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In the design of high-hydrogen content gas turbines for power generation, flashback of
the turbulent flame by propagation through the low velocity boundary layers in the premix-
ing region is an operationally dangerous event. Predictive models that could capture the
onset of flashback would be indispensable in gas turbine design. For this purpose, modeling
of the flashback process using the large eddy simulation (LES) approach is considered here.
In particular, the goal is to understand the modeling requirements for predicting flashback
in confined goemetries. The flow configuration considered is a turbulent channel flow, for
which high-fidelity direct numerical simulation (DNS) data already exists. A suite of LES
calculations with different model formulations and filterwidths is considered. It is shown
that LES predicts certain statistical properties of the flame front reasonably well, but fails
to capture the propagation velocity accurately. It is found that the flashback process is
invariant to changes in the initial conditions and additional near-wall grid refinement but
the LES filterwidth as well as the subfilter models are found to be important even when
the turbulence is almost fully resolved. From the computations, it is shown that for an LES
model to predict flashback, sufficient resolution of the near-wall region, proper represen-
tation of the centerline acceleration caused by flame blockage, and appropriate modeling
of the propagation of a wrinkled flame front near the center of the channel are considered
the critical requirements.
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FSD model parameter

Filtered reaction progress variable
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I. Introduction

In lean premixed combustion of fuels with high hydrogen content, preventing flame flashback is an im-
portant design constraint. The high reactivity of hydrogen combined with enhanced flammability limits
(compared to natural gas) promotes flame propagation along low-speed boundary layers adjoining the com-
bustion walls.! While this boundary layer flashback will be quenched by heat transfer to the walls, the
combustor and premixing chamber walls may still sustain damage. Prior studies? show that hydrogen flames
are able to propagate three times closer to the wall before wall heat transfer quenches the flame. Since
hydrogen-based power generation is a significant component of pre-combustion approaches for reducing car-
bon emissions, understanding and preventing flashback is a top priority in the design of such combustors.

Theoretical studies in laminar flames® have identified a critical near-wall velocity gradient necessary to
arrest flashback. This relation correlates the burning velocity at the leading edge of the flame, the distance
of this edge from the wall, and the velocity gradient at the wall. In general, a turbulent boundary layer
exhibits a higher critical gradient as compared to a laminar boundary layer, which could be the result of a
reduced distance to the wall or an increased burning velocity due to the core turbulent flow.* Computational
studies mainly focused on laminar boundary layer flashback,? with increasing complexity of the underlying
flow description. Recently, Gruber et al.” conducted the first direct numerical simulation (DNS) of flame
flashback in a three-dimensional channel flow using detailed chemical kinetics. The simulation indicates that
density changes associated with the flame strongly influence the propagation mechanism. Also, small reverse
flow regions in front of the flame actively accelerate it.

In order to design robust combustors, tractable models that could predict flashback for a given combustor
geometry and operating conditions would be indispensable. While many detailed computational models
have been used to study other flashback modes, such as propagation through combustion induced vortex
breakdown in swirl burners,® a similar focus on boundary layer flashback is missing. Due to the inherent
three-dimensional and unsteady nature of flame flashback, the LES approach provides the best starting point
for modeling. Since LES resolves only the large scales, and the flame/boundary layer interaction occurs
exclusively at the small scales, subfilter models should be able to handle the impact of density changes on
flame and fluid propagation. In the simulations of vortex breakdown based flashback,” it has been found that
existing models reproduce flashback with reasonable accuracy, but unphysical near-wall flame propagation
could be introduced by the nature of the chemical source term closures used.’? In these studies, flashback
occurs primarily in the core of the flow, away from the walls, and subfilter closures based on the assumption
of local equilibrium could be invoked without introducing appreciable errors. In boundary layer flashback,
the balance of production and dissipation in the near wall region needs to be assessed in order to determine
the accuracy of equilibrium-based subfilter models.

