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Abstract

Results are presented here from direct numerical simulation of a temporally-evolving planar slot
jet flame and an experimental measurements within spatially-evolving axisymmetric jet flame op-
erating with DME (dimethyl ether, C H;OC H3) as the fuel. Both simulation and experiment are
conducted at a Reynolds number of 13050. The Damkohler number, stoichiometric mixture fraction
and fuel and oxidizer compositions also are matched between simulation and experiment. Simulta-
neous OH/C H,O PLIF imaging is performed experimentally to characterize the spatial structure
of the turbulent DME flames. The simulation shows a fully burning flame initially, which undergoes
partial extinction and subsequently, reignition. The scalar dissipation rate () increases to a value
much greater than the laminar extinction value causing the extinction. As the turbulence decays,
x relaxes and the flame reignites. The reignition process is seen to be strongly dependent on the
local x value. Statistics of OH and C'H,0O (formaldehyde) are compared between simulation and

experiment and found to agree. The applicability of OH/C H,O product imaging as a surrogate
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for peak heat release rate is investigated. The concentration product is found to predict peak heat
release rate extremely well in the simulation data. When this product imaging is applied to the
experimental data, a similar extinction/reignition pattern also is observed in the experiments as a
function of axial position. A new 30-species reduced chemical mechanism for DME was also devel-

oped as part of this work.
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1. Introduction

Non-premixed combustion is employed in diverse areas of application ranging from diesel en-
gines to gas turbines for power generation and aviation. There are two main challenges to using this
mode of combustion for energy generation: flame stability and emissions. The high Reynolds num-
bers found in most industrial applications generate significant flame-turbulence interactions which
may result in blow off. DNS is performed of a temporally-evolving turbulent DME/air jet flame
undergoing extinction and reignition. There have been several previous DNS studies using this con-
figuration focused on parametric variation in Reynolds number [1] and Damkéhler number [2]. The
present DNS was performed at a jet Reynolds number of over 13,000 and the temporally-evolving
configuration was chosen over the spatially-evoling configuration because it affords examining pro-
cesses that occur farther downstream in the jet through Taylor’s hypothesis, such as re-ignition,

with far less computational expense.

Given the differences in the geometry between the simulation and experiment, a direct one-to-
one comparison between the two is not possible. However, both have been formulated to lie in the
same turbulence and thermochemical parameter space. Therefore, it is reasonable to expect that
the thermochemical evolution for both flames should be comparable. That aspect forms the focus
of this paper. Extinction and reignition phenomena in high Reynolds number jet flames is a rich
subject and is being studied in the present context. Due to space constraints however, it will not
be investigated in detail here. The paper is organized as follows: Section 2 describes the simulation
setup, numerical methods and problem parameters. Section 3 discusses the experimental setup and
details of the imaging techniques. Section 4.1 describes results pertaining to flame evolution and its
extinction and reignition from the DNS. Section 4.2 deals with the comparison between DNS and
the experiment, in particular the joint statistics of OH and C'H,O and their utility in predicting

peak heat release rate from experimental data. Section 5 draws conclusions from the study and



directions for future work..

2. Numerical Implementation

2.1. DNS code details

The DNS code used in this study is called S3D, a massively parallel compressible reacting flow
solver developed at Sandia National Laboratories [3]. S3D solves the fully compressible Navier-
Stokes equations: total energy, species and continuity equations in conservative form with detailed
chemistry. The spatial derivatives are computed on an equispaced, finite difference grid using eighth-
order centered finite differences [4]. A tenth-order de-aliasing filter is applied every 10 time steps
to remove high-wavenumber noise. The solution is integrated in time with a six-stage, fourth-order
Runge-Kutta method [5]. A uniform grid is employed for this simulation with a grid spacing of 25
microns in all directions to adequately resolve all radical layers as well as the mean Kolmogorov

scale.

