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1 Introduction

Swirling jet flows appear in many forms in nature, such as tornadoes, hurricanes, dust devils, and fire whirls.
They are used in combustion devices to mix fuel and air or to stabilize a flame. With the “right” conditions
of swirl (ratio of azimuthal to axial velocity), adverse pressure gradient (aligned with the jet axis), and
Reynolds number, swirling flows transition to a new state with a stagnation point and finite recirculation
zone along the jet axis. This transition is referred to as vortex breakdown [1-3]] and the resulting states have
significant effects on the ensuing fluid and combustion dynamics.

The result of vortex breakdown has been described by three distinct states [1,2]]: the bubble mode, spiral
mode, and double-helix mode. Due to computational constraints, early nonreactive, numerical simulations
of vortex breakdown assumed incompressible, laminar, axisymmetric, and steady flows. These assumptions,
however, do not allow the computation of the spiral and double-helix modes because of their inherent three-
dimensional and unsteady structures [3,|4]. Later approaches solved the unsteady, three-dimensional, in-
compressible Navier-Stokes equations and were able to compute nonsymmetric modes of breakdown [5,6].
For example, Spall et al. 5] studied the bubble mode of breakdown and its asymmetry. Ruith et al. [6]]
computed all three major modes by varying the Reynolds number, swirl, and jet profile.

Vortex breakdown has also been studied in reactive systems, primarily in swirl-stabilized premixed com-
bustors. Huang and Yang [7] computed the flow within such a combustor by using three-dimensional,
compressible large eddy simulations (LES) with a flamelet model (FM) and showed that increasing the
swirl beyond a critical value can cause an upstream propagation of vortex breakdown. This was also shown
by the LES-FM computations of Duwig and Fuchs [8]], who also showed the formation of a helical mode.

Recent experiments by Xiao et al. [9]] and Hariharan et al. [10] have shown the transition of a fire whirl into
a flame which exhibits the characteristics of vortex breakdown. It begins as a swirling, sooty flame which
burns a liquid hydrocarbon and then reaches a steady state with only blue luminescence, indicating soot-free
burning. The luminescence of the transitional state suggests that helical breakdown modes are present and
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the steady-state suggests the bubble mode. The flow structure and mode of combustion of this blue flame,
the blue whirl, are, however, still unknown.

This paper is a first step in understanding the flow and combustion states of the blue whirl . Here, we demon-
strate that reactive vortex breakdown can be computed in a nonpremixed system. This is done by solving
the three-dimensional (3D), unsteady, compressible, reactive Navier-Stokes (NS) equations coupled to a
calibrated chemical-diffusive model for flames and energy release. The resulting flow and flame structure is
presented and discussed.

2 Numerical Model

The numerical model solves the unsteady, compressible, reactive Navier-Stokes equations. The hyperbolic
fluxes are computed using unsplit, fourth-order, flux-corrected transport. All parabolic fluxes are spatially
discretized using a second-order, three-point central scheme. The diffusive fluxes include Fickian species
diffusion, Fourier heat conduction, and Newtonian viscosity. The barely implicit correction (BIC) algo-
rithm [[11,[12] is used to remove the acoustic limit on the CFL time-step constraint, thereby removing the
numerical expense of explicitly integrating the NS equations in a low-Mach-number flow. Further details
on the integration procedure are discussed in [[12].

We use a calibrated chemical-diffusive model (CDM) [13]] to regulate the conversion of reactant to product
and control the rate of heat release. The chemical parameters of the Arrhenius rate and heat of combustion
are calibrated to reproduce the flame and thermal properties of heptane-air mixtures within a NS computation
for varying stoichiometry. This calibration procedure is described in [13]]. This work assumes a constant
molecular weight of 30.6 g/mol for all species and a constant specific heat ratio of 1.19 for all species and
temperatures.

128

30 cm
< y
2 <2,
S Y P,
— ? /: 30 cm
All walls:| ___, ¥ A
non-slip, —>‘§ % he || 2
adiabatic 24 g :‘— "I x
0.2 "
<«
0.6cmM  6cm
Heptane vapor:
a) 371 K, 2.5 x 1072 kg/m?s

Figure 1: (a) The geometrical setup and boundary conditions. (b) A cut view of the computational mesh.
The numbers indicate the number of cells at the coarsest and finest levels of refinement.
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A schematic diagram of the geometrical setup and boundary conditions is shown in Fig. 1a. The domain is a
cube with sides that are 30 cm long. The upper boundary is an outflow condition and all other boundaries are
non-slip, adiabatic walls. A fuel that is representative of heptane vapor is injected within a 0.6 cm diameter
at the center of the bottom wall with a constant flux of 2.5 x 1072 kg/m?s. The inflow fuel temperature
is 371 K, the evaporation temperature of heptane at 1 atm. Circulation is applied by forcing air through
the four corners along slits which are 6.0 cm wide. The inflow air is 298 K and its velocity is 40 cm/s,
orthogonal to the inflow boundary. The interior domain is initialized with quiescent air at 1 atm and 298 K
with a column of hot product that is 1 cm in diameter and 10 cm high just above the fuel inflow for ignition.
To avoid the generation of impulsive compression waves, the inflow of air and fuel are linearly accelerated
from 0 m/s to their specified flux for the first 0.6 s of the computation.

