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Dynamic behavior of a laminar jet diffusion flame in response to an artificial vortex that issues radially from
the fuel-jet core toward the flame zone has been studied numerically to illustrate essential physics of a naturally-
forming shear layer vortex that has some radial velocity. A time-dependent, axisymmetric, implicit, third-order
accurate numerical model is used with the infinitely-fast chemistry and unity Lewis number assumptions. A
packet of fuel (methane) is ejected as a single-pulsed ‘‘side jet’ at given initial and boundary conditions (the
ejection velocity and period), which cover an order of magnitude in the time scale of the vortex-flame interaction.
A vortex system with a pair of counter-rotating toroidal vortex rings is generated and penetrated into the high-
temperature (highly viscous) layer with ‘‘solid-body’’ rotation. If the Peclet number Pe defined as the ratio of
the characteristic diffusion to convection times, is small (the order of 10 or less), the vortex system pushes out
the flame surface. If Pe is large (the order of 100), the vortex system nearly cuts through the high-temperature
layer with a minimal flame movement, thus creating a significantly thin diffusive-thermal layer. In both cases,
as the vortex approaches the flame surface, the net radial velocity of the incoming oxidizer stream crossing the
flame and the reactants’ diffusive fluxes into the flame increase. As a resuit, the flame structure similar to that
of a strained counterflow diffusion flame is formed. A periodically-pulsed side jet has also been studied; the
fuel packets ejected (at 500 Hz) induces the development of a large-scale vortex train in the shear layer of the

primary jet, interacting with the flame zone.

Introduction

N most combustion systems of practical interest such as

gas turbine combustors and industrial furnaces, turbulence
plays an important role in determining various aspects of per-
formance and efficiency, because it provides the most effec-
tive means of stirring fluids and enhancing molecular mixing
and reactions. However, flow visualization in combustion sys-
tems shows inhomogeneous stirring of fluids, composed of
packets and parcels of fuel, oxidizer, and products, because
of large-scale turbulent structures generated in the shear layer.
Therefore, the interactions between the large vortices and the
flame zone are of essential importance as they relate to various
aspects of combustion phenomena such as the transition to
turbulent flames, flame stability, and local extinction.’-*!

In a jet diffusion flame for which the flame base is securely
stabilized, the local flame extinction occurs near the laminar-
to-turbulent flame transition point (breakpoint) as the fuel
jet velocity is increased.'” Takeno and Kotani' postulated for
hydrogen flames that the local extinction is a result of the
excess transport rate as compared to the reaction rate at the
breakpoint. The event when the vortex was ejected radially
and interfered with the flame zone was captured in methane
flames by using flow visualization techniques.”-** Eickoff
et al.” speculated that the diffusion flame was quenched be-
cause too much heat was diffused by the small-scale turbu-
lence superimposed in these vortices. However, in the near-
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jet field of hydrocarbon-air flames, the flame zone is generally
formed in the external fluid, not in the jet fluid, because of
low stoichiometric fuel concentration and a high Damkdéhler
number. It is, therefore, less likely that the flame zone in-
teracts directly with the small-scale, high-intensity turbulence
confined in the jet fluid.

A series of recent experiments'>-'7-"*-*! nsing a variety of
diagnostic techniques revealed the essential features of the
vortex-flame interactions that lead to the local extinction of
methane jet diffusion flames. Figure 1 shows a schematic of
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Fig. 1 Vortex-flame interactions observed in methane-air turbulent
jet diffusion flames.
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some features of a locally extinguished turbulent flame based
on the flow visualization.!”'*2" In the near-exit region (less
than several jet diameters), the flame zone is close to the jet-
fluid core and is blue in color. The flame zone shifts away
from the core downstream and becomes yellow because of
the soot formation. The local extinction occurs in the blue
flame region near the jet exit when fuel packets, conveyed
by the large-scale vortices or more rapid radial mass ejection
(side jet), reach the flame zone location. The flame bulge is
observed generally downstream (typically more than 10 jet
diameters) in the yellow flame region. The time required for
the fuel packet to reach the flame zone location in turbulent
flames (typically less than 1 ms) is, at least, an order of mag-
nitude shorter than the characteristic diffusion time required
to re-establish the reactant concentration field (typically >10
ms).'>*" In an axially-pulsed laminar flame,?' the interaction
between the flame zone and a large-scale vortex with a radial
transit velocity of ~2 m/s occurred over a longer time (~10
ms), and the local quenching was observed near the leading
edge of the vortex.