2.2. Initial and boundary conditions

The jet is initialized with as a shear layer with a streamwise velocity AU/2 in the center of the
jet and —AU/2 outside it. Turbulent fluctuations are initialized as a field of isotropic turbulence
superimposed on top of the mean velocity in the jet region and filtered outside of it. The fuel
core width H is initialized to have a greater width than the jet. This is to allow the artificial
turbulence to trip the K-H instability in the shear layer and evolve into fully developed sheared
turbulence before it interacts with the mixing layer. Jet parameters for this problem are given in
Table 1. The fuel jet is comprised of 12% DME, 18% H, and 70% N, by volume while the oxygen
enriched oxidiser stream is comprised of 31% O, and 69% N,. These compositions were chosen
to achieve a high enough extinction dissipation rate (x,), and hence Damkoéhler number, given by
Da = x,tj, where t; = D/AU, so that the flame is able to sustain a burning state at the simulated

Reynolds number. The stoichiometric mixture fraction for this composition profile, Z; = 0.375, is
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such that the most reactive mixture fraction lies closer to the jet core than the co-flow. The initial
profile is chosen such that the peak scalar dissipation rate is approximately 75% of the laminar
extinction value of 1950s~!. The flame is initialized with a near-extinction laminar strained flame
solution from OPPDIF [6]. The boundary conditions are periodic in the streamwise and spanwise
directions, and non-reflecting outflow in the transverse direction. The outflow boundary condition

was implemented with the NSCBC method [7].

2.3. Reduced chemical mechanism for DME

The present reduced mechanisms for DME oxidation were developed from the detailed mecha-
nism by Zhao et al [8], which consists of 55 species and 290 elementary reactions. A brief synopsis
of the mechanism reduction is described here. A detailed validation for reduction is provided as
supplementary material. The chemical stiffness associated with the short timescales of the highly
reactive radicals in the detailed mechanisms renders it infeasible to apply the detailed mechanisms
in S3D when the efficient explicit integration solvers are used [9, 10]. Therefore, a non-stiff reduced
mechanism with 30 species and 175 reactions was developed for efficient explicit time integration
in the DNS. The reduction was based on reaction states sampled in a wide range of pressures,
temperatures and equivalence ratios. First, the method of directed relation graph (DRG) [11] and
DRG-aided sensitivity analysis (DRGASA) [12, 13] were subsequently applied to eliminate unim-
portant species and reactions from the detailed mechanism, and a 39 species skeletal mechanism
was obtained. Second, linearized quasi-steady state approximations (LQSSA) [14] were applied to
the 39 species skeletal mechanism to further reduce the number of transported species. Using a
criterion based on computational singular perturbation (CSP) [15], 9 species, namely CH2, CH2*,
C2H3, HCO, CH20H, CH30CH2, HOCH20, CH30CH20, and CH20CH202H), were identified
as globally valid QSS species. The algebraic equations associated with the QSS species were ana-
lytically solved for high numerical efficiency and robustness. Third, the method of diffusive species

bundling [16] was utilized to group the species into 14 diffusive groups to facilitate the evaluation



of the mixture-averaged species diffusion. Finally, the method of dynamic stiffness removal [9] was
employed to eliminate the chemical timescales shorter than 10 ns, resulting in a 30-species non-stiff

reduced mechanism.

3. Experimental methods

3.1. Flame conditions

The jet flames considered experimentally are axisymmetric, which flow from a 3.43-mm-diameter
nozzle into a 30 cm x 30 cm low-speed (0.3 m/s) co-flowing oxidizer stream. The fuel (12% DME,
18% Hy and 70% N,) and oxidizer streams (31% O and 69% N,) match the DNS compositions.
Both the fuel and the oxidizer streams are initially at 298 K in the experiment as compared to 450 K
in the simulation. All fuel constituents issue from compressed gas cylinders, which are metered with
digital mass flow controllers with an accuracy of +0.8% after in-house calibration with a laminar

flow element (Meriam Process Technologies).

While the specific DNS and experimental configurations are different (temporally-evolving planar
jet vs. spatially-evolving axisymmetric jet), the jet Reynolds and Damkéhler (Da) numbers of the
experiment were designed to match the DNS as shown in Table 1, thus facilitating statistical
comparisons and general conclusions concerning turbulence-chemistry interaction characteristic of
DME flames. Matching Da and Rej.; across experiment and DNS is critical and was achieved by
selecting a nozzle diameter (D) such that these criteria were satisfied. Similar to the DNS, the
experimental Da is defined as DU 'x,, where U is the jet exit velocity and ¥, is the extinction
scalar dissipation rate for a 1D strained laminar flame at the same composition as the experiment.
The Da also can be written in terms of the jet Reynolds number as D?(Reje) ' x,. By enforcing

