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Abstract: Direct numerical simulations (DNS) of a turbulent premixed flame in an auto-ignitive
dimethyl-ether (DME)/air mixture exhibiting two-staged ignition were conducted at elevated pres-
sure and temperature using a statistically stationary planar configuration. Three sets of conditions
with an identical turbulence intensity, but different stratification/turbulence length scales and correla-
tions between temperature (T) and equivalence ratio (¢) fields were simulated to study the dynamics
of turbulent premixed flame propagation at auto-ignitive conditions. The influence of different strat-
ification length scales and T-¢ correlations on turbulent flame speed was examined by comparing
the flame statistics obtained from 2D simulations against laminar 1D solution. A global analysis of
the front propagation speed was carried out for determining the effect of turbulent wrinkling and the
role of upstream auto-ignition on the overall burning rate.

Keywords: Flame dynamics, Two-stage ignition, Turbulent flame speed, Thermal and composi-
tion stratification

1. Introduction

Turbulent premixed flames play a major role in modern combustion devices such as internal com-
bustion engines and gas turbine combustors. Since these devices operate at elevated pressures and
temperatures, they often encompass mixed modes of combustion, in which flames and auto-ignition
processes are simultaneously contributing to combustion and heat release ([1} [2] and references
therein). The presence of such dual combustion modes poses engineering challenges in precise
control of combustion phasing. To improve upon this control issue, some degree of stratification is
deliberately introduced to avoid extremely rapid pressure rise and heat release rates. Exhaust gas
re-circulation and multiple fuel injection are some of the techniques that are employed to introduce
charge stratification in the combustion chamber. Moreover, some thermal stratification always ex-
ists in the combustion chamber due to wall heat loss. Depending on the fuel injection timing,
exhaust gas re-circulation and the amount of wall heat loss, different correlations may occur be-
tween temperature (T) and equivalence ratio (¢) prior to major heat release event. Essentially,
it is plausible to think of two limiting scenarios: 1) early start of injection may result in largely
uncorrelated T and ¢ fields mostly due to turbulence mixing and wall heat loss; and 2) late start of
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fuel injection may result in negatively correlated T and ¢ fields mostly due to evaporative cooling.
Insufficient mixing between hot residual gas which contain oxygen and the fresh charge can also
result in a negatively correlated T and ¢ fields. Due to the presence of turbulence, large scale strat-
ification of charge leads to small scale inhomogeneities in both temperature and fuel mass fraction.
Additionally, these devices utilize large hydrocarbon fuels such as gasoline, diesel and jet fuels
which have a strong low temperature chemistry (LTC) behavior. As such, not only the turbulence
chemistry but also the fuel chemistry and molecular transport are expected to play an important
role in affecting turbulent combustion. The mode as well as speed of a reaction front under such
conditions still remains unclear.

There has been a number of studies of turbulent premixed flames in which the role of turbulent
intensity on flame burning velocities and flame structures has been the major focus [3-7]. The ef-
fects of pressure [[8], Lewis number [9], preferential diffusion [10], turbulent flame geometry [11],
equivalence ratio [|12]] and unburnt temperature [13|, 14] on turbulent flame propagation have also
been examined. All these studies employed a turbulent flame regime diagram called the Borghi di-
agram to provide insightful information for different flame regimes [15]. This diagram defines the
boundaries between wrinkled, corrugated, thin reaction zone and distributed reaction zone flames
based on the ratio of turbulence scales to characteristic flame scales. However, these turbulent
flame studies as well as the Borghi diagram have been based on the assumption of a chemically
frozen flow ahead of the flame. These studies also neglected the effect of low temperature chem-
istry for transportation fuels at elevated temperatures and pressures [[16-18]]. Recently, the effect of
LTC on turbulent flame speed was investigated experimentally [19] 20]. At a constant turbulence
intensity, a significant increase in turbulent flame speed was observed as the mixture underwent
first stage ignition. This increase was attributed to an increase in the laminar flame speed and a
decrease in fuel Lewis number. Four different turbulent combustion regimes were observed based
on the competition of the ignition, flow and flame time scales. These experimental investigations
provided initial evidences of non-unique turbulent flame regimes and turbulent flame speeds of
fuels which exhibit LTC. Subsequently, direct numerical simulations of cool flames and hot flames
propagating in a mixture that has undergone first stage ignition have been recently carried out
by Savard et al. [21]. The increase in turbulent flame speed was again attributed to the increase
in laminar flame speed, as opposed to turbulence-LTC interaction. With reference to cool flames,
it was found that their reaction zone structure approaches that of the reference laminar flame and
their normalized turbulent flame speed was found to be comparable to that of hot flames. While this
study provided significant insights into the role of low temperature chemistry in turbulent flame
propagation, the effects of thermal or composition stratification were not considered. Moreover,
under the chosen conditions, there was a large separation between first stage and second stage ig-
nition delay times such that cool flames and hot flames were isolated from one another. As such, a
coupled low temperature and high temperature double-flame which has been shown to exist under
engine relevant conditions [17, 22, 23] was not considered.

