched at the side walls but has not yet reached the bottom wall
flow reversal is observed in the combustion zone near the bottom wall. As the
combustion process proceeds faster with increasing turbulence intensity also the
maximum flow velocities increase.

Figure 3 shows for the same conditions as in Fig. 2 the measured (solid
line) and the numerically calculated (dashed line) pressure time histories and
the volume fraction of burned fluid y,. The agreement in the pressure data
is satisfactory but differences are observed in the volume fraction of burned
gas. The differences are assumed to be caused by difficulties in the analysis
of the experimental pressure data since the curves deduced from the pressure
measurements start with a steep slope.

Figure 4 shows the turbulent burning velocity s, calculated from equation
(10) as function of time for the three calculations. All three curves reach the final
quasi stationary value given by equation (9). Since all parameters in equation
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Comparison of high speed schlieren pictures and numerical simulations

for an acetylene air mixture with ® = 0.74 and turbulence intensities at ignition of

0.5 ms, 1.0 m/s and 2.0 m/s

Figure 2.
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Figure 3. Experimentally observed and numerically calculated pressure histories
and volume fractions for the experiments shown in Figure 2

(10) were kept constant the final values are reached at the same absolute time
but at different stages in the combustion process as can be seen from the total
duration of the combustion process. From the continuity equation across the
combustion zone follows

puslAl = pquAb (13)

When s;/s; approaches a final steady state value so does A;/A;. This means that
the flame surface density also approaches a final steady state value. This result
has also been observed by Trouv et al. [27] in a direct numerical simulation of
turbulent combustion processes for Lewis numbers close to one. As the Lewis
number in our investigation is also close to one the results are in qualitative
agreement.

The entrainment model used in our simulation results in a spatial distri-
bution of the local reaction rate. This local reaction rate per unit volume can
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Figure 4. Turbulent burning velocities as function of time for the experiments
shown in Figure 2
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Figure 5. Development of (a) the local reaction rate and (b) the flame surface
density along the center line of the combustion chamber for an initial turbulence
intensity of 0.5 m/s

be written as Af
s ]
T AL
were A f;; is the volume fraction of a cell which is burned in the actual time
step. Figure ba shows profiles of this distribution across the center line of the
combustion chamber for different positions in time and for an initial turbulence
intensity of 0.5 m/s. The burned gas is on the left and the combustion zone is
proceeding from left to right. After an initial phase a profile is achieved which
grows with time but keeps a similar shape. It can be seen from the last equation
that the growth of the profile is due to the increase in the density p, during

(14)

the combustion process. The maximum values in these profiles are in agreement
with the local reaction rates calculated from spatially resolved CH band emission
measurements [14]. Eliminating the effect of density the flame surface density
a; is given by
Afi; 1
a) = ———
At S
It is plotted in Fig. 5b for the same experiment. Again the development with
time of profiles along the center line of the combustion chamber is shown. These
profiles remain essentially constant during the combustion process. This is in
agreement with Fig. 4 where the turbulent burning velocity s, has reached its
final steady state. It should be mentioned that if the profiles are multiplied by
the laminar flame thickness of the acetylene air mixture at ambient conditions,
d; =~ 0.2mm, the maximum values of the surface density are of the same order as
the values given by Trouv et al. [27]. The profiles are also in qualitative agree-
ment with a numerical simulation by Fichot et al. [26]. As previously mentioned
the shape of the profiles is determined by the details of the entrainment model.
At the moment details of the shapes achieved in our numerical simulation differ
from measurements as well as from other authors [26, 27]. Further refinement
of the model is needed at this point.

(15)



CONCLUSIONS

A front tracking model of turbulent combustion processes has been developed
which focuses on the interaction between the turbulent flow field and the reac-
tion zone of finite thickness. The model was applied to the combustion process
in a constant volume combustion chamber. In the model the thermodynamic
state of the gas in the combustion chamber is calculated using the assump-
tions employed in zero-dimensional models of combustion processes in engines
[31 - 33]. While in previous investigations in a rapid compression device the
turbulence intensity was assumed constant over the whole combustion process,
in the present investigation a k-e-model is used to account for the decay of
turbulence in the constant volume chamber.

In accordance with experimental results an expression for the time de-
pendent evolution of the turbulent burning velocity is used which describes the
increase of s, from the laminar value s; to a final state in terms of an expo-
nential relation. This exponential expression contains coefficients which were
determined empirically using experimental data. All simulations shown were
achieved with one set of parameters.

The exponential expression satisfactorily reproduces the experimentally
observed development of s, from the initial laminar value to its final quasi-
steady state value. At the final steady state the well-known dependence of s,
upon turbulence intensity is attained (see e.g. [16 - 18]).

The results of the numerical simulation were compared to schlieren pic-
tures of the experiments. The numerical model could describe the shape and
position of the turbulent reaction zone, its thickness and its development in
time with sufficient accuracy for turbulence intensities up to 2 m/s.

The spatial distribution of the energy release and of the flame surface
density across the reaction zone and its development with time has been ap-
proximated making use of an entrainment model. Although some features of the
measurements could be reproduced, there is still a need for further refinement
in future work.