Recent developments of numerical models to simulate var-
ious aspects of the transient behavior of diffusion flames?'~2°
enable more challenging numerical experiments on the dy-
namic vortex-flame interactions with sufficient accuracy. The
computer code?'**-2¢ used in this paper employs a time-de-
pendent, axisymmetric, implicit, third-order accurate, upwind
numerical scheme with assumptions of infinitely fast, one-step
chemical kinetics and unity Lewis number. In laminar diffu-
sion flames, the second Damkohier number, defined as the
ratio of the mass source from chemistry to diffusive transport®’
(or the characteristic diffusion to chemical reaction times), is
generally large, and therefore, the diffusion process is the
rate-determining factor. As a vortex approaches the flame
zone and the diffusion layer becomes thin (reducing the
Damkoéhler number), finite-rate chemistry must become im-
portant in the process, eventually leading to local extinction.
Because of the axisymmetry and infinitely fast chemistry as-
sumptions, the current model cannot simulate the three-di-
mensional nature of a vortex, nor can the flame extinction
condition. However, it must provide global information on
the physical nature (fluid-dynamic and transport aspect) of
the vortex-flame interaction before local extinction. This study
attempts to simulate numerically the transient response of a
laminar jet diffusion flame to an artificial vortex that issues
from a side jet. The primary objective of this study is to gain
a better understanding of essential physical features of the
interactions between the flame zone and a naturally-forming
shear-layer vortex that has some radial velocity.

Numerical Experiment

Numerical Scheme

The laminar diffusion flame considered in this article is
formed between a central methane jet and a concentric an-
nulus airflow. Time-dependent governing equations, ex-
pressed in cylindrical coordinates, consist of mass continuity,
axial and radial momentum conservation, and two scalar con-
servation: equations.*** Shvab-Zel’dovich formulation,* in
conjunction with the flame-sheet assumption, is utilized. Body-
force term caused by the gravitational field is included in the
axial momentum equation. The system of governing equations
is completed by using the equation of state. Transport prop-
erties are considered to vary with temperature and species
concentrations. Enthalpy of each species is calculated from
polynomial curve-fits, whereas the viscosity of the individual
species is estimated from Chapman-Enskog collision theory.?
The binary diffusion coefficient between any two species on
the fuel side of the flame is assumed to be identically equal
to that of the fuel and nitrogen. Similarly, on the oxidizer
side of the flame, it is made identical to that of the oxygen
and nitrogen. The Chapman-Enskog theory and the Lennard-
Jones potentials*® have been used to estimate these two binary
diffusion coefficients.

The finite difference form of the governing equations is
constructed on a staggered grid system based on an implicit
QUICKEST numerical scheme. It is third-order accurate in
both space and time and has a very low numerical diffusion
error. At every time-step, the pressure field is accurately cal-
culated by solving the system of algebraic pressure Poisson
equations simultaneously. An orthogonal grid system (Fig. 2)
with rapidly expanding cell sizes in both z and r directions is
utilized. The computational domain of 150 X 60 mm in axial
z and radial r directions, respectively, is represented by a mesh
system of 241 x 71. The i.d. of the fuel tube (d = 9.6 mm)
is almost the same as that used in the experiments.!®-17-19:20
Grid lines are clustered near the burner lip and side jet lo-
cations. The outer boundaries of the computational domain
are shifted sufficiently far enough to minimize the propagation
of disturbances into the region of interest.

The initial and boundary conditions for the axial U and
radial V velocities, and the scalar variables for species 8, and
energy ,°** at different flow boundaries are shown in Fig.
3. The fully developed pipe flow and flat-velocity profiles are
used at the exits of the fuel tube and the annulus air channel,
respectively. Along the burner-lip walls, no-slip boundary
conditions are enforced. An extrapolation procedure with
weighted zero- and first-order terms is used to estimate the
flow variables on the outflow boundary. During the calcula-
tions, radial side jets are introduced from different locations
in the flowfield.