Based on the above discussion, the goal of the present study is: 1) To explain the influence of
different stratification length scales and T-¢ correlations on the dynamics of a 2-staged turbulent
premixed DME/air flame at auto-ignitive conditions under an identical turbulent intensity by per-
forming 2-D DNS, 2) To obtain statistical measures of the influence of turbulence and upstream
auto-ignition on the global burning velocity of the flame by determining the individual contribu-
tions of flame wrinkling (A’) and the enhancement of burning rate per unit surface area (Iy) to
the overall burning rate. We relate the turbulent burning velocity to a one-dimensional propagation
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speed through Iy and A’. Although turbulence is inherently three-dimensional, the present 2D study
is a first step in understanding the effects of inhomogeneties in both temperature and equivalence
ratio on turbulent flame propagation at conditions which are representative of real engines.

2. Problem configuration
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Fig. 1: Schematic diagram of the flow configuration

Fig. [1] presents a schematic diagram of the turbulent flame configuration. A 2D statistically-
planar, freely propagating flame with an unburnt mixture temperature of 800 K, ¢=0.4 and an
elevated pressure of 20 atm. was chosen to isolate the effects of turbulence and stratification
on the flame from mean flow shear and curvature effects. The simulation was initialized using
a laminar solution obtained from Cantera [24] with a fixed inflow velocity of 2 m/s. Periodic
boundary condition in the y-direction and non-reflecting inflow and outflow [25]] in the x-direction
were used. Under the chosen unburnt mixture conditions, a stable freely propagating double-flame
could not be obtained as the flame characteristic time was within an order of magnitude from the
first-stage ignition delay time. Under such conditions, the laminar flame solution has been found to
be strongly dependent on the simulation domain length [18, 26]. As such, at low inflow velocities,
a stable flame can only be attached to the inlet. Such a flame cannot be used to initialize turbulent
flames while maintaining a sufficient distance from the inlet. Hence, an ignition front propagating
at 2 m/s was used. This made it possible to maintain the reaction front at a sufficient distance from
the inlet and avoid interference of the boundary conditions. Externally synthesized turbulent flow,
composition and temperature fields were then injected at the inlet in addition to the mean inflow
velocity, temperature and composition. The initial turbulent flow field was synthesized by using an
1sotropic kinetic energy spectrum function by Passot-Pouquet [27]. The most energetic turbulence
length scale, /. was varied from 480 pum to 960 um. In real engines, the turbulence time scale, 7; is
comparable to Tignition [28]]. Therefore, based on the two homogeneous ignition delay times under
the chosen conditions, 7| (= 0.48 ms) and 7, (= 3.06 ms), velocity fluctuation RMS, u’ of 0.4 was
selected to match 7 with Tigpition. Composition and temperature fields were also synthesized from
the same energy spectrum as turbulence but with different random seeds. The various physical and
numerical parameters used in the present study are listed in Table (I} The location of stabilization
of the cool and the hot ignition front from the inlet is denoted by A; (= 0.87 mm) and A, (= 7.43
mm) as shown in Fig. [l A uniform grid spacing (A) of 7.5 um was sufficient to fully resolve
both chemistry (atleast 12 grid points across the thinnest radical reaction rate layer) and turbulence
(atleast 12 grid points per Kolomogorov length scale). In all cases, the characteristic length scale
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of temperature fluctuations, /T and the characteristic length scale of composition fluctuations, /[pmg
were selected identical to the most energetic turbulence length scale, /. so as to have most effective
turbulent mixing of the mixture [29]. The case labels suffixed with N had a negatively correlated
T-¢ distribution whereas those suffixed with R had an uncorrelated T-¢ distribution. The number
in the case labels denotes the length scale in gm. The values of temperature fluctuations RMS, T’
and the composition fluctuation RMS, ¢’ were chosen such that the range of spatial temperature
and composition distribution closely matched the observations of Wang and Rutland [30]].

