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1 Introduction

This numerical study reports on the investigation of pmfiéial diffusion effects in autoignition of H
containing fuels. Moreover, these effects are implemeirtedtie FGM technique for LES of the H
enriched Delft Jet-in-Hot Coflow (DJHC) burner. This burmeimics conditions of Mild combustion
in which a fuel jet is ignited due to being issued into hot leatigases of coflow. Mild combustion has
the unique ability to provide high efficiency and low polloataombustion simultaneously in industrial
heating processesli[1, 2]. Base fuel in the experiments isiDNatural Gas (DNG) and very recently it
has been mixed with various amounts af. Ht has been observed that addition of kas a significant
effect on the flame structure and stabilization mechanisthefifted turbulent non-premixed flame.
Our previous DNS of a mixing layer for a similar case has riagthat molecular diffusion plays an
important role in autoignition of such turbulent flames.lision of preferential diffusion effects in the
computations reveal that these effects have a significfloeimce on the predicted ignition delay.

In this study, the main focus is on the modeling of autoignitiising the Flamelet Generated Manifolds
(FGM) technique when preferential diffusion effects ar@arant. The FGM approach has proven to
be an adequate dimension reduction and tabulation methedrious combustion problems. In this

technique, chemical information is tabulated with a fewtodlting variables that may represent mixing

and chemistry processes with minimal dimensions. In thidystthe tabulation procedure is performed
by conducting computations of igniting counterflow lamioae-dimensional diffusion flames. Prefer-
ential diffusion effects are implemented in the FGM prodegsadding these effects to flamelets and
scalar transport equations. Comparison of results withprtations by detailed chemistry reveals that
addition of these effects to flamelets are essential to adelyupredict autoigniton process. However,
addition of non-unity Lewis terms to the transport equatidoes not affect the predictions significantly.

2 Numerical Methodology and Results

Schematic representation of the studied burner is showmgiiIHmore detailes can be found in [3]).
The main idea behind development of such a burner is to peodumondition similar to that of Mild
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Figure 1: Schematic figure of Delft Jet-in-Hot coflow burner

Table 1: Reference values for flow rate, temperature and freagt®ons of the DJHC burner

Fuel (DNG) Coflow
V(nl/min) T(K) Ycn, Yoous YN, Rest | V(nl/s)  T(K) Yo,
16.1 448 0.813 0.037 0.144 0.006 224 1540 0.084

Figure 2: DNS of mixing layers_H4-Hs 1:1, DRM19, non-unity Lewis number&y, - U, = 67 m/s

combustion. The coflow is consists of combustion producta lefan premixed Cldair flame that is
stabilized on a secondary burner. This burner is very sinbilahe Adelaide burnef [4] with a major
difference in cooling of the combustion products from theoselary burner. In the Delft burner, the heat
loss is done through radiative and convective heat tratfisder the burner to the surroundings which
in the Adelaide one, it is done by addition of air to the contimmnsproducts. Fuel is basically Dutch
Natural Gas (DNG) and a range of, lit added to the fuel from 2% up to 25%. A lifted non-premixed
turbulent flame is created as a result of entrainment of thedftow into the gaseous fuel.

It has been experimentally observed that addition p&ffects the structure of the flame and its stabiliza-
tion mechanism considerably. This observation togeth#r similar observation of the Adelaide group
was a motivation for us to study mixing and autoignition @& in DNS of mixing layers as shown
in Fig.[2. This DNS is basically performed for the conditiasfghe Adelaide setup with 50% H5].
The most reactive mixture fraction! [6] of this mixture hasemywsmall value (less thah7 x 10~3) and
lies in very close vicinity of the oxidizer stream away fromeliin-Helmholtz instabilities at the mixing
layer. This situation leads to a condition in which molecu#dfusion has a high impact on the au-
toignition than turbulence transport. In this situatiorefprential diffusion effects due to presence ef H
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Figure 3: (a)lgniting counterflow diffusion flamelets, GRD, non-unity Lewis number£5%Hs (b)
Effect of transport model on the autoignition time.

play a very important role. Importance of these effects dnignition of igniting counterflow diffusion
flames are illustrated in Fig] 3. These flamelets are compugad) compositions according to Table 1
by addition of 25% H to the fuel. Two transient flamelets are computed based dy and non-unity
Lewis numbers and autoignition times are compared. PiedgEtdemonstrate approximately an order
of magnitude difference in the ignition delay of these twts & flamelets. Interpretation of this obser-
vation in a laminar (or even turbulent) coflow diffusion flacenfiguration suggests two flames with a
significant difference in the predicted flame lift-off heigitherefore, preferential diffusion effects have
to be considered for simulations of this flame based on tébaléechniques.