This discussion leads to the following question: What are the features of the flow that need to be
reproduced for an LES-based model to predict flashback? To understand this question, we utilize a posteriori
simulations of a high-fidelity direct numerical simulation (DNS) configuration studied by Gruber et al” (We
note that the DNS data used here is of higher resolution than the published data but otherwise unaltered.
Details are provided in Sec. 2). Comparisons with DNS data have both advantages and disadvantages. On
the positive side, DNS provides information about the entire flow field, which is ideal for testing individual
models. On the downside, the Reynolds number of flow is relatively low, at only 3200. Further, the mesh
is finer than the smallest turbulence length scale in order to resolve the flame front. In a confined geometry
such as the channel studied here, these constraints impose a maximum and minimum resolution for the LES
filterwidth. The filter size should be sufficiently large to obtain meaningful results from the loss of information
due to filtering, and should be small enough that the boundary layer physics could be adequately represented.

With this background, the goal here is to assess the key physical characteristics that need to be represented
in order to reproduce flashback using LES computations. A suite of LES computations is used to understand
the key interactions between the flame and flow field. Statistical quantities describing the structure of the
flame front are used to evaluate LES performance.
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II. DNS flow configuration

Figure 1 shows a schematic of the flow configuration used in both the DNS and LES computations.
The domain measures 0.06 m x 0.012m x 0.036 m in the streamwise, wall-normal, and spanwise directions,
respectively. In the DNS computation, a 2400 x 480 x 1440 point computational grid is used. The grid is
uniform in all directions, giving a spacing of A, = 2.5 x 107 m. Premixed hydrogen-air mixture was fed
through the inlet with a bulk velocity of 20m/s leading to a Reynolds number of 3200. The equivalence
ratio of the mixture was 0.55, and the inflow temperature was set at 750K. The flow field was allowed
to develop inside the channel for a finite time before the flame front was initialized at X = 0.045m by
superimposing a 1D laminar flame profile. The velocity field was adjusted to account for the change in
density. Hydrogen combustion was simulated using a 9-species 19-step reaction mechanism.'! The inflow to
the DNS configuration was a temporally evolving turbulent velocity field extracted from an auxiliary inert
DNS with a bulk velocity of 20m/s. Although this configuration is slightly modified from that of Gruber et
al,” most other computational details remain the same.

y(m)
0.01
0.005

0.04 0.06

0.02 0.02  { (m)

Figure 1. Channel schematic, with X aligned streamwise, Y wall normal, and Z spanwise. Instantaneous
contour of ¢ = 0.7 for t = 7.880e-04 s, measured from the time of initialization.

Figure 2 shows instantaneous flame front contours at different times. As expected the flame progresses
through the low velocity near-wall region, with the higher velocity near the channel centerline pushing
the flame downstream. Not shown here, in the initial stages the flame is pushed downstream from the
initialization point before flashback takes hold. The flame has a sinusoidal front near the walls (Fig. 1),
indicating regions of positive curvature that are accelerated as the flame propagates upstream. The DNS
computation was run for a longer time but the data used in this work corresponds to the leading edge of the
flame being displaced only by about 5 mm. However, flame propagation in this region is beyond the initial
transient state and the upstream propagation velocity is roughly uniform.

The stream wise velocity component (Fig. 2) shows the acceleration of the flow behind the flame front.
The flame front acts as a blockage for the flow which diverts the near-wall fluid toward the centerline causing
an acceleration before reaching the flame. The gas expansion causes a second acceleration that make the
velocity reach values close to 70m/s. Figure 2 also shows the flame front at the earliest and latest time
instances that encompass the entirety of the DNS data used in this work. Note that in this duration, the
flame front motion is almost uniform allowing for temporal averaging in collecting statistics.

III. LES computations

The LES approach uses a grid-based filtering technique. The flame evolution is described using a flamelet
approach, where a transport equation for the Favre-filtered progress variable is solved along with the fil-
tered continuity and momentum equations. A low-Mach number technique based on a pressure-projection
algorithm is used.®? The filtered transport equation for progress variable is given by

dpc ~ Odpu;c 0 . ac o _ . ~
—_— = —a(c,A)pD— + —p (ujc — u;c) + w 1
TR G e AU W)

where « is a model for the correlation between the diffusivity and the scalar gradient, A is the LES
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Figure 2. Instantaneous DNS contour of streamwise velocity component at t = 0.788 ms. The solid line
represents the flame front isocontour based on C = 0.7 at that time instant, while the dashed line is the flame
front at t = 1.44 ms. The arrow indicates the direction of flashback.

filterwidth and & is the chemical source term. The second term on the right hand side is the subfilter scalar
flux term. In general, there are many different models available for closing these terms.!?'* In order to
ensure that our conclusions are not biased by the models used, three different models are tested here. All the
models used here ignore differential diffusion effects. An analysis of the equivalence ratio variations across
the flame front in the DNS showed that the maximum change was small compared to the mean equivalence
ratio. The details of the models are as follows:

1. Direct flamelet model (DF). Here, the 1-D laminar premixed solution is mapped to progress variable
space, and no convolution rules are used to transform the raw progress variable to a filtered value. This
model represents the crudest approximation of the flame front. Here « is set to 1, and the subfilter
flux is modeled using gradient-diffusion hypothesis.