Test Conditions

The primary test cases reported in this article are listed in
Table 1. Case 1 represents a laminar jet diffusion flame with
low velocities of the primary jet U,, annulus air U,, and side
jet V,, and a long pulse width ¢,. At the grid points within the
side jet, the radial component of the local velocity and the
scalar variables are replaced by V,, 8,5 (=B, ), and B~ (= B5.),
respectively, for a time-period of ¢,. The primary jet has a
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Table 1 Test conditions
Primary jet Annulus air Side jet
Case U. Velocity u,, .. z,, V. t Pulse
no. m/s profile m/s mm mm m/s us mode
l 1.5 Parabolic 1.5 4.8 14.2-16.5 2.0 300 Single-shot
2a 15 sth power 3 4.8 14.2-16.5 8.6 30 Single-shot
2b 15 sth power 3 4.8 14.2-16.5 8.6 60 Single-shot
2¢ 15 ith power 3 4.8 142-16.5 43 30 Single-shot
3 15 th power 3 4.8 4.2-9.5 2.0 30 Periodic, 500 Hz
- Sutﬂow = Results and Discussion
=W _ +w N
VI; - wll VII:II ) 11 . “’z VI]:II i Single Vortex vs Flame Interactions
B =wbB +w B A steady-state solution for the diffusion flame structure
Li” -1t Y2 L2 . 7o . :
without a side jet was obtained first for each case by numerous
(typically several tens thousand times) iterative calculations
using a long time step (~183 us in case 1; ~37 us in case 2).
By using the steady-state solution as the initial condition, the
. %!;l=0 L B Ueu temporal changes in the flame structure in response to the
Elv=0 R veo' | 2 side-jet ejection were calculated using a short time step (~12.2
E B _, = B=pya [ us in case 1; ~2.4 us in cases 2a—2c and 3). Figures 4 and 5
i‘ o g 6B g show the flame structure near the side jet for cases 1 and 2a,
S 2 L - respectively: a color-coded mapping of the gas temperature
= = T and a superimposed tracer particles image (Figs. 4a and 5a)
and a color-coded mapping of the mole fractions of methane
and oxygen Xcy,, Xo, with superimposed velocity vectors
/E/ (Fjgs. 4b_and 5b). The tracer particles in Figs. 4a and Sa were
%% injected in front of the side jet (at r = 4.9 mm) over the axial
2 distance of 4 mm at every time step. Notice that the elapse
2 time after ejection ¢ is an order of magnitude longer for case
m
44434441 444 1 (+ = 3.91 ms) than case 2a 1 = 0.391 ms. Despite the
difference in the magnitude of side-jet velocity and, in turn,
Inflow (Methane) Inflow (Air) the time scale of the process, the two cases show the fol-
U=tp; V=0 U=l ; V=0 lowing common features in the flame structures, because
Bi=Bip: B=BoF BrBiaiBrBaa the vortex system formed dominates the global flow struc-

Fig. 3 Boundary conditions.

parabolic velocity distribution, representing the fully devel-
oped laminar pipe flow. The side-jet velocity in case 1 is the
same magnitude as the radial velocity component of a large-
scale vortex observed experimentally in the axially-pulsed
laminar methane flame.?' The radial location of the side jet
(r, = d/2) is nearly coincident with a dividing streamline be-
tween the jet and external fluids. The height of the side jet
is chosen near the jet exit such that the flame zone interacts
with the vortex intensely because of the flame proximity to
the jet-fluid core. Case 2a represents a flame with higher
velocities of the primary jet, annulus air, and side jet, and a
shorter pulse width in consideration of a naturally-forming
radial mass ejection observed in turbulent flames. '’ In the
turbulent methane jet diffusion flame stabilized on a thick
burner lip, the local flame extinction occurred at the mean
primary jet velocity of ~15 m/s,'>-'” and the maximum radial
velocity component (the mean plus three times the rms fluc-
tuation) observed was ~7 my/s.!” The velocity distribution of
the primary jet is given by using the empirical equation of
the 1/nth-power law*" for the fully developed turbulent pipe
flow with the exponent n = 6 for a moderate Reynolds num-
ber (although the simulation considers laminar flows only).
In case 2b, the pulse width of the side jet is doubled from
case 2a to see the effect of the total mass ejected. In case 2c,
the side jet velocity is halved from case 2a to test the effect
of momentum at a same total mass ejection. Case 3 is an
attempt to simulate a naturally-forming train of large-scale
vortices in the shear layer, observed experimentally,?#9.12.25
and their interaction with the flame zone. A moderate-speed
periodically-pulsed (50% duty cycle) side jet is ejected into
the flame under the condition of the same primary jet velocity
as that in case 2a.

ture.