Dacyp = Dapns and Rejet eap = Rejer,pns, the required D is calculated as



D= DDNS<—X‘1’DNS>1/2< V(T ) eap )1/2 (1)

q,exp V(T)DNS
3.2. Laser diagnostic techniques

Simultaneous OH and C'H,0 planar laser-induced fluorescence (PLIF) measurements were per-
formed within the turbulent jet flames using two temporally-synched laser and camera systems.
The first laser system consisted of an Nd:YAG-pumped dye laser which was frequency-doubled via
a type-I BBO crystal to 283.636 nm (vacuum) for the OH PLIF measurements. The measured spec-
tral linewidth was 0.12cm~!. The 283.636 nm wavelength corresponds to excitation of the Q1(8)
rotational line of the A>T «+ XZII (1,0) band of OH. This rotational line was selected for its
minimal temperature sensitivity, which leads to relative PLIF signals that are closely proportional
to relative OH concentrations or mole fractions. For example, based on 1D counterflow flame cal-
culations, the selection of the 1(8) rotational line leads to relative OH PLIF signals that are on
average within 10% and 6% of the relative O H molar concentration and O H mole fraction profiles,

respectively.

The second laser system consisted of a frequency-tripled, injection-seeded, Nd:YAG laser (Spec-
tra Physics Pro 290) outputting > 500 mJ/pulse at 355 nm for the excitation of transition of C' H>O.
The narrow spectral linewidth (~ 100 MHz) of the injection-seeded laser is advantageous as it has
been shown in our laboratory that increased C'H,O fluorescence levels (up to 2x) are achieved with
narrowband excitation. The 355-nm output is horizontally-polarized to negate Rayleigh and Raman
scattering contributions. Both the 283-nm and 355-nm laser beams are formed into 2D laser sheets
with separate combinations of plano-concave cylindrical and plano-convex spherical lenses. The
283-nm output is formed into a 50 mm x 0.32 mm laser sheet, while the 355-nm output is formed
into a 40 mm x 0.2 mm laser sheet. The two laser sheets are combined via a dichroic beam splitter

and overlapped within the test section to £50 um.



The OH emission from the from the A — X(1,1),(0,0) and B — X(0, 1) bands between 306 nm
and 320 nm was detected by a lens-coupled ICCD camera system (PCO Sensicam CCD + LaVision
IRO) outfitted with an f/1.8,100-mm focal length UV camera lens (Cerco) and the combination
of a WG305 longpass filter and UG 11 bandpass filter to eliminate 283 nm Rayleigh scattering,
flame luminosity, and C'H>O fluorescence crosstalk. The C'HyO emission from electronic transition
between 380 nm and 500 nm was collected by an un-intensified scientific-grade CCD camera (PCO
Sensicam) outfitted with an 85-mm f/1.4 Nikon camera lens and Schott GG380 longpass filter.
Rayleigh and Raman scattering interferences are negligible due to the combination of horizontal
polarization and the GG380 longpass filter. The optical magnification of the OH PLIF camera
is 0.22, corresponding to an imaged pixel size of 61um (after 2 x 2 pixel binning). The optical
magnification of the C'HyO PLIF camera is 0.25, corresponding to an imaged pixel size of 52um
(after 2 x 2 pixel binning). The two different camera systems were subsequently mapped onto a
common field-of-view and magnification via the DaVis software. The master clock of the system
was the free-running OH PLIF laser, which triggered a digital delay generator (Stanford Systems
DG645), which then triggered the C'H,O laser and the two camera systems. Due to jitter in the
OH PLIF laser, the two cameras are slightly asynchronous, with temporal overlaps of £600 ns.
However, this temporal uncertainty only corresponds to relative image mismatch or blur of 0.5
pixels for the highest velocities considered. Eight hundred OH/C H>0O image pairs are collected at
seven axial locations corresponding to axial positions of 8 < x/D < 35. Finally it is noted that the
simultaneous OH/C H,0 images can be used to infer the locations of the peak heat release rate

through the OH x C'H,O PLIF technique as described in [17, 18].



4. Results

4.1. DNS flame evolution

The simulation was run until 0.6 milliseconds or 15¢;. The imposed initial condition results in a
contiguous reaction sheet with peak heat release rate occuring at a mixture fraction that is slightly
rich of stoichiometric as seen in Figure 1 which shows the heat release weighted PDF of mixture
fraction defined as Pyr(Z) = (HRR|Z)P(Z)/{HRR). As the jet develops, the fully burning flame
is enveloped in a region of high strain, which partially extinguishes it. As the turbulent fluctuations
decay, the strain rate (not shown) and hence the scalar dissipation rate decrease monotonically at
all mixture fraction levels as seen in Figure 1, and subsequently the extinguished regions of the

flame reignite.