The reactive BIC-FCT algorithm is incorporated into the BoxLib [14] adaptive mesh refinement library for
parallelization and grid refinement. The mesh is Cartesian and each increasing level of refinement reduces
the cell width by a half. In this current work, the mesh refinement is conducted in advance, based on the
anticipated flow structure. The computational mesh is shown in Fig. [Ib. The number of cells along the
height and width of the coarsest and finest levels of refinement are also shown. In this work, the finest cell
size is Ax = 0.586 mm. The time-step size is limited by the convective CFL condition, which is 0.3.

3 Results and Discussion

Center-slice contours of temperature, axial velocity, tangential velocity, and normalized pressure are shown
in Fig. [2|at 5.6 s, after the flow has reached a quasi-steady-state. In the early stages of the formation, the
initial column of hot products are convected out of the domain due to buoyancy. This establishes an axial
velocity profile which promotes the radial inflow of oxidizer towards the influx of fuel within the boundary
layer. A diffusion flame is then established and grows wider until the circulation from the air inflow couples
with the hot, low-density gas generated by the flame. A columnar vortex profile begins to form, and after
3.5 s, the swirl intensity near the fuel inflow becomes strong enough to cause vortex breakdown just above
the fuel inflow region. Then at 4 s, the flame is lifted from the bottom floor as the radial inflow accelerates
upward toward the axial direction. Figure 2 shows the lifted structure of the flame which is maintained for
2.5 's. At 6.5 s the flame is no longer lifted and precesses around the edge of the fuel injection boundary.
The average peak temperature of the flame is 2150 K, approximately 150 K lower than the adiabatic flame
temperature.

The computation shows the formation of two bubble modes. The first is defined by the finite reverse flow
region in the center of the vortex axis just above the fuel inlet, shown as the blue region in the axial velocity
contour of Fig. 2b. The bubble is surrounded by swirling gas. Most of the burning occurs within the lower
half of this first bubble. Just outside of this reverse flow region, the axial velocity accelerates to 4 m/s,
showing that the flow is moving around it due to the blockage effect of the bubble. This is consistent with
nonreactive characteristics of the bubble mode. Just above the first bubble, at a height of approximately
4 cm, the peak tangential velocity moves closer to the vortex axis, showing the recovery of a columnar
vortex. Here, the swirl is strong enough to generate another bubble mode at a height of 5 cm. Above this
second bubble, the bulk motion of the vortex attains a precessing columnar structure but becomes more
turbulent.

The contour is shown in Fig. shows the pressure normalized by (P — Ppyuz)/(Pmaz — Pmin). The
average value of (Py,qz — Prin) in the computation is 6.4 Pa. The results show that the pressure is low near
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Figure 2: Contours of (a) temperature, (b) axial velocity, (c) tangential velocity, and (d) normalized pressure.

the core of the vortex and is higher away from it. This is consistent with what is observed in vortex flows
and further shows that the computation has established a strongly swirling flow.

To better understand the burning properties of the flame, we compute the flame index,

Vvauel ) vYOm’dizer

Flame index = , (1)
’vyfuel | ’vyoacidizer |

where Y7y and Youi4izer are the fuel and oxidizer mass fractions, respectively. The flame index is a measure
of the angle between the fuel and oxidizer gradients. When the gradients are pointing towards each other,
the flame index is negative and shows a diffusion flame. When the gradients point in the same direction,
the flame index is positive and shows a premixed flame. The flame index is shown in Fig. |3| along with the
contour of stoichiometric mixture fraction shown in black and heat release contours shown by colors. Red
regions of flame index are positive and the blue regions are negative. Figure [3| shows that most of the heat
release occurs near the bottom of the flame, but significant burning still occurs within the inner structure
of the bubble and on the outside. The burning in the center is a premixed flame whereas the burning along
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the stoichiometric contour is a diffusion flame. A small region of premixed burning exists outside of the
stoichiometric region, suggesting a triple flame structure. It is likely the flame structure here requires further
grid refinement, which will be presented in a future work.

The velocity and flame structure suggests that most of the burning occurs due to diffusive mixing processes
and not due to convective mixing from the bubble. All the fuel is burned in the lower half of the bubble,
within a perimeter outside of the reverse flow region. The inner mixture of the bubble is fuel rich and the
slow, recirculating flow within it increases the residence time of the fuel and provides sufficient time for it
to diffuse towards the oxidizer in the outer part of the bubble.
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Figure 3: Contours of the flame index overlaid with contours of heat release within a zoomed in region of
the reactive bubble.

4 Conclusions

This work has computed vortex breakdown and the resulting modes in a swirling diffusion flame by solving
the unsteady, compressible, reactive NS equations. This computation has demonstrated the capability of
a recently developed low-Mach-number solver and a calibrated chemical-diffusive model to compute the
complex flow and flame structures of this flowfield. A fuel with burning properties of heptane was injected
at the center of the bottom wall and circulation was applied by tangentially forcing air into the domain
through four corners.

Two regions of vortex breakdown are observed, both exhibiting characteristics of the bubble mode. All the
burning occurs within the lower half of the first bubble. The bubble traps a fuel-rich mixture inside of it.
This fuel-rich mixture then continues to recirculate and diffuse excess fuel towards the oxidizer, causing
most of the burning to occur within a diffusion flame. Computation of the flame index suggests that the
burning occurs within a triple flame.
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