As a fuel packet issues from the side jet in the jet-fluid core
toward the flame surface, a sudden change in the radial-ve-
locity distribution near the edges of the side jet induces the
roll-up of fluid and the subsequent formation of a vortex
system composed of a pair of counter-rotating vortex rings.
The vortex system grows as it engulfs surrounding gases and
penetrates into a high-temperature (highly viscous) layer to-
ward the flame surface. The vortex structure rotates as a
whole naturally because of the uneven axial-velocity distri-
bution in the shear layer. This tendency is more evident in
case 2a because of its higher velocity gradient, and conse-
quently, the upper portion of the double-vortex structure shrinks
(Fig. 5a). The formation of the vortex structure with counter-
rotating vortex rings and the subsequent solid-body rotation
have been observed experimentally.?' The vortex evolution
processes described are depicted well by the injected particle
images (such as Figs. 4a and 5a), and the consecutive time-
series animation of the particle images and the color-coded
temperature mappings on a computer display. The velocity
vectors (Figs. 4b and 5b) show a zigzag motion (with respect
to the stationary coordinate) typical of large-scale vortices.
The rotating motion is more clearly seen in case 2a. The
velocity vectors also show that the bulk flow comes into the
upstream portion of the vortex system from the oxidizer side,
crossing the flame surface, and goes out from the downstream
portion, crossing the flame again. However, because the con-
tribution of convection to the reactant fluxes vanishes at the
flame surface (as will be described later), the reactant species
enter the flame surface solely by diffusion from opposite di-
rections, typical of diffusion flames. '

Major differences in the response of the flame to the vortex
movement between the two cases stem from the an-order-of-
magnitude difference in the time scale of the process. In case
1, the vortex system pushes out the flame zone along with
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Fig. 4 Structure of a methane jet diffusion flame with a single side jet (case 1). t = 3.91 ms: a) temperature field and injected particles and b)
mole fraction field of CH, and O, and velocity vectors.
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Fig. 5 Structure of a methane jet diffusion flame with a single side jet (case 2a). t = 0.391 ms: a) temperature field and injected particles and

b) mole fraction field of CH, and O, and velocity vectors.

the isothermal layers well before the vortex leading edge reaches
the initial flame surface location (Fig. 4a). By contrast, in
case 2a, the vortex almost cuts across the high-temperature
zone while the flame zone shifts slightly at a very last stage
of the process (Fig. 5a). Consequently, the thermal layer ahead
of the vortex becomes significantly thin as the leading edge
of the vortex reaches the initial flame surface location. Fur-
thermore, although the total mass ejected is more than twice
of that in case 1, the methane mole fraction in the vortex
system becomes lower than case 2a because of the excess
diffusion of the fuel molecules to the surroundings over a
longer elapse time (Figs. 4b and 5b).

Figures 6 and 7 show the radial distributions of the mean
axial and radial velocity components (Figs. 6a and 7a); the
gas temperature, the mole fractions of methane and oxygen
(Figs. 6b and 7b); and the instantaneous total (axial and ra-
dial) mole fluxes of methane and oxygen by convection
(Mcyi,.convs Mo,.conv) and diffusion (Mcm.diﬂ’a Mo, qin) at a
height near the center of the vortex system for cases 1 and
2a, respectively (Figs. 6¢ and 7c). The results at ¢ = 0 rep-

resent the steady-state solution. The radial location of the
flame surface r, at the height of the center of the side jet at
t = 0is ~7.3 mm in case 1, and ~6.5 mm in case 2a. For the
lower velocity condition (case 1) at + = 0, the axial velocity
component shows a velocity overshoot near the flame because
of the buoyancy effect. That is not seen in case 2a, in which
the external air velocity is ~3 m/s.

