MCS7 Chia Laguna, Cagliari, Sardinia, Italy, September 11-15, 2011
DNS OF EGR-TYPE COMBUSTION IN MILD CONDITION

Y. Minamoto, T. D. Dunstan and N. Swaminathan
ym270@cam.ac.uk
Department of Engineering, University of Cambridge, Canipe CB2 1PZ, United Kingdom

Abstract

Two-dimensional direct numerical simulations (DNS) of axbt gas recirculation (EGR)-type
combustion operated in moderate and intense low-oxygatiatl (Mild) combustion condition
have been carried out to study the flame structure and itsigghy$he chemical reaction is
modelled using a reduced two-step mechanism for hydrooaaiocombustion. Simulated
flame is then investigated from several aspects to studyffibet ef dilution on the structure of
this flame front. The results suggest that the flame can be liaddeith flamelet approaches,
although the contribution of flame-flame interaction to mesarction rate should be included
guantitatively for accurate modelling of Mild combustion.

Introduction

The reduction of pollutant emissions and the increase ofocmtion efficiency are the key is-
sues in the design and operation of engineering combustolsas GT engines. Exhaust gas
recirculation (EGR) is a well-known method employed in aobbive engines to avoid high
oxygen concentration and to suppréd9, emissions, sinc&O, is formed when flame tem-
perature and oxygen concentration are high. Extractingfr@a the exhaust gases to preheat
unburnt mixture is one way to improve thermal efficiency a fystem.

Winning and Wiunning [1] presented a concept to achieveftamation of thermal NO
even at high preheat temperature of mixture, which was tdewed by Katsuki and Hasegawa
[2], and Cavaliere and de Joannon [3]. This combustion ieddlameless oxidation or mod-
erate and intense low-oxygen dilution (Mild) combustionwihich (1) air or reactant mixture
is diluted with large amount of burnt mixture so that the maxm temperature rise is low in
the combustor (2) air or fuel is significantly preheated hleigthan the autoignition tempera-
ture for the given fuel. More specifically, if the inlet tenmpure of the reactant mixtur@;,, is
higher than the mixture auto-ignition temperatdfg,, and the maximum temperature increase,
AT = Tax — Tin, is lower thanli,,, the combustion condition is called Mild, whefg,. is
the maximum temperature. In conventional combustion, vlscalled feed-back combustion,
Tign > Tin and AT > T, If Thy, < T3, and AT > Ti,,, the combustion is classified as high
temperature air combustion (HITAC). These definitions castown clearly using a diagram as
in Fig 1. The points marked denote the flame conditions stitiee and will be discussed later.
Therefore, temperature difference between unburnt and bukture is relatively small in Mild
combustion compared with conventional combustion and thorperature variation is nearly
homogeneous. This uniformity of temperature can also leetpduce combustion instabilities,
which generally occurs when recirculation rates becomb Hig2].

Several studies have been carried out to further our uradetstg of Mild combustion [4—
9]. Although a OH-PLIF [6] of Mild combustion zone showed anritamelet like structure,
the simulations of Coelho and Peters [5] and Dally et al.[8ihg flamelet models for non-
premixed combustion showed a consistent trend with expariah measurements for a number
of quantities. The OH-PLIF images for Mild combustion wittemixed reactant reported by
Ozdemir and Peters [6] are insufficient to draw a conclusionhe structure of the reaction
zones. Given the environmentally friendly nature of thismboistion mode, it is useful to pose
a question; what is the flame front structure in Mild combus? We believe that finding an
answer to this question would help to construct a modellraghework for Mild combustion.
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Figure 1. A classification of three flame conditions studied in the chag[3].

Specifically, we like to ask whether flamelet assumptionsvahel or whether the flame front
is still flamelet like in Mild combustion conditions. Furtimeore, combustion that takes place
in EGR-type combustors is considered to be different fraditronal turbulent flames; pockets
of burnt gas and radicals, which are not well mixed before lmastion, can lead to additional
complexities such as flame-flame interaction. In such flanméigrarations together with Mild
combustion conditions, flame structure is one of our intsraad it has not been investigated
yet in detail.

In this study, two-dimensional direct numerical simulat{®NS) is carried out for EGR-
type combustion with a highly preheated and diluted metf@anenixture, as the preliminary
step for three-dimensional DNS. The competing effects diced and intermediates formation
and their consumption are included in the simulation bygiaisystematically reduced two-step
reaction for methane-air combustion. Mild combustion vpitemixed reactants are considered.
Basic flame features are then investigated to study flame $toncture in this mode of com-
bustion.