Figure 2 shows the area of the stoichiometric mixture fraction surface and the fraction of the
burning surface area in the domain. The fraction was computed based on a OH mass fraction
threshold chosen to be 75% of its laminar value near extinction. As the strong turbulent mixing
wrinkles and distorts the mixture fraction field, the area of the stoichiometric isosurface is seen to
continuously increase with time. The burning fraction reaches a minimum of around 70% due to

local extinction, and subsequently increases as the flame re-ignites.

Figure 3 shows a plan view of the isosurface of stoichiometric mixture fraction isosurface colored
by the OH mass fraction threshold (75% of laminar extinction value) at three representative time
instances. Red represents burning regions while blue represents extinguished regions. The three
phases noted above are evident from the plots. At ¢ = 0.18ms local extinction is starting to occur,
and and the OH plot shows a partially broken reaction sheet. Small holes begin to form on the
flame surface, curved convex towards the oxidizer stream, and propagate outwards. By t = 0.32

ms near the peak level of extinction, the thresholded OH field shows a highly fragmented flame,



corresponding to the time of maximum extinction shown in Figure 2. By ¢ = 0.6ms, a strongly
reigniting flame is established. The scalar dissipation rate conditioned on the stoichiometric surface
is also shown in Figure 3. The large values of y observed early in the development leads to the
considerable extinction observed at ¢ = 0.32ms. Peak values of x are about 100 in excess of the
laminar extinction value. During the reignition phase (bottom plot), it is seen that regions with
a higher values for x correspond to extinction holes and those with lower y values correspond to
burning regions. As the scalar dissipation rate decreases the flame is observed to reignite (bottom
plot), although local pockets of high chi persist, preventing the flame from re-igniting fully by this

time.

Two species that play a key role in the extinction reignition process are OH and C'H,O. Figure
4 plots conditionally averaged OH and C'H,O mass fractions at different time instances before
extinction, during extinction and during reignition. It can be seen that OH peaks slightly on the
lean side and decreases during extinction, then increases during reignition. C'H,O peaks on the rich
side and has a behavior opposite to OH near the peak heat release point at stoichiometric mix-
ture fraction. It increases during extinction and decreases during reignition through consumption

reactions.

4.2. OH/CHyO product imaging

Paul and Najm [17] first showed that the product of concentrations of O H and C'H,O show excel-
lent spatio-temporal correlation with peak heat release rate in a methane-air flame. This product
is directly related to the forward reaction rate of the reaction CH,O + OH — HO + HCO,
given by Row = ks(T)[OH]|[CH0] where the forward rate constant is taken to be k(1) =
5.7 x 10717 8erp(225/T) [17]. Figure 5 shows the correlation between the computed total heat
release rate and the reaction rate from the DME DNS data at t = 0.19ms. The narrow scatter of

the data suggests good correlation between this product and heat release rate for the present DME

10



flame as also noted in [19].

This product is compared with instantaneous realizations of heat release rate at three differ-
ent times during the simulation. Figure 6 shows slices of Rpoy and heat release rate taken at the
midplane in the spanwise direction. The product correlates extremely well with peak heat release
corresponding to near stoichiometric conditions. It is not able to capture the lower intensity heat
release on the lean and rich sides. Najm et al [19] noted that the product of H and C'H,O may
be a better candidate for a heat release surrogate; however, it suffers from the drawback that H is
not easily observable in experiments. Nevertheless, since both OH and C'H,O are simultaneously

measured in the current experiment, their product is a useful measure of peak heat release.

Figure 7 plots the log of the joint PDF of OH and C'H;O mass fraction for the simulation and
their respective signal intensities for the experiment. The PDF is conditioned such that only points
in the overlap region are considered, since this is the region of interest from the point of view of
predicting heat release. This was taken to correspond with values between 1% and 50% of the
maximum respective signal intensity for the experiment, and correspondingly mass fraction for the
DNS. It should be noted that the joint PDFs should not be expected to be identical due to the
different geometries of the DNS and experiment. Furthermore, in the experiment overlap occurs
at very low values, near the experimental measurement threshold. Nevertheless, it is seen that
both joint PDFs show the same functional form, i.e. there exists a strong anti-correlation between
OH and CH,0. Whereas OH is located primarily in burning regions, C' H,O is found primarily in
non-burning regions.