Case 480N | 480R 720N | 720R 960N | 960R
Domain size (Lx, mm x Ly, mm) 11.52x 1.44 12.96 x 2.16 12.96 x 2.88
Mesh size (Nx x Ny) 1536 x 192 1728 x 288 1728 x 384
S, (m/s) 0.32
Kolmogorov length scale, [, (um)[*| 95 | 105 | 112
Turbulence intensity (u//St) 1.25
le = lT = ZDME (/.Lm) 480 | 720 | 960
Temperature fluctuation RMS, T’ (K) 15
Composition fluctuation RMS, ¢’ 0.1
Turbulence time scale, 7 (ms) 1.2 | 1.8 | 2.4
Uin = St (m/s) 2

Table 1: Simulation parameters

“Kolmogorov length scale, / is estimated as (v / 8)1/ 4 where v = 4.1 x 107> m?/s, is the kinematic viscosity at
the inflow conditions and € is the turbulence energy dissipation rate

3. Numerical method

The simulations were performed using the DNS code KARFS [31], which solves the fully com-
pressible Navier-Stokes, species and energy equations. It uses a fourth-order Runge-Kutta method
for time integration, an eighth-order explicit spatial difference scheme for evaluating the diffusive
fluxes and a seventh-order mapped WENO [32] scheme for evaluating the convective fluxes. Based
on the mean inlet velocity, the flow through time, 7y, varied from 5.76 ms to 6.48 ms in the re-
spective cases. In each case, the solution was advanced at a constant 10 ns time-step for two flow
through times. The first flow through time was neglected from analysis to remove any effects due
to initial transients. Data from equally spaced time instants from the remainder of the simulation
was used to obtain the statistical results. Averaging was performed in time and the y-direction.

4. Results and Discussion

4.1 1D analysis

To identify a reference laminar flame speed, the method proposed in [26] was followed. A series
of steady state flame solutions were evaluated in Cantera [24] by varying the flame position, A,
(based on the location of maximum heat release rate), for which the correct inflow velocity, U;, was
determined as an eigenvalue. Fig. presents A1 and A, as a function of Uj,. The derivative dA,/dU;,
vs. Uj, is also shown. A distinguishable peak in dA,/dUj, can be seen at the inflow velocity of
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0.32 m/s. Based on the argument provided in [26], this value corresponds to the reference laminar
flame speed, S_. Based on this value of S, , the non-dimensional turbulence intensity (#//SL) is
1.25. As discussed earlier, the steady propagation speed is highly sensitive to A, under the chosen
conditions. Hence, for the unsteady cases, two additional auto-ignitive speeds, Sip cool and Sip hot
were evaluated based on the time-averaged values of A; and A, as per the above procedure. These
were later used to determine the individual contributions from increase in length (A’) and from the
increase in burning rate per unit length of the flame (Ip) to the overall burning rate of the cool as
well as the hot reaction front as per the model suggested by Bray [33]], Candel and Poinsot [34]:
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Fig. 2: (Blue) Position of the cool ignition front away from the inlet, A, vs. inlet velocity, Uj,.
(Black) Position of the hot ignition front away from the inlet, A, vs. inlet velocity, U;,. (Red)
Derivative of the hot ignition front position with respect to the inlet velocity, dA,/dU;, vs. Ui,