Two-step mechanism

The chemical kinetics of methane-air combustion is modelkng a two-step reduced mecha-
nism with non-unity Lewis numbers. This two-step mechanisrlves six reactive species (+
Ns). The earlier two-step mechanism [10] is modified for leaanpixed flame. This mechanism
is:

CH4 + 02 — H2 + CcO + HQO, (Rl)
Os + Hy + CO — Hy0 + COs, (R2)
which includes the competition between two chemical tima&lescR1 for the production of

intermediate species and consumption of reactant, and R2oftsumption of intermediate
species. The rates of these two reaction steps are:

Wr1 = 4.68 x 10" exp (@) [CH4|[R], (mol/cc - s) (1)

Wro = 5.34 x 10T~ "8[0,][R]P, (mol/cc - 8) (2)
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Figure 2. Laminar flame front structure simu- Figure 3. Schematic flame and numerical
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where the radical concentration [R] is calculated as:

R) = 210 e;;p(2300/ D) 10,2511, exp <—\/15/4X [?OHJU , (molfec)  (3)

where )\’ is a parameter and it is related to the ratio of the rate of doesuming elementary
reaction to chain branching reaction [10] and it is set to & 0The thermodynamic pressure
P is taken to be one atmosphere. The reaction R1 and R2 relbase40% and 60% of the
overall heat release. The structure of a laminar premixeugfpredicted by the above two-step
mechanism and GRI-3.0 mechanism are shown in Fig. 2.

For this laminar and turbulent flames simulations, nonyuh#wis number is used and
Prandtl number is set to be 0.7. The flame front structure it saptured by the two-step
mechanism especially in preheat-reaction zones, alththgymass fraction of products is un-
derestimated in burnt zone. But this does not affect flameauhycs simulated in DNS, because
the reactions occurs in this zone are mainly recombinagantions which have relatively slow
chemical time-scale and the heat released by these remétiorot typically large. Several
flame quantities, such as laminar flame spégd flame time-scales;, and burnt temperature,
T,, are also calculated with the two-step mechanism and ages®nably with GRI-3.0 values
for wide range of flame conditions relevant for Mild combast{7;, = 300 — 1200 K, ¢ = 0.8,
Xo,u = 0.095 — 0.19). The predicted flame speeds, for example, ranges 1.32tin@&$ the
value given by GRI-3.0 mechanism. The flame time-scale i8-1.90 of those predicted by
GRI-3.0 mechanism. Ideally, a complex mechanism can be fasedore accurate prediction,
but its use requires significantly large computational ueses. It should be noted that the
stiffness problem can also be circumvented by using thest@p-mechanism.

Configuration and numerical implementation

The numerical code used in this study is SENGA2, an updatesioreof SENGA [11]. Com-
pressible transport equations are solved on a uniform grignfass, momentum, total internal
energy, and the mass fractions @fchemical species using the temperature dependent trans-
port properties. Herey = 7 for the two-step mechanism described above. Spatial deeg

are obtained using a tenth order central difference schemehvgradually reduces to fourth
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Figure 4. Scalar and turbulence fields obtained each stage of pregsioce (a)-field obtained
in step (ii). Blue linesc = 0.2, green lines: 0.5, and red lines: 0.8, and fields obtainetept s
(iit) for (b) case I, (c) case Il, and (d) case lll. Solid-bkdmes: positive vorticity, dashed-lines:
negative vorticity,

order central difference scheme near boundaries and th@plesced by a fourth order one-
sided differencing on boundaries. Time integration is @enied using third order Runge-Kutta
scheme.

Figure 3 shows the numerical configuration and its coordinathe domain is square
with non-reflecting outflow boundary on the downstreandirection) and periodic in thg-
direction. A mixture of exhaust gas and fresh premixed gdedsfrom the left boundary at
an average velocity af/;,. Navier-Stokes characteristic boundary conditions (NSLR.2]
are applied to non-reflecting outflow boundary. In generalyfis locally assumed as one-
dimensional and inviscid (LODI) on the boundary and all imxog characteristic wave am-
plitude variations from target value are estimated by raglg transverse convective, diffusive
and source terms. However, in present case, flow and scéadr Hi@ve gradient on the boundary
in both normal and transverse directions to the boundarasodflame-boundary interaction is
inevitable. Therefore, additional contribution due tongeerse convective, diffusive and source
terms are taken into account to estimate the amplitude ti@ri@f incoming pressure wave
[13-16].

