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Dynamic Stabilization Zone Structure of Jet Diffusion Flames
from Liftoff to Blowout
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Structures of methane and propane jet diffusion flames under liftoff to blowout conditions are studied. The
focus of this investigation is on the dynamic, time-varying features of flame propagation and stabilization near
the flame base. The turbulent velocity and length scales of the flame motion were directly measured using the
thin-filament pyrometry (TFP) technique at high sampling rates. A significant change in the turbulent velocity
and length scales of the measured flame was observed as the jet velocity increased, approaching the blowout
condition. The deduced turbulent diffusivity displayed over one order of magnitude increase from liftoff to
blowout. The strain rate, however, never exceeded ~600 1/s. Near blowout, the flame base became very broad.

Nomenclature

measured turbulent diffusivity associated with flame-
surface fluctuation

flame crossing frequency

flame liftoff height, mm

magnitude of liftoff-height fluctuation, mm

length scale of flame-surface motion; root-mean-
square value of radial flame location, mm
measured strain rate deduced from turbulent-flame-
surface motion

Strouhal number

maximum value of laminar burning velocity

jet exit velocity, m/s

velocity scale of flame-surface motion; root-mean-
square value of radial velocity, m/s

kinematic viscosity

density ratio of fuel to ambient air
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I. Introduction

OPICS related to propagation and stabilization of tur-

bulent, lifted jet diffusion flames have been widely in-
vestigated.!~** The investigative tools used in these studies
included flame visualization and point and two-dimensional
measurements. Point measurements typically included deter-
mination of velocity, temperature, and species concentration
as well as joint measurement of the above properties using
laser Doppler velocimetry (LDV), Raman spectroscopy, co-
herent anti-Stokes Raman spectroscopy (CARS), LDV/Ra-
man, and LDV/CARS. Two-dimensional measurements of
the above properties were achieved through the use of tech-
niques such as Rayleigh imaging, Raman scattering, and laser-
induced fluorescence (LIF). Despite these efforts, only lim-
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ited information has been obtained on the progress of the
flame motion near the flame base.

Information on the time-varying properties of the lifted
flame is required for an understanding of dynamic flame-
stabilization processes. Such information can be obtained
through the use of the thin-filament pyrometry (TFP) tech-
nique recently developed by Goss et al.’> With this technique
the line temperature of the hydrocarbon turbulent jet diffu-
sion flame can be profiled—an extremely difficult, if not im-
possible, task using other experimental methods. The spatially
and temporally resolved temperature profile obtained by TFP
at a high sampling rate yields the time-dependent flame char-
acteristics, e.g., the location of the flame and the thickness
of the flame zone. From this time-dependent information,
statistical flame characteristics can be derived. In an earlier
study, Chen and Goss® utilized the TFP technique to profile
the temperature of turbulent jet flames at high sampling rates.
In that study, the velocity and length scales associated with
flame motion were derived for methane and propane flames
under critical liftoff conditions. The thermal-zone thickness
and the velocity and length scales were found to increase

-significantly after flame liftoff. However, the time scale as-

sociated with large-scale flame movement remained within a
narrow range. As a result, the derived turbulent diffusivity
increased with increasing jet velocity and downstream loca-
tion, while the strain rate remained essentially constant. For
methane and propane flames at the critical liftoff velocity, the
strain rate sustained by the flame surface was measured to be
~450 1/s. This result was consistent with that of other re-
searchers.>

In the present paper lifted flames having an exit velocity
greater than the critical liftoff velocity were examined. Ques-
tions of particular interest included: 1) how the thermal zone
varies along the flame under various liftoff conditions; 2)
whether the strain rate remains limited and the range of strain
rate that the flame sustains when approaching blowout; and
3) whether the time scale of the dominant flame motion re-
mains constant and, if so, why. In addition, attempts have
been made to quantify intermittent flame-base motion.

II. Experimental

In these studies the fuel jet was issued from a short, tapered,
5-mm-i.d. contour nozzle having a contraction ratio of 20:1.
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To isolate the flame from room-air disturbances, a 25-cm duct
was used that confined the co-annular air jet having a constant
exit velocity of 0.15 m/s. The experimental setup using the
TFP technique to study flame lifting and flame/flow interac-
tions of turbulent jet diffusion flames is described in detail in
Refs. 12 and 13. Therefore, only a brief description is given
here.