2. Algebraic flame surface density model (AFSD). Here, the first and third terms together are modeled
using the flame surface density.

e~
C LG =Sy, (2)

0 - -
—a(c,A)pD oz,

63%
where p,,, S; and ¥ are the unburnt density, laminar burning velocity, and flame surface density (FSD).

The FSD is closed using an algebraic model'# that relates the subfilter variance of progress variable to
the FSD.

n =450 -0 - 9 (3)

with 8 being a tunable coefficient and A the LES filterwidth. Here, the value of § is chosen such that
certain properties of the DNS are reproduced. This is further discussed in Sec. B. The subfilter flux
term is prescribed using a gradient diffusion hypothesis.

3. Filtered tabulated chemistry for LES (FTACLES).? Here, the 1D laminar flame solution is filtered
using an explicit Gaussian filter with the specified LES filterwidth. The resulting filtered progress
variable is used as the mapping variable. In this approach, « is specifically constructed from the flame
solution. As described by,” the three terms on the right hand side of Eq. 1 can be directly obtained
from this filtering procedure. Figure 3 shows the different terms plotted as a function of the filtered
progress variable. Note that for the filter width for 8A,, the subfilter terms are negligible since the
flame wrinkling is almost fully resolved. In this sense, the FTACLES approach will be similar to the
DF method here. For larger filter widths, the differences will be large.

Note that all three models essentially replace the finite thickness flame front with a thin flame assumption.
Since the LES filter width is sufficiently small, flame wrinkling is expected to be fully resolved. As pointed
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Figure 3. Filtered source terms obtained from the FTACLES procedure for filter width 8A;: %a(a A)ﬁD%

(solid line), —V - 5 (ujc — ;) (solid line with symbols), and pw (dashed line). Y-axis has units of kg/m3s.

out by,'% with increasing computational power, this regime where turbulence is well resolved has become the
norm. Consequently, representing laminar flame propagation accurately with minimal computational cost
becomes the critical step.

The flow equations contain unresolved stress terms, which are closed here using a dynamic Smagorinksy
model. The LES equations are solved using a second-order accurate time-stepping scheme.® The convection
terms in the momentum equations are discretized using an energy conserving second order scheme, while
the scalar convection terms were solved using the QUICK scheme.'® The simulations were carried out using
MPI-based domain decomposition.

The LES calculations used the same inflow conditions as the DNS calculation, except that the inflow
planes were interpolated to the coarser LES grid. Each LES computation was run without a flame until any
initial transient was removed. The flame is initialized at X = 0.03m in the LES calculation. Note that in
the DNS, the flame is initialized at X = 0.045m. This difference was necessary to ensure that strong density
jumps from the trailing edge of the flame were not present close to the exit. The velocity was adjusted for
the density jump across the initially flat flame, and the simulations continued from that point.

IV. Results and discussion

Two different groups of LES calculations are carried out. First, the effect of models is tested using the
three models described above. Second, the effect of filter width is discussed. A third set of calculations
where the LES is initialized using different initial conditions for the flow field was also carried out. For
these calculations, an LES filterwidth of 16A, along with the FTACLES model was used. There was no
appreciable change in the flame front propagation for the different cases in this set. This implies that flame
front propagation is the accumulated interaction with multiple eddies over resolved-scale time scale, and that
variability in initial conditions are washed out by the short length-scale associated with eddies that affect
the flame front.

Before discussing the two sets of calculations, the baseline case is presented in detail to motivate the key
parameters targeted in the flashback computations.

