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Abstract

Here, a model for turbulent premixed combustion is presewtigich is based on a joint probability density function

(JPDF) approach. A Lagrangian interpretation of the pregineariable from the model by Bray, Moss and Libby

(BML) allows to determine the position of the embedded flaroatf Furthermore, by introducing a flame residence
time 7, the flame structure can be resolved. Numerical simulasbiogy good agreement with experimental data of a
turbulent piloted Bunsen flame (Aachen flame F3).

Introduction ideas and advantages of the BML model, the level set ap-
In many combustion applications the flow field isproach and of joint probability density function (JPDF)
highly turbulent, e.g. in gas turbines and internal combusgnethods 15, 16], where the JPDF is represented by an
tion engines, and reliable models to capture tiieats of ensemble of computational particles. The BML model is
turbulence, combustion and their interaction are crucialtanslated into the Lagrangian JPDF framework, where
Various models for non-premixed combustion are basetie progress variable becomes the computational particle
on the mixture fraction, where it is assumed that the inngaropertyc” € {0, 1}, which acts as a trigger for the arrival
reactive difusive flame structure is not disrupted by theof a flame front at the particle location. Note that the
turbulence 1, 2, 3]. Such models have proved to be veryasterisk indicates a particle property. Furthermore, to re
valuable for the prediction of turbulentftlision flames solve the quasi laminar flame structure, a flame residence
[4, 5, 6, 7]. For premixed turbulent combustion, no suchtime 7* (the time since the flame arrived at the particle)
general approach exist8,[9]. In the Eulerian context, a is introduced for each particle. The remaining challenge
widely used approach for turbulent premixed combustiois to accurately describe when the flame front reaches the
is the one by Bray, Moss and Libby (BMLL(]. There, particle, which occurs with the ignition probabiliB/dur-
a progress variableis introduced with only two possible ing some time periodt. Different closure approaches for
states, i.e. 1 for burnt and 0 for unburnt gas. The tran$ are presented and discussed and it is shown that the cor-
port equation for the Favre-averaged progress variableresponding transport equation fis consistent with the
reads one by BML. The new framework has the advantage that
turbulent convection appears in closed form and it allows
a natural description and modeling of turbulent premixed
combustion. Numerical simulations of a turbulent pre-
_ mixed piloted Bunsen flame (the Aachen flame E3)
where (p) is the mean density); the Favre-averaged shows good agreement with experimental data.
velocity, u” the fluctuating velocityc” the fluctuating In the first section, the JPDF method and its numeri-
progress variable an@loc) the mean source term of the cal implementation is briefly described and in the second
progress variable. The right hand side of this transsection, the combustion model is explained. In the result
port equation, including turbulent convection and meagection, simulation results are presented, validated and

source term, is unclosed and requires modeling. Agiscussed; conclusions are given in the last section.
alternative modeling approach is the level set method

[11, 12] that is based on laminar flamelets, similar assPDF Method

for non-premixed combustion. There, an isosurface of a The mass density function (MDF)

non-reacting scalda® describes the position of the flame

front, for which a transport equation, the so called G- G = (p)(x,t) §(v",¥; X, 1) (2

equation, has to be solved. This approach has the advan- ) )

tage that complications due to counter-gradiefiugion IS the product of the mean densify) and the one-point

are avoided, but it is still not straight forward to achieve®ne-time Eulerian mass-weighted JPBef'the fluctu-

closure for turbulent flames. ating velocityu” = (u7,us,uy) and of the composition
Here, we present a scale separation model for tuf? = (@1, @ns+1), wherev” and¥ = (..., ¥ng+1)

bulent premixed combustiori3, 14] that combines the ar€ the sample space variablesibfand®, respectively

e T dpue
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(Ns is the number of species). The transport equation ¢13, 14]. The idea is based on the model by Bray, Moss
G can be derived from the Navier Stokes equation anand Libby, which is translated into the Lagrangian JPDF
reads context. The progress, which is a computational parti-
_ _ , cle property like the particle positiod*, indicates if the
G n 96 (U - vi ) _ %cwv] flame front has already reached the patrticle or not. It has

ot 90X oxj oV two possible states, i.e. 0 for an unburnt particle and 1
T for a burnt one. Note that the mass-weighted RDéf
Hpyu' U,
iL 6g, + @ the progress variable at a given location in space and time
) 9% oV 9% can be written as
_ 0 (g(top _ L ap i
T \T\pax (o) ax h(c) = 1-8s(+Co(1-c) . (5)
_1om; + RS V"’\p>) Note that the PDFh is fully determined, if the Favre-
pOxp  {p) 0% averaged progress variable is known. An example of such
g 1 33{3 a bimodal PDF is shown in Figuré.
R g <_ _ VH, > (3)
EXH (o) 0% i
h(c
Conditional expectations are denoted(&s, Reynolds- ©
averaged quantities d@s), Favre-averaged quantities as A