Time-dependent temperature profiles for the propane and
methane jet flames were made at a rate of >3000/s from the
blackbody emission of a ~10-um-diam SiC thin filament hav-
ing a frequency response of ~1000 Hz. The spatial resolution
of the current configuration was varied from 60 to 150 um.
The total length of the filament, ~12 cm, was sufficient to
allow radial examination of the entire jet-flame zone. The
curve-fitting process was applied to each temperature profile
to permit accurate determination of the radial position of the
flame surface and the thickness of the thermal zone. Because
the data were taken at a high sampling rate, the time-varying
information could be captured and recorded. From the time-
series trace of the flame surface, the radial velocity and length
scales of the flame propagation could be deduced. The radial
velocity is the time derivative of the flame trace; this trace'is
obtained by aligning the filament in the radial direction. The
root-mean-square (rms) value of the radial velocity v’ is de-
fined as the velocity scale; whereas, the rms value of the radial
flame location y' is defined as the length scale L.

The experimental conditions are summarized in Table 1.
For the propane flame the heat released was very intense. As
a result a high-velocity propane flame could not be operated
for long periods of time in the exhaust facility. Thus, the
propane flame was not tested for jet velocities >40 m/s. For
the methane flame this problem was less severe. However,
for a methane flame having an exit velocity >60 m/s, the
liftoff height was >140 mm and fluctuated at an amplitude
>35 mm. In addition, the flame was no longer flamelet-like
in character. Use of the fitting process for locating the flame
peaks® could not be justified in this case. Therefore, tem-
perature profiles for the methane flames having a velocity of
70 m/s were made, but the data were not analyzed by means
of the fitting process. The flame conditions shown in Table 1
(labeled Case Nos. 1-5) were examined, and the results are
presented herein. The measurement locations were chosen in
the near-field region from the flame base (liftoff height) up
to 40 jet diameters downstream, x/d = 40. In this region the
fuel-jet shear layer and flame surface interact strongly, allow-
ing deformation of the flame surface to be studied.

III. Results and Discussion

It has been shown'® that under critical liftoff conditions,
the methane diffusion flame experiences stronger flame/flow
interaction than the propane flame. This was later confirmed
using laser-induced OH fluorescence' to study the statistical
flame-zone characteristics. In the present study it was found
that when the flame condition approaches blowout, the flame/
flow interaction becomes stronger for both flames. For ex-
amining the progress of the flame behavior, data are presented
in the following order: 1) general flame-liftoff characteristics;

Table 1 Experimental conditions

Exit
velocity, Flame Origin of Case

Fuel m/s status data no.
Propane 19.5 Attached Ref. 13
Propane 19.5 Lifted Ref. 13
Propane 29.0 Lifted Present study 1
Propane 38.5 Lifted Present study 2
Methane 31.0 Attached Ref. 13
Methane 31.0 Lifted Ref. 13
Methane 40.0 Lifted Present study 3
Methane 50.0 Lifted Present study 4
Methane 60.0 Lifted Present study 5
Methane 70.0 Lifted Present study 6

2) thermal-zone thickness and velocity and length scales; 3)
deduced diffusivity and strain rate; and 4) crossing frequency
that behaves in a manner similar to the strain rate.

A. Liftoff Height and Fluctuations

In the study of the stabilization of lifted flames, the classical
approach involves an initial examination of the liftoff height.!>16
Measurement of liftoff height has most often been accom-
plished by direct observation, but it can be achieved more
effectively through the use of a thin filament to indicate the
presence of the flame. The observed flame height fluctuates,
indicating the dynamic interaction of the shear zone and the
flame zone. This interaction becomes even stronger after the
flame lifts and can be influenced by 1) chemical kinetics of
the mixture in the fuel jet; 2) fluid properties of the fuel jet
and coflowing jet; 3) initial flow conditions; and 4) geometry
effects that may be inherent in the flow conditions. This non-
steady interaction can cause intermittent flame behavior. In
the present study the range of intermittent flame-base motion
is characterized by recording both the lower and upper bounds
of the liftoff height along with the average height.