A. Baseline LES computation of flashback

The baseline case is based on the FTACLES model with A = 8A,. Figure 4 shows the LES-based isosurface
of ¢ = 0.7 at the earliest and latest time for which corresponding DNS data is available. Two things to note
here. First, although the LES flame was initialized upstream of the DNS flame, at these time instances,
both DNS and LES flame fronts are fairly close in streamwise location. Second, at the latest time, the flame
front has a similar structure to that found in the DNS computation (Fig. 2). But, at the earlier time, the
flame front is less stretched and remains closer to the flat initial condition. This shows that the LES and

5o0f 11

American Institute of Aeronautics and Astronautics



Downloaded by UNIVERSITY OF MICHIGAN LIBRARY on December 4, 2015 | http://arc.aiaa.org | DOI: 10.2514/6.2014-0824

DNS have different evolution times before a quasi-steady flame front propagation could be reached. At a
more fundamental level, this shows that LES predicts the growth in flame wrinkling and flame stretch at a
much slower rate as compared to the DNS computation. In both the LES and the DNS, the flow is diverted
away from the walls by the flame-induced blockage, which causes an acceleration of the flow along the center.
Gas expansion in the post-flame region further increases the flow rate. However, in the LES calculation at
earlier time, the lack of a v-shaped flame prevents the centerline acceleration. Consequently, the post-flame
velocities are much lower than that for DNS and are essentially the density-scaled turbulent channel flow
velocities. At later times as the flame front becomes similar to the DNS, the post-flame velocities are of the

same order as DNS (not shown here).

U (m/s): 0 10 20 30 40 50 60

< (m) 0.04 0.06

Figure 4. Instantaneous LES contour of streamwise velocity component at t = 0.8 ms. The solid line represents
the flame front isocontour based on C = 0.7 at that time instant, while the dashed line is the flame front at t
= 1.4 ms. The arrow indicates the direction of flashback.

Figure 5 shows the three-dimensional isosurface of progress variable at a time comparable to that of the
DNS in Fig. 1. It is seen that the DNS surface exhibits a wide range of scales (as expected) with smooth
variations on the surface interspersed with short-lengthscale fluctuations in the streamwise location of the
flame front. In addition, the positive curvature regions near the wall that tend to accelerate the flame are
more pronounced with deeper troughs along the streamwise direction. Although the LES flame surface
exhibits similar troughs, the depth of these features is considerably smaller. As a consequence, the spanwise
variation in the flame front location in the near wall region is smaller compared to the DNS case.

60
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5
0
10
20
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Figure 5. Instantaneous isocontour of ¢ = 0.7 and isocontours of streamwise vorticity for 75001/s.

To further understand the LES results, the evolution of the distance between the leading and trailing
edges of the flame is studied. For the purpose of this discussion, the leading edge is the first point along
the x-axis in a single z-plane that contains a non-zero progress variable, while the trailing edge is the last
grid point in the x-direction that contains a zero progress variable. This quantity, termed flame depth here,
incorporates the cumulative effect of the core velocity on the propagation characteristics. Note that in the
boundary layers where the flow field is nearly laminar, propagation is mainly at the laminar flame speed
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(adjusted for quenching effects), while in the core flow, turbulent flame wrinkling will lead to turbulent-
velocity based propagation. In the extreme case of the depth being zero, the difference between the core
velocity and the turbulent propagation speed matches the difference between the laminar burning velocity
and the boundary layer mean velocity.

Figure 6 shows the spanwise-averaged depth as a function of time. It is seen for the baseline case that
this quantity increases with time but ultimately reaches a slowly varying stage after 1.4ms. The depth in
the DNS is steady in this time interval at roughly 0.015m. The increase in LES is expected as the flame is
wrinkled from its initial flat condition. But the continued growth indicates that a) the trailing edge of the
flame is not able to propagate strongly against the high velocity near the centerline, and b) the streamwise
velocity in the near-wall region ahead of the leading edge of flame is weaker than in DNS leading to faster
flame propagation, relative to the center of the flame. Figure 6 shows the propagation velocity averaged
based on the top and bottom leading edges and the trailing edge of the flame. It can be seen that initially
the flame is convected downstream (negative velocity) before flashback takes hold. But even then, the
propagation velocity is much lower than the DNS velocity. This explains the observation made earlier that
both flame fronts are at similar locations for the time-intervals considered even when starting from different
initial locations.
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Figure 6. Plot of spanwise averaged depth (left) and velocity (right) as a function of time for DNS (circles)
and LES with FTACLES (solid line), FSD with 8 = 0.2 (dash-dotted line), and FSD with 8 = 0.66 (dashed
line) at A/A, = 8.

