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1 Introduction

A tulip flame is a laminar flame that develops a tulip-like shape as it propagates in a closed tube [1-4].
The initial flame may be convex, due to the confinement of the tube and interaction with boundary
layers ahead of the flame, and this shape may eventually invert to become a concave propagating tulip
flame. Tulip flames were first observed by photographs [5] showing that a tulip can develop in a
closed tube when the aspect ratio of the tube is greater than two. After a tulip flame forms, it usually
propagates down the tube until combustion is complete. In very long tubes, e.g., tubes with aspect
ratio larger than 20, tulip flames collapse at some point and become convex toward the unburned
mixture, and finally again develop a the tulip shapes [6]. To date, exactly how tulip flames form is not
completely understood. Various elements of existing explanations include interactions of the flames
with pressure waves [6], effects of viscosity and flame quenching [7, 8], hydrodynamic instabilities [2,
9], vortex structures forming in the burned gas [4], and Rayleigh-Taylor instabilities [1].

Recently, an additional complication was added with the discovery of the distorted tulip flame (DTF)
[10-12]. These structures form after the usual tulip flame has formed, and they appear as additional
cusps on the lips of the flame. Under some conditions, second DTF formed on the lips before the first
DTF collapses [12].

What is missing from the discussion of both tulip flames and DTFs is an understanding of the
interaction between the flame fronts and pressure waves generated by the flame as it propagates down
the tube, and how this interaction might affect flame instabilities. Previous numerical studies [11, 13]
could not resolve enough of the possible controlling phenomena because they used highly diffusive
algorithms with inadequate numerical resolution. As a result, they could not provide enough detail to
analyze the interactions among the flame front, pressure waves and boundary layers. Even the
conditions required for a DTF to form are not well enough defined.

The work described here represents the first results of a study of the behavior and characteristics of
DTF propagation using unsteady fully compressible computational fluid dynamics with high-order
algorithms and adaptive mesh refinement (AMR). The goal is to produce an accurate calculation with
a fine enough numerical mesh to resolve pressure waves and their interactions with flames and
boundary layers, and then to compare these to prior experiments.
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2 Prior Experiments

In the prior experiments [11, 12], the combustion chamber was a 53 cm long closed rectangular tube
with a cross-section of 8.2 cm x8.2 cm. The tube was filled with premixed stoichiometric hydrogen in
air and ignited with a single spark gap near the left end wall on the tube axis. The evolution of the
flame front was recorded with high-speed schlieren cinematography. Figure 2a, which shows the
development of the tulip flame and the DTF, is taken from these experiments.

3 Physical and Numerical Models

The numerical simulations solve the two-dimensional (2D) fully compressible Navier-Stokes
equations with a model of chemically reacting stoichiometric mixture of hydrogen and air. Details of
the governing equations are in [14, 15]. The combustion of premixed stoichiometric hydrogen and air
at 1 atm and 298 K is modeled by a single-step reaction [16]. The reaction rate is defined as
Q= ApYexp(—E,/RT), where 4, p, Y, R and E, are the pre-exponential factor, density,

unburned mass fraction, universal gas constant, and activation energy, respectively.
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Figure 1. Computational domain. Walls are adiabatic with no-slip reflecting boundaries.

The equations are solved using a fifth-order MUSCL algorithm [17] with HLLC fluxes [18, 19].
Figure 1 shows the 2D computational domain, which describes an 8§ cm x 56 cm channel. (Note that
the geometry of the combustion chamber in the simulation is slightly different from that in the
experiment.) AMR using the Paramesh library [20] provides local mesh refinement in the region of
important features of the flow and combustion, such as flame fronts, strong pressure waves, and
boundary layers. The minimum grid size is 15.625 um, corresponding to 22 computational cells in the
flame itself at initial conditions. The flame was ignited with a small circular pocket of hot, burned gas
at the left end on the tube axis.