The average liftoff height & and the difference in liftoff
height between the lower and upper bounds Ah are plotted
in Figs. 1 and 2, respectively, as a function of exit velocity.
The exit velocity was calculated from the volume flow rate
and the nozzle diameter of 5 mm. The exit velocity profiles
are described in detail in Ref. 17. The initial liftoff condition
for the methane and propane flames is indicated in Fig. 1.
After the flame lifts, it jumps to an initial liftoff height. A
reduction in jet velocity will decrease the liftoff height and
eventually cause the flame to re-attach. This re-attaching re-
gime in the figure is the region where the velocity is lower
than the initial liftoff velocity. After initial liftoff an increase
in the jet velocity will increase the liftoff height and eventually
cause the flame to blow out. The blowout velocity for the
methane flame is ~80 m/s and that for the propane flame is
>90 m/s.
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For the methane and propane flames, a linear relationship
is observed between liftoff height / and jet velocity U,, which
confirms the results of a previous study of Kalghatgi.!> This
relation for the propane flame is given by

h = -21.74 + 2.50U, (¢8)]
and for the methane flame by
h = —-28.45 + 2.61U, 2

with £ being in millimeters and U, in meters per second. Figure
1 shows that the initial liftoff height for the propane flame is
~30 mm, which is much lower than that of the methane flame,
~52 mm.

A linear relationship also exists between U, and Ah for the
methane and propane flames. Over the jet-velocity range 16—
45 m/s, Ah for the two flames is nearly equal. The relation is

Ah = —5.66 + 0.626U, 3)

Considering the differences in the reaction kinetics and fluid -

properties of methane and propane flames, the equal Ak shown
in Fig. 2 requires further investigation. Comparing Ak to A
for the flames studied, Ak was ~20% of h and ~50% of the
flame diameter, or 100% of the flame radius. The fluctuation
of the flame height is mainly large scale in nature. As the
blowout condition was approached, s was ~200 mm and Ah
~ 60 mm, as shown in Figs. 1 and 2, respectively.

Because coflowing air was employed, the results cannot be
directly compared with those obtained by other investigators.
However, for modeling-comparison purposes, one can apply
the nondimensional analysis of Kalghatgi.'* For hydrocarbon
gases the relationship between 4 and U, was given by Kalghatgi's
as

h = C(UvISD)(p)* 4

where v is the kinematic viscosity, S, the maximum value of
the laminar burning velocity, and p the density ratio of fuel
to ambient air. C, in this equation is an empirical constant
that is independent of the gas employed. If the fluid properties
of the gases employed are known, C; can be obtained by
comparing Egs. (1), (2), and (4). For the case of methane
and propane flames, C; was determined to be 59 and 61,
respectively. These two numbers are essentially equal within
the experimental uncertainty of this measurement. Thus, these
measurements support the universal law described in Eq. (4),
with C; = 60. The value of C, cited by Kalghatgi is 50; the
flow conditions relative to the coflowing air and the nozzle
geometry employed in the present study could account for
this difference.

B. Velocity Scale, Length Scale, and Thermal-Zone Thickness

Because the turbulent flame has been viewed as an ensem-
ble of flamelets, the radial velocity and length scales associ-
ated with turbulent flame motion and the thermal-zone thick-
ness were measured in order to characterize the progress of
the propagation and stabilization of lifted jet flames. The
results are shown in Figs. 3, 4, and 5, respectively.
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In Fig. 3 the radial velocity fluctuation v’ for the motion
of the flame surface is plotted as a function of axial location
for the five flame conditions selected for study. With increas-
ing jet velocity and downstream location, v’ for both propane
and methane flames consistently increased. The methane flame
displayed a higher fluctuation than the propane flame.** The
maximum radial velocity observed was ~1.8 m/s for the lifted
methane flame having a jet exit velocity of 60 m/s. The local
maximum axial velocity at the measurement location was es-
timated to be ~12 m/s. Under these circumstances the nor-
malized velocity fluctuation was ~15%, which is comparable
to the jet turbulent intensity. For this flame condition, the
flame surface motion may be passive and dominated by the
flowfield. The measured maximum turbulent velocity is ap-
proximately four to five times the maximum laminar flame
velocity.