Because of the unity Lewis number assumption, heat trans-
fer and mass diffusion processes must be similar. Therefore,
the thickness of the layer in which the temperature varies is
coincident with that for the (fuel and oxygen) mole fractions.
The thickness of this layer (the diffusive-thermal layer) can
be characterized using the full width at half-maximum (FWHM)
of the temperature distribution w,; w, = 3.6 mm in case 1,
and w; = 2.4 mm in case 2a at + = 0. The higher primary
jet and air velocity in case 2a result in a higher buik flow
velocity coming into the flame zone from the air side, pushing
the contour of a stoichiometric mole-flux balance (where the
flame surface is located) inward to the region where gradients
of variables (velocity, temperature, and methane mole frac-
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Fig. 6 Radial profiles of a) the axial and radial velocities; b) tem-
perature, mole fractions of CH, and O,; and ¢) mole fluxes of CH,
and O, (case 1).

tion) are larger. Thus, the diffusive-thermal layer becomes
thinner and the flame zone is more strained.

The magnitude of the instantaneous mole fluxes of the reac-
tants by convection are large in the region away from the
flame and decrease to zero at the flame surface, because the
convection terms (p;Y;v/W,, where p is density, Y is mass
fraction, v is velocity vector, W is molecular weight, subscript
i: species i for CH, and O,) vanish as ¥; — 0 at r — r,. On
the other hand, the diffusion terms (p,DVY,/W;) have finite
values at r = r,. The mole flux of methane by diffusion on
the flame surface at t = Ois My, e = 0.27 mole/m?s (Mo, i
= 0.54 mole/m) in case 1 and Mcy, 4 = 0.40 mole/m’s
(Mo, g = 0.80 mole/m?s) in case 2a. Because of the null
contribution of convection to the methane and oxygen mole
fluxes at the flame surface, the diffusion contribution is always
at a stoichiometric ratio (1:2). Incidentally, the oxygen mole
flux determined experimentally®! in the luminous zone near
the base of a laminar diffusion flame of methane is ~1 mole/
cm’s.

At t > 0in both cases, the peak temperature remains nearly
constant (21002150 K), and a secondary temperature peak
appears on the fuel side of the flame as a result of the roll-
up of hot surrounding gases into the vortex structure. The
diffusive-thermal layer becomes thinner (w, = 2.4 mm at
t = 391 msin case 1, and w, = 1.0 mm at ¢t = 0.391 ms in
case 2a), and the methane mole flux by diffusion increases
with time (Mcy, gir = 0.40 mole/m’s at t = 3.91 ms in case
1, and Mey;, gir = 0.75 mole/m’s at ¢ = 0.391 ms in case 2a).
The reactant mole fluxes on the flame surface are thus almost
proportional to w,. In case 2a, in particular, the radial gra-
dient of the methane mole fraction becomes significantly steep,
thus resulting in the high methane flux diffusing into the flame
zone (Fig. 7a).

Figure 8 shows the comparisons between the flame struc-
tures for cases 2a, 2b, and 2c at a fixed elapse time (¢t = 0.293

' IFITATIS I I AT

(mis)
3
L R I

a) 2500 [ . : : : 1.2

iy
[=)

© 2000

I A

o
o

< 1500

<)
2]
XcH4, Xoz

" 1000

o
a

PN RN A

500

LI L B B

I
hS}

(=2
-
=}
o
o

80

(mollcm®s)

60

40

20

2,
MCH4.<><)nvI M02,ccnv (mol/cm’s)

Mga, gitr Mog, dit

¢

Fig. 7 Radial profiles of a) the axial and radial velocities; b) tem-
perature, mole fractions of CH, and O,; and c¢) mole fluxes of CH,
and O, (case 2a).

2500 . . . 112
2000 [© 110
r J08 &
o 1500 1R
L -1 06 3
~ 1000 [ 1 %
s - 0.4
500 02
0 0.0
2 4 6 8 10

Fig. 8 Radial profiles of the temperature and mole fractions of CH,
and O,.

ms). In case 2b, the ejection period and, in turn, the total
mass of the side jet is doubled from case 2a. Although the
size of the vortex system becomes larger in the temperature
field mapping (not shown) in case 2b, the structure remained
similar because the vortex system penetrated into the hot zone
at almost the same degree. In case 2c, the velocity of the side
jet is halved under a fixed total mass. Because of the lower
momentum of the vortex system in case 2c, it could not pen-
etrate into the hot zone to reach the flame zone location and,
thus, drifted away downstream.

