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Experiments on Axisymmetrically Pulsed Turbulent Jet Flames

Jeffery A. Lovett* and Stephen R. Turnsf
Pennsylvania State University, University Park, Pennsylvania

An experimental study of the effects of strong axisymmetric pulsing on a free, vertical turbulent jet diffusion
flame is presented. The jet flame was pulsed over the frequency range of 2-1300 Hz with amplitudes ranging
from 0.13-0.89 of the centerline jet velocity. Conditionally averaged centerline velocity measurements and flame
photographs were obtained to characterize the pulsed jet flames. The centerline evolution of the pulse wave-
forms was examined and found to be dependent on the pulse frequency; the centerline decay of the pulse ampli-
tude increased with increasing pulse frequency. The visual dimensions of the pulsed flame were also frequency
dependent. Significant changes in the local flame structure were observed, which exhibited a constant local non-
dimensional frequency of about 0.2, consistent with a preferred-mode coupling between the pulsing and the jet
flame structure. Several features of the results also suggest a coupling between the forcing and low frequency
structure in the outer preheat layer surrounding the jet flame.

Introduction

RADIAL diffusion of mass and momentum in a round jet,
which leads to mixing and growth of the jet, is accom-

plished by the formation and interaction of vortical struc-
tures in the surrounding shear layer.1"4 A considerable amount
of research has been conducted to excite these vortex struc-
tures in isothermal jets to affect jet growth, mixing, and radi-
ated noise.1'10 Fewer studies have been reported on excited jet
flames, where shear layer mixing controls the rate at which the
fuel and oxidant are combined and chemical reaction pro-
ceeds. In this study, a turbulent jet diffusion flame was pulsed
over a wide range of frequencies and amplitudes to investigate
the effects of axisymmetric forcing on mixing and combus-
tion. The results of this work will contribute to an understand-
ing of the role that flow structure plays in jet flames, perhaps
ultimately providing a means to actively control flame proper-
ties and pollutant emissions actively.

Past research has shown that the structure of the mixing
layer in isothermal jets can be altered by axisymmetric excita-
tion.1'10 When the pulse frequency corresponds to the most
unstable frequency for the shear layer, vortex structures are
amplified.1'5'11 Studies by Crow and Champagne,1 Winant
and Browand,2 Yule,3 Zaman and Hussain,5 and others, have
applied moderate axisymmetric forcing to air jets enhancing
the mixing layer structure. Their results show that significant
changes occurred in the structure of the excited jet mixing
layer when the Strouhal number, St=fD/U, was in the range
0.1-0.9 where D is the initial jet diameter and 17 the initial jet
velocity). This "preferred-mode" scaling may be adventitious
in that the shear-layer thickness is the proper characteristic
length scale; however, this scaling is generally preserved for
laboratory jet flows. The growth of the jet is governed by the
interaction and coalescence of vortices generated by instability
of the shear layer,2'5 and several studies12"14 have demon-
strated that vortex interactions and pairing, and hence jet
growth, can be controlled with proper excitation. Significant
increases in local jet entrainment have been measured in ex-
cited jets near the nozzle exit6"8; however, the effects of forc-
ing generally vanish by x/D~2Q.
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Bremhorst and Harch9 studied the effects of pulsing an air
jet with large amplitudes (up/U-1) and found that local en-
trainment in the jet was increased by up to three times within
*/£>-!? for frequencies of 10 and 25 Hz (St = 0.0071 and
0.018). Direct measurements of entrainment were made by
Vermeulen et al.10 on a resonantly pulsed air jet and also with
very strong forcing (up/U-2.1, St = 0.25). Here, the effects
of forcing were observed as far out as x/Z>—70, and local en-
trainment was increased by 200% and 300% in high Reynolds
number and transitional jets, respectively. Hence, these stud-
ies show that substantial changes in jet growth and entrain-
ment can be affected with high levels of forcing, even at
relatively low pulse frequencies.