Preprocessing of scalar and velocity fields for inflow and irtial conditions
The mixture used in this DNS is in the state of partially presai between fresh reactant and
exhaust gas, which is assumed as the inlet gases for the fieR:0mbustion. The steps de-
scribed below are followed to achieve the desired fieldstl{g turbulence field is generated in
a preliminary DNS of freely decaying, homogeneous isotrégibulence in a periodic domain.
Initial turbulence for this run is generated as in [17], and simulation is continued until tur-
bulence is fully developed. (ii) A homogeneous scalar figldhtained using the method in [18]
and this field is taken to be progress variable field varyiogifO to 1. The region witlh = 0
is taken to have unburnt reactants and the products at tewape?; consists in region with
¢ = 1. The mass fraction and density fields obtained from unstthiaminar flame simulation
calculated with the two-step chemistry using SENGAZ2 for rimectant mixture of interest are
used to construct the scalar fields. (iii) These fields ara #ilwed to evolve in a periodic
domain to mimic the EGR-mixing before they are used for iegctimulation. Temperature is
also allowed to evolve during this simulation resulting iteenperature fluctuation less than 5
%. Figure 4a shows thefield obtained in procedure (ii) above which does not hawecanre-
lation with velocity field. Figures 4b-4d are the results afqedure (iii). These turbulence and
scalar fields are used as the initial condition and the inlgture fields in combustion DNS.
Since both velocity and scalar to be fed for combustion DNfiged at the inlet boundary



Table 1. Flame and turbulence parameters
Case| Xo, u'/Sy Un/Sy. l/Sp lo/dw, Re, Da Ka o/l Tp/7F
I 0.194 2.62 10.1 33.7 175 126.1 129 0.73 150 1.67
I 10194 5.71 10.1 50.2 2.61 4101 8.79 193 121 1.67
I | 0.095 2.38 8.70 209 1.12 71.05 879 0.80 1.15 1.70

by the pre-simulation after the step (iii) above, nearly $hene flame appears for every flow-
through time;p, which is the mean convection time from the inlet to outlatfdaries, during

combustion DNS. In order to avoid this, a small fluctuatigh,is added to the mass fraction
field at inlet using

7

Yi(z =0,y.t) = Yi(z(t),y) + at)yi(z(t), y). (4)

Here,Y; corresponds to the scalar field obtained after proceduyagiin Figs. 4(b)-4(d)z(t)

is thez— location of scanning plane at timg,moving atl;,, inside the pre-simulation domain.
The fluctuationy., is constructed in the same method used in procedure (ii) fiedd with a
modification so that; (a) the spacial averageypin the entire field is zero for each species,
and (b) the value of; is within £0.25Y; ... Note that there is no correlation betweiél(ty, t)
field andy.(y, t) field, but the length scales gf is chosen to be comparable to thos&pfThe
factor,a(t), is specified as« = sin[wp(t — tg)] for t > t, anda = 0 for ¢t < t,, wherewp and

to are set to ber/(27p), and27p, respectively. Therefore, this fluctuation is includeaitiie
domain fromt = ¢, untilt = ¢, + 47p so that the average afy; is close to zero over the period
of 47p.

Computational parameters and conditions
Three cases are simulated with different turbulence lemedslength scale ratio between scalar
and turbulence fields. Equivalence ratig,is fixed to be 0.8 for all cases. The inlet and initial
temperatures are set @5~ 1200K for all cases. The turbulence and flame quantities for case
I-11l are given in Table 1. The molar fraction of oxygeRN,, in the unburnt gas indicates the
dilution levels. For case | and I, the mixture comprisesmdiluted reactantsy= 0.8) and its
burnt gas. For case lll, the unburnt mixture is diluted 50%or(fass base) using,O andCO.,
and then it is mixed with its burnt gas. The auto-ignition pemature for the mixture used in
this study is about 1100 K. The maximum temperature diffeegh7 = Twsr — T,,) during
combustion is about 1340 K for the undiluted mixtuféy, = 0.194, ¢ = 0.8) and 760 K for
the diluted mixture Ko, = 0.095, ¢ = 0.8), whereTwsr is the working temperature of a well-
stirred reactor (WSR) computed using the commercial soévzosilab with a residence time
of 1 s [3]. Thus the flame conditions in case | and Il are in tighhtemperature combustion
condition and flame lll is the Mild combustion region as in Eig