If the movement of the vortex system toward the flame
surface was extremely slow, changes in the fuel concentration
by the movement would propagate around the vortex by dif-
fusion simultaneously. As a result, a quasi-steady-state con-
centration field would be re-established in time, and thus, the
flame surface would be shifted to a renewed equilibrated po-
sition. On the other hand, if the vortex speed was extremely
fast compared to the rate required for the diffusion process,
the surrounding concentration field would not be able to re-
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spond to the changes except for a narrow region in the im-
mediate vicinity of the vortex. Therefore, the Peclet number
Pe for mass transfer, defined as the ratio of the convective to
conductive (diffusive) mass transfer’” (or the characteristic
diffusion to convection times), must be an important dimen-
sionless parameter in determining the degree of the vortex-
flame interaction. Because of the unity Lewis number as-
sumption, the Peclet number for mass transfer is identical to
its counterpart for heat transfer.” In the previous paper,!*-?
the characteristic diffusion time 7,, and the convection time
caused by radial mass ejection 7,, were determined as 7, =
(8,)*/D (8, 1s diffusive transport layer thickness, D is diffusion
coefficient), and 7,, = 8,/V,, (V,, is radial mass ejection ve-
locity), respectively. Therefore, the Peclet number relevant
to the side-jet ejection under current consideration becomes

Pe = (1,/7,) = (8,V,/D) (1)

It was estimated'®*° that 7, ~ 30 ms and 7,, ~ 0.2 ms using
8, ~ 1.5 mm, D ~ 0.7 cm*s (methane at 1500 K), and V,,
= 6.6 m/s, resulting in Pe ~ 150. By substituting (r, — ry) at
t = 0 for 6, and V, for V,,, for the flames under investigation
in this article, Pe ~ 71 (1, ~ 89 ms, 7,, ~ 1.25 ms) was obtained
for case 1, and Pe ~ 209 (7, ~ 41 ms, 7,, ~ 0.2 ms) for case
2a. Thus, the characteristic convection time is one to two
orders of magnitude shorter than the characteristic diffusion
(or heat transfer) time.

Figure 9 shows the temporal variations in the radial loca-
tions and transit velocities of the leading edge of the vortex
system (r,, V,), the flame surface (r,, V,), and the width at
half-maximum of the temperature distribution for cases 1 and
2a. As the vortex approaches the flame zone at t < 2 ms in
case 1 (Fig. 9a), the vortex loses its speed while the flame
surface gains its moving velocity. As the vortex pushes the
flame, (r, — r;) and w, decrease and become nearly constant,
and V, = V,at r > 2 ms. Because of unity Lewis number, w,
is almost proportional to (7, — r,). In case 2a (Fig. 9b), (r, —
r;), wr, and V, continue to decrease and V, increases until the
leading edge of the vortex reaches the initial flame zone lo-
cation at t ~ 0.4 ms. The V, curve changes its slope as the
vortex starts the “solid-body’” rotation described before.

Since the flame surface moves outward as the vortex system
approaches, it is necessary to consider the net radial velocity
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component relative to the flame surface in order to examine
the instantaneous structure near the flame. Figure 10 shows
the relative radial velocity component (V, — V), which is
positive for the incoming flow direction crossing the flame
surface, as a function of the relative location (7, — r) in the
near-flame region for cases 1 and 2a. In case 1 (Fig. 10a), as
the vortex system approaches the flame surface, the profile
of (V, — V) becomes similar to the one observed in strained
counterflow diffusion flames*>-** (with a peak at slightly down-
stream of the flame surface) at a relatively early stage of the
vortex-flame interaction process. In case 2a (Fig. 10b), the
temperature peak does not appear until a later stage of the
process when the vortex leading edge approaches the close
proximity of the flame surface and (r, — r,) becomes constant.
Because the velocity peak is caused by the longitudinal ac-
celeration by gas expansion at high temperatures, the peak
would not appear (or would be small, if any) if the gases
(stream tubes) were able to expand laterally under a given
flow configuration. Furthermore, unlike the counterflow dif-
fusion flames, the velocity gradient (deceleration) of the ap-
proach flow just before entering the flame (which is normally
used to assess the strain rate in the counterflow diffusion
flames), is small because the net radial velocity component is
nearly constant (~V,) away from the flame surface as the
actual velocity with respect to the laboratory coordinate is
nearly zero. In jet diffusion flames, in general, the streamlines
are nearly parallel to the flame surface (and thus, the velocity
component perpendicular to the flame is small), while in coun-
terflow diffusion flames, the streamlines are perpendicular
for the stagnation-point flow. The radial side jet ejection has
altered the normal jet diffusion flame structure. Therefore,
the differences in the geometric configuration and velocity of
the incoming flow play an important role in determining the
flame structure, and a proper consideration needs to be made
when applying a property (such as the critical strain rate for
extinction) of one type of flames to another type.