In jet diffusion flames, hydrodynamic instability of the fuel
jet produces a mixing layer structure similar to that observed
in cold jets.15 The reaction zone, however, is located in a thin
layer outside of the fuel jet shear layer at low velocities and is
located at the edge of the shear layer for higher velocities when
jet turbulence is present near the jet exit.16 A second instability
occurs in buoyant diffusion flames in the surrounding region
where air is preheated by the flame and is mixed with products
diffusing radially outward. This thick buoyancy-driven zone,
called the "outer preheat layer," is induced by the high tem-
perature reaction zone and exhibits a low frequency structure
(f= 10-25 Hz) that is relatively independent of the jet
Reynolds number.15 Inviscid stability analyses for vertical
buoyant boundary layers17"20 have shown that instability oc-
curs over an extremely narrow range of frequency, which for
typical hydrocarbon flame temperatures is/=6-17 Hz. This
long wavelength structure in the outer preheat layer may be
responsible for the low frequency fluctuations observed in dif-
fusion flames,21'22 which has been observed to persist even
after the transition from laminar to turbulent flow, i.e., for
Reynolds numbers up to 14.6 x 104.22 Hence, we see that with
a jet flame, buoyancy offers another possibility for interaction
between excitation and jet flow structure. A coupling between
a shear layer instability and a buoyant instability has been ob-
served by Strawa and Cantwell23 when axisymmetric excita-
tion was applied to a coflowing laminar jet flame at a fre-
quency of 10 Hz (St = OA). Vandsburger et al.24 also used a
loudspeaker to excite a laminar flame at a frequency of 16 Hz
(S/ = 0.27) and observed the formation of large-scale vortex
rings in the flame zone. These studies show that a coupling
with buoyant flow structure can be easily obtained in low
Reynolds number flames.

Thus, there are two basic modes by which jet flame struc-
ture can be excited. Hydrodynamic instabilities in the fuel jet
shear layer can be augmented by excitation at Sf«0.3, and
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second, a coupling with buoyancy-induced structure existing
in diffusion flames may be produced with excitation at rela-
tively low frequencies (/*— 5-20 Hz). Since the length scale of
the low frequency outer structure is large in comparison to the
jet dimensions, interaction with this structure may substan-
tially affect the overall jet flame. In the present study, strong
axisymmetric forcing has been applied to a turbulent jet flame
in which both buoyancy and initial jet momentum are impor-
tant. Forcing was applied over the frequency range of 2-1300
Hz to determine if coupling with naturally occurring instabi-
lities can alter flame structure.

Experimental Methods
The measurements presented here were made in a vertical

unconfined propane jet diffusion flame having an exit
Reynolds number of 1 x 104. The jet flame was surrounded by
a 61 x 61 cm cross-section screen enclosure to mitigate distur-
bances from the room air, and a forced-draft hood centered
above the flame exhausted the combustion products from the
laboratory. The burner, enclosure, and hood were mounted to
a carriage that could be traversed in two orthogonal directions
to probe the flame with the stationary laser Doppler velocime-
try (LDV) system.

The flame burner consisted of two concentric stainless steel
tubes with the propane fuel gas flowing through the 76-mm-
long central tube (D = 3.86 mm i.d., 5.57 mm o.d.) and hydro-
gen stabilizer gas flowing through the annular space between
the tubes (outside tube: 7.75 mm i.d., 8.80 mm o.d.). The in-
side diameter of the cental tube, D, was used as the character-
istic length in the dimensionless parameters herein. A 30-W,
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Fig. 1 Pulsed flame burner.

100-mm-diam loudspeaker and fairing were mounted coax-
ially beneath the fuel tube, as illustrated in Fig. 1. Motion of
the loudspeaker cone modulated the fuel jet exit velocity. The
fuel gas entered the burner through two inlets above the loud-
speaker and then passed into the fuel tube through an ASME
nozzle. The loudspeaker was surrounded by a 1440-cm3 enclo-
sure that was connected to the top side of the loudspeaker to
eliminate static pressure loading on the speaker cone. The
loudspeaker was driven by a sine-wave generator, decade at-
tenuator, arid power amplifier as shown schematically in Fig. 2.