4 Flame Evolution in the Experiment and Numerical Calculation

Figure 2 shows the changes in flame shape as a function of time in (a) the experiment [12] and (b) the
simulation. Both the experiment and the simulation show that the flame undergoes a series of shape
variations, including a convex flame, flame inversion from convex to concave shape, tulip flames and
DTF. The DTF develops into a triple tulip flame as secondary cusps approach the center of the
primary tulip lips, e.g., at 7.8 ms in Fig. 2a. A second DTF is generated with a cascade of distortions
superimposed on the primary lips, such as the flame at 9.0 ms in Fig. 2a, before the disappearance of
the initials distortions.

The key features of flame-front evolution in the experiment are reproduced in the numerical
simulation. In particular, the shape of the calculated DTF is close to the experimental observations.
Compared to the previous numerical simulations [11, 13] in which the flame front was modeled on a
very coarse grid, the present calculation provides a much more accurate representation. This will allow
us to gain a deeper insight into the physical process and mechanisms controlling the flame evolution
and perhaps some indication how the DTF arises.
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Figure 2. Sequences of premixed hydrogen/air flame front in (a) the experiment [12] and (b) the simulation. Note
that the whole domain is not shown in the vertical direction in the experiment since both the schlieren upper and
lower edges are 0.133 cm away from the lower and upper tube walls. The numerical schlieren images are shown
for the same proportion. The heights of the domains shown in the images in the experiment and numerical
simulation are 7.93 and 7.74 cm, respectively.

The dark spots (indicated by arrows in Fig. 2b at 6.734 ms) behind the tulip flame in the numerical
simulation are the result of vortices in the burned gas which are created when the tulip flame is
generated. These are also seen in the experiments of classical tulip flame by Dunn-Rankin and Sawyer
[21, 22]. In the simulation, the vortex motion can also be observed as the distorted tulip flame forms,
as shown at 8.547 and 9.033 ms (indicated by arrows as well) in Fig. 2b.

25" ICDERS — August 2-7, 2015 - Leeds 3



Xiao, H Distorted tulip flames

Figure 3 presents the position and propagation speed of (a) leading flame tip and (b) flame front along
the centerline of the tube as a function of time. The flame oscillates until the end of the combustion
process. When the flame touches the sidewalls or the flame cusp suddenly collapses, e.g., flames at
8.547 and 9.033 ms in Fig. 2b, additional pressure waves are generated. We have shown that these are
expansion waves, and their presence causes the flame to oscillate. The collapsing flame cusp leads to a
sudden increase of flame displacement speed along the tube centerline, as shown in Fig. 3b. This result
explains the experimental observation of the steep increase of the primary tulip cusp speed in the
previous work [11].
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Figure 3. Time history of location and displacement speed of (a) the leading flame tip and (b) the flame front
along the centerline.
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Figure 4. Pressure rise and pressure growth rate at the tube right end on the axis

Figure 4 shows the pressure and pressure growth rate as a function of time recorded at the right end
wall of the tube on the axis. The pressure rise and growth rate also show oscillating behavior that is
another indication of strong coupling of flame with pressure waves. The amplitude of the pressure
oscillation increases very quickly when the flame approaches the right end. This implies that pressure
waves are significantly amplified at the later stages of the burning process.
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5 Discussion

The computation described here is only one of a series that we have performed to try to understand the
development of the tulip flame and the unusual development of a distorted tulip flame. The entire
series consists of variations in the aspect ratio and sizes of the tube, where the largest tube is 8 cm X
56 cm and the smallest is 1 cm by 7 cm. The experiments, described in prior papers [11, 12], were for
the same mixture in a tube with the size 8.2 cm % 53 cm.

Even though we (and others) might postulate various mechanisms for the development of the first tulip
flame [1, 3, 4, 6-8, 11, 23, 24], it is extremely difficult to understand why the subsequent DTF and
succeeding shapes develop. Of particular interest is the second set of cusps, and why and how this
forms is unclear at this stage.

The computations do, however, show that that pressure waves are extremely important. The movies
(not shown in this abstract) of the schlieren images show pressure waves interacting and focusing,
both in the burned and unburned regions, as the flame propagates down the tube. In addition, from a
combination of our prior work and these computations, we believe that the presence of and changes in
boundary layers and vorticity, all interacting with acoustic waves, is important and likely key to
understanding the flame evolution. These will be shown and discussed in the presentation.
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