A related quantity of interest is the fluctuation of the flame front location in the streamwise direction
about the spanwise-averaged flame front location. Figure 7 shows the PDF of the flame location in both DNS
and LES computations. It is seen that the LES-based PDF roughly matches the near-Gaussian DNS-based
PDF. However, the probability of large fluctuations is marginally lower than the DNS probability. Overall,
the baseline LES is able to capture most of the details of the flame front albeit with different initialization
locations.

B. Effect of flame model on propagation

To understand the role of the model in predicting the parameters of flashback defined in the previous
section, the three different models described in Sec. III were used with LES filterwidth of 8A,. The DF
model produced results similar to the FTACLES approach. This is expected, given that the filter width is
small compared to the DNS mesh size. Hence, the diffusivity and subfilter scalar flux closures remain small
compared to the chemical source term (see Fig. 3). The results from the the DF model are not presented
here due to the similarity with FTACLES, but serve to illustrate the impact of other subfilter models on
flame evolution.

The AFSD model, on the other hand, shows interesting behavior. The coefficient S is roughly 0.75 from
literature for A/A, = 8.14 However, this value was found to cause unphysical motion of the flame front, with
the flame propagating through the center of the channel. A sequence of AFSD model simulations were carried
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out to find the optimum value for the coefficient. It was found that if 5 = 0.2, then the depth parameter
from the simulations were close to the DNS data at 1 ms (Fig. 6). However, the average velocity of the flame
was found to be negative for this simulation, where the leading edge was slowly propagating upstream while
the trailing edge was being convected out more rapidly. When 8 = 0.66, the right propagation velocity could
be obtained at 1 ms but the depth was far less than in the DNS. Figure 7 also shows that even when the
depth parameter is reasonably predicted, the AFSD model has limited fluctuations about the mean flame
surface.

0.3

0.25¢

—(9.01 -0.005 0 0.005 0.01
Distance (m)

Figure 7. PDF of distance from the ¢ = 0.7 isocontour for DNS (circles) and LES with FTACLES (solid line)
and FSD with 8 = 0.2 (dash-dotted line) at A/A,; = 8.

Figure 8 shows the velocity obtained from the FSD model superimposed with flame front isocontours
from the two calculations with different 5 values. It can be seen that even when the depth is correctly
predicted, the flame shape is very different from the flamelet-based computations. There is a thin layer near
the wall where the flame flashes back, but a parabolic flame front is visible in the rest of the domain. With
an increase in 3, the propagation speed increases and the thin near-wall flam region vanishes. In either case,
the shape of the flame does not lead to significant centerline acceleration of the flow, and the post-flame
velocities are small compared to the fully-developed FTACLES flame front.

While the deficiencies of the algebraic model are well noted,® the simple nature of the source term also
provides insight into the flame propagation. When the coefficient is low, it reduces the source term for
the progress variable. However, the source term does not distinguish between regions of high or low scalar
gradient. Consequently, the leading edge and trailing edge propagate at the same speed. The reduced
coefficient only ensures that the fluid near the centerline is able to push out flame, while the leading of the
flame slowly creeps up the channel. When the coefficient is large, the flame near the centerline propagates
faster, leading a reduction in depth. This is consistent with the observation that as 3 increases, the curvature
of the flame switches and flashback occurs along the centerline.

C. Effect of LES grid on propagation

The main variation in grid was to study A = 8A, and A = 16A, with the FTACLES model. In addition,
the computational grid associated with each width was refined in the wall-normal direction to add twice
the number of points in the low-velocity region. Grid clustering did not change the propagation speed nor
the depth parameter as compared to the uniform mesh case for both filterwidths. This was surprising as
better near-wall resolution should be expected to better represent the flashback process. This suggests that a
minimum resolution is needed to reproduce flashback but additional resolution does not necessarily introduce
any new physics capable of altering the flame dynamics. However, the change of filterwidth from 8A, to
16A, had a large effect. Figure 9 shows the evolution of the depth parameter for the two filterwidths and it
can be seen that the coarser mesh reproduces the DNS depth accurately, while the finer mesh overpredicts
the depth parameter. It should be noted that the agreement with DNS data for A = 16A, could very well
be fortuitous but the decrease in depth is interesting. We postulate that this change is related to coarser
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Figure 8. Instantaneous LES contour of streamwise velocity component at t = 1 ms for FSD model with g =
0.2. The solid line represents the flame front isocontour based on C = 0.7 for 3 = 0.2 while the dashed line is
S = 0.66, both at t = 1 ms. The The arrow indicates the direction of flashback.