4.2 Instantaneous flame structure

In the present study, the cool and the hot ignition fronts were identified by defining a progress
variable, c as: ¢ =1 - (Ty - T)/(Ty - Ty) where, T is the temperature at any point, T, is the
unburnt gas temperature and Ty, is the burnt gas temperature. The value of ¢ corresponding to the
maximum heat release rate in the cool and the hot ignition front under laminar conditions was
selected as the iso-contour representing the cool and the hot ignition front respectively. Here, the
respective peaks were observed to occur at ¢ = 0.05 and ¢ = 0.85. Figure [3| presents contours of
instantaneous temperature in the cases with the smallest (480N/480R) and the largest (960N/960R)
l. respectively. First, it is seen that both, the cool ignition front as well as the hot ignition front
experience turbulence wrinkling. Second, the amount of wrinkling experienced by the cool ignition
front in cases 480N/480R as well as 960N/960R is comparable. However, there is a considerable
variation in the amount of wrinkling that the hot ignition front undergoes for a given value of /.
Pre-ignition in the upstream mixture substantially increases the wrinkled length of the hot-ignition
front. Single/multiple hot-spots are initially observed to occur ahead of the hot ignition front due to
pre-ignition. Later, these hot-spots merge with the hot-ignition front giving rise to a single reaction
front with a very large wrinkled length. At the same time, it is also noticed that the amount of
wrinkling being experienced by the hot ignition front in the absence of pre-ignition is significantly
lower.



Sub Topic: Turbulent Flames

76? 1314 1861 77} 1308 |84|-5
T (K) — Cool Flame — Cool Flame

Hot Flame

Hot Flame T (K)

[=X=N=-N")
o H N
[=X=N-N)
o H N

480N ’ 9 10 11 “0 1 2 3 4 5 6 7 8 9 10 11
766 1304 1843 756 1289 1822

| — Cool Flame I :
Hot Flame T®

— Cool Flame

T (K) Hot Flame

480R ’ 9 10 11 “0 1 2 3 4 5 6 7 8 9 10 11
764 1345 1926 763 1376 1988

| — Cool Flame | :
Hot Flame

w B

— Cool Flame

T (K) Hot Flame

ohONONOP®

ohONONOS®

10 11 12 ’ 4 5 6 7 8 9 10 11 12
757 1341 1925 1349 1933
| — Cool Flame :

Hot Flame

960N

— Cool Flame

T (K) Hot Flame

2.8 2.8 -
24 24

2.0 y ‘ 2.0 ‘

1.6 - 1.6

12 — 12 | -
0.8 o 0.8

0.4 0.4

0.0 . ; 0.0 -

T T T T T
8 9 10 11 12

960R 0 1 2 3 4 5 7 8 9 10 11 12

Fig. 3: Instantaneous temperature fields with iso-contours ¢ = 0.05 (blue) and ¢ = 0.85 (cyan)
superimposed. Instantaneous temperature fields with maximum wrinkling of the hot ignition front
are shown in the left sub-figures whereas the ones with minimum wrinkling of the hot ignition
front are shown in the right sub-figures.

4.3 Mean flame structure

Figure [] presents the mean heat release rate (HRR) as well as the reaction rates of key species
conditioned on temperature. First, it is seen that with an increase in stratification/turbulence length
scales, the profiles are lowered in magnitude, narrowed in temperature space and the corresponding
peaks are shifted to lower temperatures. Second, the profiles in each case are found to be differ-
ent from the initial laminar profiles. At the shortest stratification/turbulence length scale (cases
480N/480R), it is seen that the profiles closely match the laminar profile of a reaction front prop-
agating at a much lower speed S = 0.71 m/s under identical unburnt mixture conditions. Based on
St =2 m/s, the turbulent cool as well as the hot reaction front was a priori expected to be controlled
by ignition in each case. But, the profiles of CH;0CH,;OH (product of LTC) and CO; (product
of HTC) are seen to resemble more to a self-propagating flame. As the stratification/turbulence
length scales are increased, unlike CH;OCH,OH, the profiles of CO, further shift towards that of
a laminar flame propagating even slower at S = 0.38 m/s under identical unburnt mixture temper-
ature but leaner conditions. Finally, at a given stratification/turbulence length scale, the effect of
T-¢ correlation on the flame structure is found to be marginal.
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Fig. 4: Mean heat release rate, reaction rates of O,, CH;0CH3, CH;0CH,OH and CO; conditional
on the temperature compared to the laminar cases. T, represents the unburnt mixture temperature.