The rms value of the flame fluctuation L is shown in Fig.
4. Because L is an rms value, the actual range of the inner
and outer bounds of the, flame position should be ~2.83 L.
This range is the flame-brush width and is shown on the right-
hand vertical axis in Fig. 4. The dependence of L upon the
flame conditions and axial location was similar to that of v'.
When the flame-brush width was normalized by the radius of
the flame cone, the normalized value was found to be ~20%
for most of the flame conditions tested. For Test Condition
No. 5 in Table 1 (the methane flame having an exit velocity
of 60 m/s), the above normalized value approached 58%.

Figure 5 is a plot of the thermal-zone thickness, which is
defined as the width of the flame zone for temperatures above
~1300 K. For measurements of the reaction-zone thickness,
a spectroscopic technique'® is required; such measurements
were not attempted in the present study. The thermal zone
should be thicker than the reaction zone because the thickness
of the former is equal to the thickness of the latter plus the
thermal-boundary-layer thickness. However, measurement of
the thermal-zone thickness yields the size of the area confining
the hot combustion products that have a temperature higher
than the ignition temperature. The results in Fig. 5 clearly
indicate that the methane flame has a thicker thermal zone
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than the propane flame, presumably due to the higher thermal
diffusivity of methane.?

For Test Condition No. 5 (see Table 1), the observed thick-
ness was ~13 mm. For the methane flame having a slightly
higher exit velocity of 70 m/s (Very near blowout), the thermal
zone became extremely thick; in this case, the -entire flame
cone may assume the characteristics of dlstnbuted combus-
tioni. This is demonstrated in Fig. 6 by the evolution of the
temperature profile near the flame base, at a location ~175
mm downstream. Here it is clear that the entire flame cone
is filled with hot combusting gases. The intermittent flame
motion can be observed in this figure. When the flame is
stabilized at a location above the filament, no signal appears;
when the flame moves down toward the filament, the high-
temperature zone can be observed. This transition clearly
shows that under the near-blowout condition, the thermal
zone is thick, even at the stabilized flame base.

C. Turbulent Diffusivity and Strain Rate

In the near field of the jet, the flame is perturbed by the
flow turbulence, and the flame surface becomes contorted;
the surface area increases accordingly, raising the consump-
tion rate of the reactant mixture. However, the contorted
flame surface is also accompanied by an increase in strain
rate. If the strain rate reaches a certain value, the flame will
be quenched locally.’® The strain rate sustained by the flame
surface can be estimated from the length and velocity scales
associated with the flame-surface motion. In this experiment,
the flame motion was directly tracked by the TFP technique.
The measured velocity scale v’ and the length scale L asso-
ciated with the flame fluctuation can be used to determine
the important parameters turbulent diffusivity and strain rate
using the following relations:

D, =v'L ©)

S, =v'/L 6)
The units for D, and §, are the same as those for turbulent
diffusivity and strdin rate, respectively. In a typical flame
study when information on the direct flame-surface motion is
not available, the velocity and length scales are derived from
the velocity measurement of the flowfield. The velocity mea-
sured in this way, however, does not necessarily characterize
the flame motion because the flame may not completely re-
spond to the flow motion and, as a result, the turbulent Prandtl
number will not be unity. Because these two quantities were
measured for the first time in the present study, no compar-
ison with previous literature was possible. Therefore, for ref-
erence purposes, the value of D, was referred to as turbulent
diffusivity with an assumed proportional constant of unity.
The same convention was applied to the value of S,, which
was referred to as strain rate.

* Figures 7 and 8 show turbulent-diffusivity and strain-rate
results, respectively. Under high jet-velocity conditions, the
flame base could not be characterized as an ideal flamelet for
either the methane or the propane flame. The probability of
observing multiple flamelets and thick flame zones increased
with increasing jet velocity, an observation which was con-
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Fig. 6 Three-dimensional plot of TFP results for methane flame base
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motion.

firmed in a later experimental study.'* This nonflamelet be-
havior reduced the success rate of curve fitting and, thus, the
quality of the data. For the methane flame the quality of the
data was lower than for the propane flame. Furthermore, the
total number of profiles sampled at each location was only
720. Under-sampling constitutes a special problem for dif-
fusivity and strain-rate calculations that are composed of two
measured quantities; therefore, the data presented should not
be considered benchmark results. Instead, attention should
be focused on the trend and range of the results.