~and fluctuations as’. Moreover,p is the pressurep
the density,r;; the viscous stress tensq‘f the molecu-
lar diffusion flux of specieg in the direction ofx, and
S; the source term of specigs The left-hand side of
eq. @) is closed, while the conditional expectations on
the right-hand side require modeling. Here, the simpli-
fied Langevin model (SLM) is used to close the first term 0 1
on the right-hand side, whereas for the second right-hand _ _ _ .
side term a molecular mixing model is required. Figure 1: Sk_etch of a possible bimodal mass weighted R the
L. . progress variable.
Here, the composition vectdris expressed as a func-

tion of the progress variableand the residence time

and therefore the MDF of fluctuating velocity, turbulencqs ;
frequencyw, progress variable and residence time, i.e.

Y
o

In our scale separation approach, the progress variable

esponsible to determine the location of the turbulent

flame. Ditferent than in the BML model, however, here

a flame residence time is introduced for each particle.

G = (1) GV, 087 x1) | (4) Since it determines the indi\{idua[ time passed since the
flame front reached the particle, it allows to resolve the

is considered. Note that ¢ andt are the sample space embedded quasi 1D flame profile. Note that this idea is
variables ofw, ¢ and r, respectively. For the turbu- Similar to the one used in flamelet modeling of premixed

lence frequencyv an additional model equation has tocombustion. To decide whether an unignited particle will
be solved 15]. ignite during a time step, the ignition probabil®has to

A Lagrangian particle method (PM) is employed tobe modeled.
solve the MDF. The particles evolve according to stochas- When a particle witrc® = 0 at the beginning of the
tic differential equations and the ensemble density repime step ignites (with the probabilitf?), its c*-value
resentsG. Note thatG contains information about the switches to 1. From then on, the residence timevhich
fluctuating, but no information about the mean velocwas zero so far, gets incremented as the simulation time
ity. Therefore, the Reynolds-averaged Navier-Stoke@roceeds. Based on the approximation that the fluid par-
(RANS) equations are solved simultaneously with a fiticle evolves along a quasi 1D flame profile, its residence
nite volume method (FVM). Thus, we talk about a hybridime allows to determine the particle’s relative location
particle/ finite-volume solution algorithm1g, 19, 20]  and thus (from precomputed 1D flames) its composition.
, where the unclosed terms in the RANS equations afdote that these 1D flame profiles depend on the equiva-
closed by extracted moments from the particle ensenfence ratio of the gas mixture.
ble and where the particle method gets the mean velocity Figure2 shows a sketch of the enthalpy profile in a

from the RANS solution. laminar premixed 1D flame. The dashed line indicates the
value ofc*, which triggers the beginning of the residence
PDF-BML Model time 7" and anchors the 1D flame. Since there exists a

The model for turbulent premixed combustion, whichunique transformation from the- to thex-spaceh* and
is presented here, is based on a scale separation approattter scalars can be retrieved.
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The turbulent kinetic energy = %u/l”\lf is obtained from
the particle velocity statistics and the viscositfrom the
composition. Through the dependency of the prefactor
on Ka, it is possible to addressftirent turbulent com-
bustion regimes, e.g. for each computational particle one
can determine if it belongs to the corrugated, thin reac-
tion zone or broken reaction zone regime. Therefore, the
ignition probability can be adjusted correspondingly. A
reliable and general formulation &,(Ka) will be the
topic of future research.

Figure 2: Sketch of the quasi laminar 1D flame profile showihgc*
andr*. Results

The model for turbulent premixed combustion pre-
The transport equation for the Favre-averageéented in this paper has been validated for the Aachen

progress variable derived from the MDF transport equdl@me F3 L7] (a piloted Bunsen flame), which is well
tion reads documented. A schematic illustration of the axisymmet-

ric flame is shown in Figur8. There exist three inflow

o k& dpuc i
{©) i <p>Ui(9_Xi =TT +{p) (L-OF , (6)
where
. P
F= A“tToE ' )

If we setF equal to

{we)
F = ~ s 8
©a-9 ©®
we obtain a formulation, which is consistent with the
transport equation used in the BML model, i.e. ed3. (
and @) become identical. However, other than in the clas-
sical BML model, in the PDF contextis not interpreted “ “ “ ﬁ m “ “ “ m “ m “
as a normalized temperature (see explanations above) and
the turbulent convection term (first right-hand side term) + * J * +
P P

appears in closed form. The only quantity which requires
modeling isF. Here, we employ an ansatz, which was C
introduced in the BML context, i.e.