resolution of the turbulence structure in the core of the flow. This in turn allows the trailing edge of the
flame to propagate faster due to reduced centerline velocities. Mesh coarsening also increases the average
propagation velocity, although this difference is minimized at later times. A larger filter A = 24A, was
not able to reproduce the expected V-shape of the flame. Instead, the flame flashed back with a flat shape,
highlighting the importance of the near-wall resolution. Overall, the propagation velocity still eludes the
LES computations.
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Figure 9. Plot of spanwise averaged depth (left) and velocity (right) as a function of time for DNS (circles)
and LES with FTACLES at A/A; = 8 (solid line) and A/A; = 16 (dashed line).

V. Conclusions

A suite of LES computations was used to understand the modeling of boundary layer flashback in rel-
atively low Reynolds number but turbulent channel flow. The LES filterwidths were comparable to the
smallest turbulence length scales, which would imply that the momentum description is reasonably accurate
in the LES calculations. The flame, on the other hand, was approximated as a thin front using different
models. In this sense, the computations were designed to test the interaction of this thin-flame assumption
with the near-fully resolved flow field. The computations found certain intriguing features. The baseline
case at filterwidth of 8 produced a flame front that is comparable in statistics to that in the DNS. Using
quantities such as the depth parameter and the PDF of front fluctuations, it was found that the LES com-
putations are very accurate in predicting the structure of the turbulent flame front. However, there was a
large discrepancy in the propagation velocity of the flame front. In other words, a slowly moving LES flame
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front was able to produce the structures of a faster moving DNS front. The flamelet-based models produced
lesser variability to simulation conditions, including the choice of other subfilter models. This is expected,
given that the chemical source term is the predominant quantity in the progress variable transport equation
as it can be seen in Figure 3. On the other hand, the AFSD model produced unexpected results, with
lower reaction rates reproducing the DNS depth and the higher velocities reproducing the DNS propagation
velocity. Further, the flame depth decreases with increasing filterwidth, and the flashback velocity increases
with filterwidth.

These observations indicate that although the flame is well represented by the flamelet model, the differ-
ences in propagation mechanisms between the near-wall region and the center of the channel are not captured
well. There is no wrinkling model used in this work, since the flow conditions would indicate that all the
wrinkling is fully resolved. It appears that this assumption is not fully valid in the a posteriori simulation,
where numerical errors at the smallest resolved scales tend to alter flame physics. The AFSD model results
illustrate this point, where higher reaction rates tend to make the trailing edge of the flame located in the
center of the channel to flashback faster, while lower values cause the trailing edge to be progressively swept
out.

Even for the lowest resolution grids, flashback was still predicted, indicating that flame propagation
through the boundary layers could be captured with minimal resolution. Interestingly, additional variations
on these basic computations did not produce any changes to the flow. For instance, adding more points to
the near-wall region did not change the depth or the velocity of propagation. Also, starting the calculation
from different initial conditions led to almost no perceptible difference in these characteristics of the flame.

Based on these results, the requirements to capture the flashback process could be divided into three
parts. First, there should be sufficient resolution near the wall to represent the actual V-shape of the
flame, and at least approximately, the transition to a laminar flow. Combined with the density change
across the flame, this creates a blockage to divert the flow towards the center. Second, the blockage-created
centerline acceleration in the core of the channel is necessary to maintain the V-shape of the flame. Third,
the combustion model should ensure that the core is not pushed downstream with the flow. In other words,
the transition from a fully laminar to, possibly unresolved, wrinkled flame needs to be captured. However,
the requirements for obtaining the correct propagation velocity seem to rely on the details of the model. For
instance, the modulation of the small-scale turbulence by the density change across the flame front, as well
as the impact of near-wall streaks need to be included in the closure model, in order to accurately represent
the specific features of a flashback in a rectangular channel.
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