4.4 Global burning velocity
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Fig. 5: Mean heat release rate conditional on the horizontal spatial location

The individual contributions from increase in length (A’) and from the increase in burning rate
per unit length of the flame (Ip) to the overall burning rate of the cool as well as the hot ignition
front were determined as: St/Sip = Ip-A’, where A’ = Lyyinkied/Lfiac. In each case, the mean
turbulent flame speed, St = 2 m/s. As discussed earlier, the iso-surface ¢ = 0.05 represents the
mean turbulent cool reaction front while the iso-surface ¢ = 0.85 represents the mean hot reaction
front. Also, Ly (= Ly) denotes the length of an unwrinkled cool/hot reaction front while Ly inkied

denotes the length of a wrinkled cool/hot reaction front. Accordingly, two values of A, i.e. Af
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Case | A (mm) | A (m/s) | Sipcool | SiDhot | Avgol | Ahot | 10,00l | Tohot
480N 0.92 7.27 2.04 1.95 1.79 | 271 | 0.55 | 0.38
480R 0.92 7.32 2.04 1.96 1.98 | 2.98 0.5 0.34
720N 0.96 7.06 2.14 1.89 1.80 | 3.86 | 0.52 | 0.27
720R 0.92 6.96 2.04 1.86 204 | 3778 | 048 | 0.28
960N 1.01 6.78 2.26 1.81 1.71 | 442 | 0.52 | 0.25

960R 0.9 6.51 2.02 1.75 1.87 | 485 | 0.53 | 0.24

Table 2: Individual contributions of L" and I to St in the respective cases.

and Aéoo] were evaluated. Similarly, two values of Sip, i.e. Sip not and Sip cool Were determined.
This was achieved by first evaluating mean HRR conditional on the horizontal spatial location (x)
and then determining the location of peak mean HRR as shown in Figure [5] Results obtained
after time-averaging over multiple time-snap shots are listed in Table. [2| It is found that as the
stratification/turbulence length scales are increased, A, shifts towards the inlet which results in a
decrease in the magnitude of Sip pot. On the other hand, A; shifts marginally away from the inlet
which causes a small rise in the magnitude of Sipcoo1. While Aflot is noticed to progressively
increase, A, is found to remain fairly constant which is consistent with the earlier observations
in Figure @ Consequently, there is a marginal decrease in I o Whereas there is no significant
change in I ¢o01. As before, the T-¢ correlation in the respective cases doesn’t seem to significantly
affect either the amount of wrinkling or the increase in burning rate per unit length. The individual
contributions of deflagration vis-4-vis spontaneous ignition to A’ as well as I is a subject of current
investigation and will be presented elsewhere.

5. Conclusions

A 2D statistically stationary turbulent premixed flame propagating in a stratified DME/air mix-
ture exhibiting two-staged ignition was simulated. Results obtained using different stratifica-
tion/turbulent length scales and T-¢ correlation showed that unlike the latter, the former param-
eter predominantly affects the turbulent flame dynamics. At shorter length-scales, the mean flame
structure in temperature space was found to approach that of the self-propagating laminar flames
under identical unburnt mixture conditions. At larger length scales, however, the mean flame struc-
ture was seen to approach that of the of the self-propagating laminar flames at identical unburnt
temperature but leaner conditions. A global analysis of the flame burning velocity indicated that
the mean turbulent hot reaction front shifts towards the inlet with an increase in the stratifica-
tion/turbulence length scale. Meanwhile, the variation in the position of the mean turbulent cool
reaction with respect to the imposed length scales was found to be marginal. Additionally, the hot
ignition front was found to undergo considerably higher amount of wrinkling than the cool ignition
front, predominantly due to pre-ignition in the upstream mixture. As a result, there was a marginal
decrease in the burning efficiency factor of the hot reaction front whereas there was no noticeable
change in the burning efficiency factor of the cool reaction front.
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