Figure 8 shows instantaneous realizations of simultaneous O H/C H,O measurements at different
downstream locations. Even though direct comparison with the simulation results is not possible,
these locations were chosen to correspond to the three phases identified in the DNS, i.e. burning,

partially-extinguished and reigniting. These stages compare well with the snapshots from the

11



simulation in a qualitative sense.
To further quantify the degree of anti-correlation between OH and C' H,0O, an alignment index

is defined between gradients of OH and C'H,O as

VYou - VYm0
IVYou||VYcu,ol

(2)

Alogr =

A comparison of the PDF of this dot product for both experiment and DNS conditioned on the
product Yoy X Yom,0 being non-zero is shown in Figure 9. In both cases, the PDF peaks at —1 at

all time instances in the DNS and spatial locations in the experiment, indicating that the gradients

of OH and C'H,0O are opposed.

5. Conclusions

DNS of a temporally-evolving planar slot jet flame with DME has been conducted and compared
with an experimental spatially-evolving axisymmetric DME jet flame. While the specific geometries
of the DNS and the experiment are different, the jet Reynolds and Damkdhler (Da) numbers of
the experiment were designed to match the DNS, thus facilitating statistical comparisons. A new
30 species reduced chemical mechanism has been developed for DME. The simulation shows a
fully burning flame which partially extinguishes and eventually reignites. The sheared turbulence
eventually decays, leading to a decrease in the local scalar dissipation rate, which aids in flame
re-ignition.. Joint statistics of OH and C'H,O are compared between simulation and experiment
and found to be in good agreement. OH/C H,O product imaging is evaluated as a surrogate for
peak heat release rate and is found to be an excellent surrogate of the peak heat release rate in
the simulation data. When applied to the experimental data, similar extinction and reignition
phenomena are also observed in the experiment. Future work will focus on detailed comparisons
of extinction hole size distributions and on quantifying the mechanism for re-ignition in DME jet

flames.
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Parameter DNS | Expt
Jet Reynolds number, Reje; 13050 | 13050
Jet width, H (mm) 23 | N/A
Hydraulic diameter D (mm) 4.1 3.43
Jet velocity, AU (m/s) 98 57

Fuel core width, Hz (mm) 3.6 | N/A
Pressure, P (atm) 1.0 1.0

Damkohler number, Da 0.08 | 0.074
Stoichiometric mixture fraction Z; | 0.375 | 0.375
Unburnt temperature, 7;, (K) 450 298

Burnt temperature, 7, (K) 2380 | 2299
Extinction dissipation rate x, (s™*) | 1950 | 1210

Table 1: Simulation and experimental parameters. Da is defined as x4t; where t; = D/AU is the jet time scale and
Xgq is the extinction dissipation rate for a 1D strained laminar flame at the same composition. Jet Reynolds number
for DNS is defined based on the hydraulic diameter defined as D = 2L, H/(L, + H) where H is the jet width and
L, is the spanwise extent of the domain.
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Figure 1: PDF of mixture fraction weighted by heat release rate (left), conditionally averaged scalar dissipation
(right).

17



Area of Z, surface (sz)

N
>

1
20 o 0.95
o
8
18 3 09
16 N 0.85
c
c
14 5 08
o
=4
12) 2 075
o
g
10 L7
g ; . . . . . 065 . . . . . .
0 1 2 3 4 5 6 0 1L 2 3 4 5 6
time (sec) x10™ time (sec) x10™
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Figure 3: Stoichiometric mixture fraction isosurfaces at t = 0.18ms (top); t = 0.32ms (middle); t = 0.6ms (bottom).
Colored by OH mass fraction (left) and log(x/xq) (right). For the OH plot, red represents burning regions and blue
represents extinguished regions. For the y plot, pink repesents regions of high x and blue represents regions of low
x- log(x/xq) ranges from —2 to 1.6 in the plot.
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Figure 6: Slices at spanwise midplane for Rop (left) and heat release rate (right) at ¢t = 0.18ms (top); t = 0.32ms
(middle); t = 0.6ms (bottom) from DNS.
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Figure 7: Overlap conditioned joint PDFs of OH and C HoO mass fractions from DNS (left) and their signal intensities
from experiment (right). Same contour levels were used for both plots.
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Figure 8: Simultaneous rendering of OH/CH>0O PLIF (left) and product imaging (right). Quantity plotted in the
right column is Scw,0 * Som, which is proportional to k¢[CH2O][OH]. z/d = 20 (bottom), x/d = 25 (middle), and
xz/d = 30 (top). The Black—Yellow color scheme is CH50O and the Black—Red color scheme is OH. The green
rendering indicates regions of strong overlap.
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Figure 9: PDF of the alignment index between OH and C' H20O for the DNS (left) and experiment (right)
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Supplemental material: Development of reduced mechanisms for DME oxidation attached as a

Microsoft Word document
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