Periodic-Vortices vs Flame Interactions

In case 3, the periodically-pulsed side jet induced the de-
velopment of a train of large-scale vortices in the shear layer,
similar to the structure observed experimentally.®V-!2 A pre-
liminary test showed that the evolution frequency of the large
structure was ~500 Hz and nearly independent of the side jet
frequency in the range of 500—1000 Hz. Figure 11 shows the
structure of the flame with a periodic (500-Hz) side-jet ejec-
tion: a color-coded mapping of the temperature field (Fig.
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11a) and the vorticity field with superimposed velocity vectors
(Fig. 11b). The temperature field image (Fig. 11a) shows the
engulfment of the hot combustion products into the upstream
side of the vortex and the thinned diffusive-thermal layer near
the vortex upstream. Although the vortex interacts with the
flame in a similar manner with the single-pulsed cases in the
upstream region, the interaction becomes weaker downstream
as the vortex loses its radial momentum and the distance
between the vortex and the flame (or the diffusive-thermal
layer thickness) increases. Unlike the single-shot side jet de-
scribed before, the large vortex has the only one rotation
direction as is normally seen in the shear layer. Thus, the
vorticity (Fig. 11b) shows a negative peak. The velocity vec-
tors again show a zigzag motion because of the large vortices.

Conclusions

A unique numerical experiment, in which a packet of fuel
issues from a side jet toward a flame zone, has illustrated
essential physics of the interactions between a large-scale vor-
tex and a laminar diffusion flame. The following are among
major conclusions.

The formation of a large-scale vortex structure composed
of a pair of counter-rotating vortex rings and subsequent solid-
body rotation of the vortex structure caused by the uneven
axial-velocity distribution in the shear layer, observed exper-
imentally, are simulated numerically. If the side-jet velocity
(or momentum) is large, the vortex system penetrates into
the high-temperature (highly viscous) layer; otherwise, it drifts
away downstream before reaching the initial flame surface
location. The level of penetration is nearly independent of
the total mass ejected. The solid-body rotation of the vortex
system is more evident in the higher primary jet velocity case
because of the higher velocity gradient.

A Peclet number, defined as a ratio of the characteristic
diffusion (or thermal conduction) to convection times for the
side jet, is an important parameter in determining the level
of the vortex-flame interactions. If Pe is small (the order of
10 or less), the vortex system pushes out the flame surface
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over the majority of the interaction period. If Pe is large (the
order of 100), the vortex system nearly cuts through the high-
temperature layer with a slight flame movement, thus result-
ing in an extremely thin diffusive-thermal layer with large
gradients of the temperature and reactant concentrations. In
both cases, as the vortex system approaches the flame surface,
both the bulk flow velocity and the diffusive fluxes of reactants
into the flame surface increase, and a flame structure becomes
similar to that of a strained laminar counterflow diffusion
flame. Therefore, the geometric flow configuration and in-
coming flow velocity, created by the large-scale vortex, are
important factors in determining the flame structure.

The development of a train of large-scale vortices in the
shear layer, observed experimentally, is simulated numeri-
cally by ejecting consecutive packets of fuel from the side jet
periodically. Although the vortex-flame interactions similar
to the single-pulsed cases take place in the upstream region,
the level of the interactions decreases rapidly downstream, as
the vortex loses its radial momentum.
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