Thermal thicknessyy;, is defined ag7, — T,,)/|VT |max, @anddx is Zeldovich thickness
defined a®» = D/Sy, whereT,,, T, and D denote unburnt gas temperature, burnt gas temper-
ature and the mass diffusivity respectively. For flames | né, = 0.594mm and for flame
I, 6, = 1.35mm. The turbulent Reynolds numbeke,,, based on the integral length scale
of initial and inlet turbulencely, and its rms velocity;/, shows case Il has the strongest and
case lll has the weakest turbulence. The Damkohler nuniberis define as the ratio between
eddy turn over timél, /') to flame time(dr/S), and cases Il and 1l have similar values. For
reference, if one would like to use the Damkohler defined@s,,)/(v’'/S.) as is often used
[19], it rages between 0.46 and 0.67 for the cases in Tabléd KBarlovitz number is calculated
asKa ~ (u'/S1)*?(ly/6r)"/?. These conditions are classified as corrugated flamelets (ca
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Figure 5. Instantaneous progress variable fields at 1.77 in the top row. Black and white
dashed lines are locations for which the variatiorr @ong the normalized flame normal dis-
tance is shown in the bottom row. The planar laminar premil@de solution for the corre-
sponding mixture is also shown.

| and 111) and thin reaction zones (case Il), although allaitions are close to the border be-
tween these two conditions if one may use the classical rediagram for turbulent premixed
combustion [20]. The ratio of integral length scale of tuémee and scalat,, is comparable
for all the cases. This scalar length scale is calculatatyubie mass fraction gfH,.

640 x 640 grid points are used for all the cases. The domain sizesare L, = 10mm x
10mm for cases | and I, and0mm x 20mm for case lll. These sizes respectively correspond
t0 16.86,, and14.85y,.

Results and discussions

Since the flame structure in the progress variable spacdepéendent from flame configuration,
the progress variable is used to study flame front and itsristracture. Here, the progress
variable is defined from the mass fraction(@fl, asc = 1 — Ycn, / Yon, o Although, non-unity
Lewis number is used in present DNS, it is expected that thieitden of the progress variable
will not unduly influence the insight obtained in this studyl instantaneous/mean results used
here are obtained in the period from to 67 from the initialization to ensure that the effects
of initialization have disappeared.

The instantaneous progress variable fields are shown fesdd# in the top row of Fig.
5(a) to (c), where the domain lengths are normalized usjngThe spatial variation af is quite
different from the conventional turbulent planar flames #redpresence of unburnt pocket and
flame interactions of various kind is obvious in Fig. 5. Thatgd extent of interaction events
is increased when' /S, is increased as shown in Fig 5b for case Il. The size of unipocitet
seem to scale with the normalized turbulence length séalé,,. The main interest here is
to study if the flame front has flamelet characteristics whnmennhixture is highly diluted and
preheated, and the flame front interacts with one another.
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Figure 6. Probability density function of the deviation of progressiable from the laminar
flame value at the same normalized flame normal distancenta)= —0.5, (b) n* = —0.3,
and (c):n™ = 0.3. Plots are taken from= 1.77p instantaneous result.

Several locations are arbitrarily selected, the black amiterdashed lines in Fig. 5, to study
the variation of the progress variable as a function of thedlanormal distance;™. These
variations are shown in the bottom row of Fig. 5. The resultfplanar laminar flame is also
shown for comparison. The location for = 0 corresponds to = 0.5 and generally increases
towards product side, although this is not always the casee shere is flame interaction. The
effect of flame interaction on the flame front structure isaappt in Fig. 5 as the deviation from
1D laminar flame result fon™ < 0. However, the variation of the progress variable in non-
interacting ﬂame, such ﬁl, Dy, J1, AH, CH, Ei, GH, i1, Bir, Do, Fin andIIH is CIUite close
to laminar flame structure. For other interacting regionshsasA;, E;, Fy, Gy, Hy, Iy, Dy, Gy,
Ji, A, Enn, Hip andJygg, flame is partially flamelet-like. If one takes a close loobatand
Gy;in Fig. 5, it seems that flames keep flamelet shape even duni@gction until their flame
fronts completely collide and disappear. Howe\grandB;; show that there are local flames
which might not be flamelet like. Probability density furetiof deviation of instantaneous
from the laminar flame value,,,.,, for a givenn™ is shown in Fig. 6. The pdf shows high value
aroundc — ¢, = 0, especially ab™ = —0.5 and 0.3. Plots of high probability are distributed
relatively wide inn*t = —0.3 (Fig. 6b) and this is because of the effect of flame interaatio
the flame front as shown in Fig 5.