The development with time of experimentally determined global quanti-
ties important for direct engineering applications like pressure p(¢) and volume
fraction burned y3(¢) is also described with reasonable accuracy by our numerical
model.

REFERENCES

1. W.F. Noh and P. Woodward, in Lecture Notes in Physics, Vol. 59, A.l. van de
Vooren and P.J. Zandbergen (eds.), Springer-Verlag, pp. 330-340, 1976.

A.J. Chorin, J. Comp. Phys., 35:1-11, 1989.

A.J. Chorin, J. Comp. Phys., 25:253-272, 1977.

C.W. Hirt and B.D. Nichols, J. Comp. Phys., 39:201-225, 1981.

N. Ashgriz and J.Y. Poo, J. Comp. Phys., 93:449-468, 1991.

J.Y. Poo and N. Ashgriz, J. Comp. Phys., 84:483-491, 19809.

P.K. Barr and W.T. Ashurst, Sandia National Laboratories Report SANDS&82-
8773, 1982.

NS o N



11.
12.

13.
14.

15.

16.

17.
18.
19.

20.
21.
22.
23.

24.

25.
26.

27.
28.
29.
30.

31.
32.
34.
35.

36.
37.
38.
39.

40.
41.

42
43

P.K. Barr and P.O. Witze, SAF 880129, 1988.

. J. Sethian, J. Comp. Phys., 54:425-456, 1984.

. A.F. Ghoniem and O.M. Knio, 21st Symposium (International) on Combustion,
pp- 1313-1320, 1986.

A K. Oppenheim, Phil. Trans. Soc., Lond. A 315, pp. 471-508, 1985.

S.E. Trautwein, A. Grudno, and G. Adomeit, 23rd Symposium (International)
on Combustion, pp. 723-728, 1990.

S.E. Trautwein, Dissertation, RWTH Aachen, 1989.

A.D. Grudno, S.E. Trautwein, H.J. Wassenberg, and G. Adomeit, SAFE 940685,
1994.

A.D. Grudno, Dissertation, RWTH Aachen, Fortschritt-Berichte VDI, Reihe 12,
Nr. 206. VDI Verlag, Diisseldorf, 1993.

G.E. Andrews, D. Bradley, and S.B. Lwakabamba, Combust. Flame, 24:285-304,
1975.

F.V. Bracco, Combust. Sci. and Tech., 58:209-230, 1988.

P.O. Witze and J.M.C. Mendes-lLopes, SAF 861531, 1986.

J.B. Heywood, in Combustion Modeling in Reciprocating Fngines, J.N. Mattavi
and C.A. Amann (eds.), Plenum Press, 1980.

J. Abraham, F.A. Williams, and F.V. Bracco, SAE 850345, 1985.

M.D. Checkel and A. Thomas, Combust. Flame, 96:351-370, 1994.

D.S-K. Ting, M.D. Checkel, R. Haley, and P.R. Smy, SAE 940687, 1994.

C.J. Rutland, J.H. Ferziger, and S.H. El Tahry, 23rd Symposium (International)
on Combustion, pp. 621-627, 1990.

W. Leuckel, W. Nastoll, and N. Zarzalis, 28rd Symposium (International) on
Combustion, 1990.

E.G. Groff, Combust. Flame, 67:153-162, 1987.

F. Fichot, F. Lacas, D. Veynante, and S. Candel, Combust. Sci. and Tech., 90:35—
60, 1993.

A. Trouve and T. Poinsot, J. Fluid Mech., 278:1-31, 1994.

B. Rogg, Report CUED/A-THERMO/TR24, Cambridge University, 1989.

B. Rogg, 7th Symposium on Turbulent Shear Flow, pages 26.1.1-26.1.6, 1989.
R.J. Tabaczynski, F.H. Trinker, and B.A.S. Shannon, Combust. Flame, 39:111-
121, 1980.

J.C. Keck, 19th Symposium (International) on Combustion, pp. 1451-1466, 1982.
N.C. Blizard and J.C. Keck, SAFE 740191, 1974.

G.P. Beretta, M. Rashidi, and J.C. Keck, Combust. Flame, 52:217-245, 1983.

U. Bielert, M. Klug, and G. Adomeit, SAF 940211, 1994.

U. Bielert, Dissertation, RW'TH Aachen, Fortschritt-Berichte VDI, Reihe 12, Nr.
223. VDI Verlag, Diisseldorf, 1994.

A. Burcat, in W.C. Gardiner, ed., Combustion Chemistry, Springer-Verlag, 1984.
M. Metghalchi and J.C. Keck, Combust. Flame, 48:191-210, 1982.

J. Gottgens, F. Mauss, and N. Peters, 2/th Symposium (International) on Com-
bustion, 1992.

H. Willms, Dissertation, RW'TH Aachen, Fortschritt-Berichte VDI, Reihe 19, Nr.
27. VDI Verlag, Diisseldorf, 1988.

E. Tomita and Y. Hamamoto, SAF 880128, 1988.

J.0O. Hinze, Turbulence, McGraw-Hill, 1959.

. C. Borgnakke and Y. Xiao, SAE 910260, 1991.

. H. Wassenberg, A. Grudno and G. Adomeit, this conference, 1995