The propane and hydrogen gas flow rates were controlled
using precision rotameters that were calibrated and operated
with the inlet pressure held constant at a high pressure. The
gas flow was throttled to the desired pressure after the flow
meter. This configuration suppressed any upstream pressure
fluctuations associated with pulsing the jet and maintained
constant gas density inside the flow meter. The hydrogen mass
flow rate used was 0.2% of the propane mass flow rate. An in-
vestigation of the stability characteristics of pulsed flames25

showed that axisymmetric pulsing did not destabilize the
flame.

Axial velocity measurements were made in the flame using a
dual-beam, backscatter LDV system with frequency shifting.
The configuration of the experimental instrumentation is illus-
trated in Fig. 2. The complete system is capable of measuring
two velocity components, but only the 514-nm laser line was
used to measure the axial velocity in this study. A 3.75* beam
expander and 750-mm focusing lens were employed which re-
sulted in estimated probe volume dimensions of 1.64 mm x
0.089 mm and a beam crossing angle of 6.20 deg. The LDV
data were acquired on a microcomputer equipped with parallel
ports. The signal from the LDV counter processor was also
used to latch a 100-kHz clock providing time-resolved meas-
urements. The clock was retriggered by the pulse signal
source; hence, the acquired LDV data time was proportional
to the phase of the pulse.

To facilitate the LDV measurements, the fuel gas was
seeded with nominal 0.05 /*m alumina particles using a cyclone
seeder. Since no outer air flow was provided, the air entrained
by the flame did not contain seed particles, which could cause
serious seeding bias in LDV measurements obtained where sig-
nificant outside air has been entrained. On the jet centerline,
however, the intermittency is very low, and seeding bias is not
expected to be severe. Examination of the temporal distribu-
tion of LDV data samples referenced to the pulse showed that
the data were uniformly distributed throughout the pulse
period (except for velocity bias caused by the mean pulse velo-
city). Hence, no obvious intermittency was correlated with the
pulse on the centerline suggesting that seeding bias was not
serious in the present measurements. This finding is also sup-
ported by the results of Dibble et al.26 in a study of LDV
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Fig. 2 Schematic of the experimental instrumentation.
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Fig. 3 Radial distribution of the axial mean velocity and turbulence
intensity for the unpulsed jet flame at x/D = 0.26, Re = IX104.

seeding bias in a hydrogen jet flame at Re= 1.9x 104, where
no measurable bias occurred on the jet axis for x/D< 50. His-
tograms of the LDV data were routinely examined, and parti-
cle seeding and signal processing were carefully controlled to
insure that spurious samples were minimized and that the
nonuniformly disturbed submicron soot particles existing in
the flame were not counted by the LDV system. No bias cor-
rections were applied to the data because of the uncertain va-
lidity of corrections for unsteady flows with large fluctuation
levels. The one-dimensional velocity weighting suggested by
McLaughlin and Tiederman27 was investigated and found to
have an insignificant effect on the mean velocity measure-
ments for both the unpulsed and pulsed conditions.

Results and Discussion
Axial Velocity Measurements
Unpulsed Flame

Axial velocity measurements were made to characterize the
unpulsed jet diffusion flame. Radial distributions of the mean
axial velocity component U and the root-mean-square of the
velocity fluctuations uf at the jet exit are shown in Fig. 3.
These measurements were made 1 mm (x/D = 0.26) down-
stream from the jet exit, the closest position obtainable be-
cause of the LDV beam angle. The mean velocity was uniform
over the central portion of the jet, and a strong shear layer ex-
isted at the edge of the jet. The jet flame centerline mean exit
velocity U0 was 13.5 m/s, and the centerline turbulence inten-
sity u' was 0.078U0. The axial decay of the centerline mean
velocity for the unpulsed jet flame is shown in Fig. 4. The
mean velocity decayed approximately as jc"1 for x/D > 20
which generally agrees with data for isothermal jets,28 a pro-
pane flame,29 and a hydrogen flame.30 Buoyancy generated by
combustion acts to decrease the decay rate for x/D> 100. Cen-
terline turbulence intensities for the unpulsed jet flame were
found to agree with the measurements of Driscoll et al.31 for a
hydrogen flame and with Jeng32 for a methane flame.