Figures 7(a) and (b) show variations of species mass fraétiocases Il and Il for four
sample locations from Fig. 5. The variations of mass fradtim the laminar flame are also
shown for comparison. These variations reflectthe:™ plots: forCy; andByy; cross-sections,
which have a quite similar variation to laminar flame, also have close variations ofsnas
fractions as in the laminar flames. Ehlr andJi;, mass fraction variations deviate at the same
location where the progress variable variation deviatesifthe laminar flame case. Where
the progress variable is higher than the laminar flame valudotationJ;;, specifically for
—1 < n* < —0.2 due to the flame interaction, consumptions of reactant artizex are found
to be high for these locations. The mass fractions variataross-sectiod;;; shown in Fig.
7(b) have similar behaviour if one compares Figs. 5(c) af. 7These behaviours are also
found to be typical for case | (not shown) as well. The effeftdilution do not seem to alter
the flame front structure from the planar laminar case forcthreditions investigated in this
study.

The conditional average of mass fractions based on the ggegrariable();((; z,y) =
< Yj|le = ¢,z,y >, is shown in Figs 7(c) and (d). The average is taken in timeaitiain
the divisional grid space shown in Fig. 3. The thin lines dre DNS results and the bold
lines are the laminar flame values. Both figures show thatdheitonal mass fractions have
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normal distance along the cross-section shown in Figs.&{8)c) for cases Il and Ill. (c) and
(d): Conditional average of species mass fraction basedagress variable at sub-grid (3,3)
for (c) and (4,2) for (d) as in Fig. 3.
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Figure 8. (a): spatial variation of the progress variable and the adired mean reaction rate,
and locations of sampling region for case lll. (b): Scattet pf the progress variable vs the
model constant;,,, at each sampling region (case III).

similar variation to laminar flame and the effect of flame iatdion or oxygen dilution does
not seem to affect the conditional values. These resultsypreal even for other locations in
all the cases. For the both cases shown in Fig. 7, the mad®fraxf products f,O and
CO,) are slightly higher than the laminar flame values, esplgciat 0.6 < ¢ < 1.0. This
is considered as the contribution of the recombination gge®f reactions which takes place
in burnt side, since, there can be burnt pocket at the inldtarsuch a pocket has enough
resident time to generate products by using up radicals.edewthe difference from laminar
flame case due to this contribution is small, and it is cleat the flames simulated here have
flamelet-like behaviour. Although, these plots are alsaayed in a sub-grid space shown in
Fig. 3, itis believed thad);((; =, y) will have similar variation if one uses enough realizatitms
construct the conditional average as per Reynolds Averbigeer Stokes (RANS) modelling
framework.

It is also useful to see the correlation between the mearioeaate, ., and the mean
scalar dissipation rate,, since their direct relation is written as [21, 22]

(IJC = 2/(2Cm - 1)ﬁ€c (5)



The(,, is the model parameter and its typical value is 0.7-0.8 fam leydrocarbon flames. This
relation is strictly valid for purely premixed, unity Lewmsimber flames when the flame front
thickness is smaller than Kolmogorov length scale. Figu@ &nd (b) show the mean progress
variable and the mean reaction ratg, for case Ill. The mean reaction rate is normalized using
pus Sp @anddyy,. In Figs. 8(a) and (b), the spatial variations of the meagpass variable and the
normalized mean reaction rate show that intense reacti@s alace in middle portion of the
computational domain, although mean reaction rate is moa-aear the boundaries unlike in
the planar flames. This is due to the flame configuration wiearetion can take place anywhere
in the domain unlike conventional planar turbulent flame sgtiame front locates in the center
of domain in average. In other cases, the spatial distobuti mean reaction rate is similar,
although the shape of high reaction rate area varies fromtoasase, since they are controlled
by the scalar and turbulence field fed from the inlet bound@igure 8 (c) shows scatter plot of
thec — C,, relations sampled from the four sampling regions shown &,A, and D in Fig.
8(a) and (b). The plots show only one in every 100 points. Bsalts clearly show that,, is
close to a constant value from 0.5 to 0.55.

Summary

Two-dimensional DNS of EGR-type combustion has been ahwig with partially premixed
methane-air mixture using a two-step mechanism. The naxiwihighly preheated and di-
luted/undiluted which corresponds to Mild/HITAC conditio The simulated flames are then
analysed to study its flame front structure. The instantam@nd averaged data show that the
simulated flames have flamelet-like behaviour although ffexteof flame interaction can be
observed. Three-dimensional DNS of similar flame configanatill be conducted for further
investigations and modelling purposes.
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