At the critical liftoff velocity, the turbulent diffusivity at
the liftoff height for the propane flame is ~2 cm?*s and for
the nmiethane flame is ~10 cm?/s. Figure 7 shows that turbulent
diffusivity increased with an increase in jet velocity and down-
stream location. However, the strain rate sustained by. the
flame surface remained relatively constant, as shown in Fig.
8. For the propane flame, the strain rate for the lifted flame
remained at ~350 1/s, which is lower than that for the attached
flame at the critical liftoff velocity. For the methane flame
the strain rate for the lifted flame remained at ~540 1/s, which
is higher than that for the attached flame at the critical liftoff
velocity. It seems that the flame sustains a certain strain rate
over a wide range of flame conditions. Note that the strain
rate was deduced from the statistical quantities, as shown in
Eq. (6). The instantaneous strain rate sustained by the flame
may be different. However, a later study by Seaba!” indicated
that this deduced strain rate is very similar to the result ob-
tained by mean-flow-velocity measurements made around the
flame base.

D. Crossing Frequency of Flame Surface

As reported in a companion study,® the flame can influence
the flowfield and be influenced by it. This is evident from
data on the crossing frequency, which is defined as the fre-
quency at which the. flamefront crosses its mean position.
Before reaching the end of the potential core, the jet-shear-
layer structure becomes larger after the flame lifts and, con-
sequently, the flame-crossing frequency decreases after the
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flame has lifted. For the methane flame the interaction is
strong and the structure less coherent; as a result the fre-
quency decreases irregularly. However, the frequency of the
lifted methane flame falls between 100 and 150 Hz. For the
propane flame in which the interaction of the shear zone and
the flame zone is weaker, the frequency decreases by one-
half from 200 to 100 Hz.'3 Under the flame conditions selected
for this study, which range from liftoff to blowout, this trend
was observed and the measured frequency remained in the
100-150 Hz range, as shown in Fig. 9.

The exact reason for the crossing frequency of the methane
and propane flames falling into the range ~100-150 Hz over
a wide exit-velocity region is not clear. Nevertheless, this
indicates the dominant time scale over which the lifted flame
responds to flow modulation. Because the region between the
lifted flame base and the nozzle mouth is a preferred location
for entrainment of air,? it is physically sound to assume that
the liftoff height is an important length scale that affects flame
behavior. Variation of liftoff height may, in turn, affect air
entrainment, local fuel-air mixing, and, thus, flame stabili-
zation. To quantify the consequence of this unsteady flame/
flow coupling, a nondimensional ratio equivalent to the Strou-
hal number S, can be defined as

S, = fh/U, ™)

where f is the dominant frequency. In the above definition,
global parameters such as 4 and U, are used. From the data
in Figs. 1 and 9, the Strouhal number is found to range from
~0.10 to 0.15. Note that over a wide range of flame condi-
tions, the ratio /U, remains constant, as shown in Fig. 1.
Thus, if the Strouhal number defined in Eq. (7) for charac-
terizing the unsteady flame/flow coupling is to be constant,
then the frequency f must be constant, as shown in Fig. 9.

IV. Conclusions

A novel approach was taken to the characterization of the
stabilization-zone structure of jet flames. Methane and pro-
pane flames having an exit velocity ranging from liftoff to
near blowout were examined and the results compared. Em-
phasis in this study was placed on the measurement of time-
varying properties in order to characterize the dynamic be-
havior related to flame propagation and stabilization. The
results are summarized below.

1) In the near-field region of the lifted flame, the thermal-
zone thickness and the velocity and length scales associated
with the flame motion increased with respect to an increase
in the jet velocity and downstream distance. Under the same
jet-velocity conditions, the methane flame fluctuated at higher
velocity and amplitude than the propane flame.

2) The strain rate sustained by the flame remained rela-
tively constant for the wide range of flame conditions tested.

3)" The intermittent behavior of the flame-stabilization zone
was characterized. The fluctuation of the liftoff height was
measured to be ~20% of the average value.

STRUCTURE OF JET DIFFUSION FLAMES

4) Unsteady flame/flow coupling resulted in a Strouhal
number ranging from ~0.10 to 0.15. The liftoff height is con-
sidered to be an important physical length scale.

5) Approaching the near-blowout condition, the flame base
fluctuated violently and the flame may take on distributed-
combustion characteristics.
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