F=al) , 9) 68mm

wherea is a variable thaEFeray depend .On VarI.OUS p(:U’E'u’rlfigure 3: Sketch of the Aachen flame with the unignited J¢t the hot
eters (note thalP = 1 — e, whereAt is the time step ot (p) and the coflow).

size). Therefore, the remaining challenge is to find a gen-

eral formulation fore. Certainly, it has to capture the streams, i.e. in the center the unburnt premixed gas jet,
inﬂuence Of the turbulent ﬂOW f|e|d on the Combustionaround it the p||0t of a|ready burnt premixed gas and out-
process. In the corrugated flamelet regime, for examplgjge the surrounding air coflow. The rectangular compu-
Wrinkling of the flame front enhances the turbulent ﬂamQationa| domain is ®m |0ng in downstream directiorx()
speed. As explained above, a possible closurefoan  and 01mwide in cross-stream directiox4). A 50 x 50
be derived from existing BML model2], 22, 23]. Al-  grid is used with 15 particles per cell (in average). At
ternatively, here the formulation the inflow boundarylJ; and the root-mean-square fluctu-
@ = Cy(Ka) w (10) ation_sui,rmS are dirgctl_y taken from the measur_ed profiles.
The jet bulk velocity is 3f/s, the mean velocity of the
is employed, wher€,(Ka) is a function of the Karlowitz pilot is 1.3m/s and the mean coflow velocity ism/s.
numberKa. The Karlowitz numbeiKa = tg/tx is de- The temperature in the jet and in the coflow is 208
fined as the ratio of the chemical time scéteand the |n the pilot the temperature is set to 18B0 since it is

—

Kolmogorov time scaléx and can be determined as  \yater-cooled. In the jets; Uy is set to be B4 Uy ms Uz rms,

3 tr and the turbulence frequenayis determined under the
Ka = Vo Vk ﬁ : (11) assumption of turbulence in equilibrium.

12mm
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The ignition probability of a particle is modeled based
on a simple formulation fot, which depends only on the

X/D = 2.5

a(w)
A

Xmax 1

0 ; > w
0 Wmin We

Figure 4: Sketch ofr(w) used for the simulation studies.

turbulence frequency (see Figured), i.e.

S \2
@ = H(w-wmin) min{a’max’ (M) a/max} >
We — Wmin
(12)

where H(-) is the Heavyside function. For the present
studies,wmin Was set to 2081, w. to 86057 and amax
to 10061, This dependency af(w) represents the en-
hancing influence of the turbulence on the turbulent flame
propagation in the corrugated flamelet regime, wiheise
limited by @max-

Normalized mean temperatufie normalized mean
axial velocityU and normalized turbulent kinetic energy
k are defined as

. T-7, ~ 0O . kK
T = 5 U= — s k= — 5 13
To—Tu Uo ko (3)

whereT, = 224& is the adiabatic flame temperature,
Ty = 298K the temperature of the cold jety, = 30 m/s 0 0.5
the jet bulk velocity andg = 3.82 m?/s%. Figures5, 6

.5 2 25

1 1
r/D

. . ~ A ~ . Figure 5: Radial profiles of the normalized mean downstreawcitg|
and7 ShOYV rad|a|. profl[es o, T andk, respectively, jat several downstream locations (dashed lines: experimsall
at four axial locations, i.e. a&/D = 2.5, 4.5, 6.5 and lines: numerical simulation).
85 (D = 12 mmis the jet diameter). In general, there
is very good agreement between the simulation results

(solid lines) and the experimental data (dashed lines). A2rticle ignites, is presented; a more general formulation
X/D = 25, the mean temperature is slightly overprefor P is subject of future research. Numerical results of

dicted (Figures), while it is too low atX/D = 8.5; like the Aachen_flame F3 show very good agreem_ent with t_he
corresponding measurements. Future work will deal with
the modeling of more dlicult flames, e.g. the Aachen

Conclusions flames F2 and F1, which requires to address the broken
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Figure 6: Radial profiles of the normalized temperafiirat several
downstream locations (dashed lines: experiments; soleslimumeri-
cal simulation).
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