Solutions of igniting counterflow flamelets at an appliedistrate of 100 s! are used for tabulation of
chemistry. These solutions are mapped on two controllirgabkes: mixture fractiorZ and progress
variable )’ to account for mixing and reactions chemistry, respedtiv8lince preferential diffusion is
present, redistributions of elements have to be considarttk definition of mixture fraction. For this
purpose, a definition proposed by Barlow etfal. [7] is used:

2M; 70 — Zoo) + 0.5My [ Zy — Zi o)

Z =
2M:Zey — Zep) + 0.5My [ Zy — Zi o]

(1)

where)M; and Z; denote to the molar mass and mass fraction of elements j fghpden and carbon),
respectively. Subscripts of 1 and 2 refer to quantities enftkel and oxidizer streams. The reaction
progress variable, in general, has the form of:

Y= Z%’Yi 2

in which «; denotes a weight factor for mass fraction of each spedigwesent in). This variable
should be defined in such way that it can capture chemicakpsas from the very beginning to the end
of the process. A possible choice leading to a unique mapping

Yu,

Y= Yoo, | Ym0
Wi,

_l’_

You,
= -(1-X 3

Wen,

— Xp,

where Xy, is mole fraction ofHs in the fuel stream. It can be seen th#f is only present in this
definition when it is added to the fuel stream. Hig. 4 showsntiamifold for two arbitrary quantities
of temperature T and source term of the progress variapleln this Figure, we have normalized

24" ICDERS — July 28 — August 2, 2013 — Taiwan 3



Ebrahim Abtahizadeh LES of H5 enriched DJHC burner

4
2000 x 10

2000 -

1500+ 1500

T (K)

1000+

500+
1000

—
J} S~ 2? 500

Figure 4: Temperature and Source term of progress variatdefanction of two controlling variables

between 0 and 1 to visualize clearly the plotted quantitidewever, the actual value @f has been
used in the computations. Both values have their maximumevelose to the stoichiometric mixture
fraction. wy has an initial rise a8 = 0 that happens in a very small time scale. This rise is due t@som
residual source terms due to initial mixing of fuel and ozatiwith frozen chemistry assumption.

During flame simulations, two transport equations shoulddieed for the same controlling variables.
These transport equations are defined in such a way thatrtbespiorate non-unity Lewis effects and in
general form they read:

0pYey A

5tV (puYen) =V (5V - Ye) = V- (MVY + AV Z) + iy (4)
p

whereY,, is the relevant quantity for each controlling variabledr ))). A andAs represent diffusion
coefficients related to non-unity Lewis effects:

Nsp
A 1 oy;
A=2S y(——1 5
1 ¢ pa Y ( l;ei ) <:£9:)):> p ( )
Nsp
A 1 dY;
M= wl-(—Lei—l)(aZ)y ©)
=1

where~; is computed based on the relevant weight factorsAand). It should be noted that co-
efficients of A; and A, have different values for various controlling variableshe$e coefficients are
precomputed and stored in table in order to be retrieveddwimulations.

Initial verification of the solution procedure has been parfed using unity Lewis assumption for gen-
eration of flamelets and in the scalar transport equatiorishai compared with detailed chemistry in
Fig.[5. Results demonstrate that with unity Lewis assumptite FGM table is capable to reproduce ig-
nition process from the beginning of the process to the gtstate solution accurately. This also means
that there are almost no numerical errors in the tabulationgss.

Effect of A; and A5 in the scalar transport equations has been illustratedgng-iFor these computa-

tions flamelets are computed with non-unity Lewis numbeig. [6{a) shows comparison of predicted
autoignition by detailed chemistry and FGM with and withdytand A in the scalar transport equa-

tions at applied strain rate of 160°!. It is observed that\; and A, have a negligible effects on the

predicted autoignition process. There are some discrggmnlose to the stationary solution that is re-
lated to the definition ofy which is unable to yield a monotonically increasing flaneldbse to the
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Figure 5: Predictions of autoignition by detailed chenyiskRI30 and FGM with unity Lewis humber
assumption for flamelets and zero diffusion terms in trartsgquations.
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Figure 6: Predictions of autoignition by detailed chenyigBRI30 and FGM with non-unity Lewis
numbers for flamelets and zero and non-zero values for d@fiugrms in transport equations.

steady-state. In this situation, flamelets are discardmu fhe tabulation process due to crossing with
other flamelets as a result of presence of preferentialgiiffu We tried different ways e.g. Principal
Component Analysis to define a suitable progress varialdgdgocome to this problem. However, it ap-
pears that with a fixed definition for progress variable, #lmost impossible to find a suitable definition
for both the autoignition process and the steady state eSitecare interested mostly in the autoignition
part to investigate mixing and autoignition process of ffted turbulent flame, the current definition
remained unchanged. In order to investigate importande @nd A, at higher scalar dissipation rates,
we contrast predictions at the applied strain rated of600n Fig.[8(b). At this strain rate autoignition
times are predicted slightly different. This differencdawer for the case wher&; and A, is present
in the formulation which indicates a slightly higher impte of these coefficients at higher mixing
levels.
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3 Conclusions

Preferential diffusion effects have been investigatedutoignition of H, containing fuels in Mild com-

bustion using 1D counterflow igniting flamelets. It is reashthat ignition delay of such flamelets is
changed by an order of magnitude by including these effetadhulation of chemistry has been per-
formed by defining a mixture fraction and progress variabléiese controlling variables have been
defined in such a way that they can describe the autoignitiooegs adequately where preferential dif-
fusion effects are present. Initial verification of the FGaIe is performed with unity Lewis assumption
for flamelets and transport equations. It turns out that & Rable is capable to reproduce the pre-
dicted time-dependent solution by detailed chemistry. Iémgntation of preferential diffusion effects
in the FGM has been performed by generating flamelets withumity Lewis numbers and adding ex-
tra terms to the scalar transport equations. Results deératmthat generating flamelets with non-unity
Lewis numbers are essential for an accurate prediction wignition. The extra terms in the scalar
transport equations have a negligible effects which becsligktly important at higher mixing levels.
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