Phase-average Velocities
Measurements of the pulse wave in the pulsed jet flame were

made by decomposing the centerline axial velocity measure-
ments into a long-time mean velocity (7, a conditionally aver-
aged pulse velocity u, and a fluctuation about the pulse u:

U(x,t) = U(x) +tk(x,t) + u(x,t)

Using this decomposition, the pulse velocity, u is zero-mean
and periodic with a period T— \/f, where / is the pulse fre-
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Fig. 4 Centerline distribution of the mean velocity for the unpulsed
jet flame.

quency. The basic pulse wave is then given by the phase-
averaged velocity u, measured by sorting the LDV data into
bins according to the phase with respect to the driving pulse.
The data samples within each pulse bin were analyzed to deter-
mine the mean and root-mean-square (rms) fluctuation for the
conditional samples in that bin. For each test condition, a
total of 20,000 LDV data samples were acquired. The flow
was considered to be statistically stationary, and many pulse
periods lapsed during data collection. The pulse period was
separated into 30 equally spaced phase bins, so each bin con-
tained on the order of 600-700 data samples. Experiments in-
dicated that 30 bins provided optimum resolution of the pulse
wave shape with good repeatability (±3% in the bin average).
An example of the measured pulse is shown in Fig. 5, where
the mean with rms velocity in each phase bin is plotted as a
function of the phase time normalized by the pulse period.
The pulse wave was clearly reconstructed by the conditional
pulse velocity > u. In all cases, the conditional rms velocity
was approximately proportional to the absolute mean velocity
for that phase bin, i.e., U+u.

In the following discussion, the peak amplitude of the pulse
A is defined as the one-sided peak amplitude with respect to
the long-time mean velocity; for example, ^4 = 8 m/s in Fig. 5.
The peak amplitude measured at the jet exit (x= 1 mm) is
denoted by A0. Experiments showed that large amplitude
modulation of the jet could be achieved over a frequency
range of 2-100 Hz. Equal pulse amplitudes were obtained at
various pulse frequencies by measuring the pulse amplitude at
the jet exit and precisely varying the input power to the
loudspeaker. Significant pulse amplitudes also were achieved
at two empirically determined acoustic resonant frequencies
for the burner; viz., 310 and 1300 Hz. The matrix of test con-
ditions listed in Table 1 was evaluated to investigate the inde-
pendent effects of pulse frequency and pulse amplitude. In
general, five amplitude settings were used covering a range of
^40 = 4-12 m/s, corresponding to 30-89% modulation of the
centerline velocity, respectively. The highest frequency condi-
tion, /= 1300 Hz, is particularly interesting in that S/ = 0.37, a
condition similar to those found to cause excitation of the
mixing layer in isothermal jets.1'4

Examination of the pulse shapes measured at the jet exit
showed that the basic characteristics of the initial pulse were
very similar, regardless of the pulse frequency and amplitude.
The phase-normalized shapes of the exit pulse wave for several
pulse frequencies at an initial amplitude of A0 = 4 m/s are
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shown in Fig. 6, which shows that all of the pulse waveforms
were sinusoidal and of equal amplitude. At higher pulse am-
plitudes, some distortion of the mean shapes was observed,
but, in general, the pulse shapes were quite similar. This dis-
tortion was at least partly due to velocity bias which existed at
high pulse amplitudes (A/U > 0.75); i.e., the large difference
in velocity between the high and low peak of the pulse affected
the distribution of samples in the phase bins. Nevertheless,
these results showed that the shapes of the initial waveforms
were similar for all test conditions and that constant amplitude

12

-12

D BIN AVERAGE, u

BIN R . M . S . .

+ A

-A

-0.5 0.5
NORMALIZED PHASE

1.0 1.5

Fig. 5 Example of pulse measured in a jet flame using the bin-
sorting technique, measured on the jet centerline at x/D = 0.26 with
/=20Hzand,40 = 8m/s.

cross-conditions had been obtained. The exit pulse character-
istics were also measured at several off-axis positions at each
frequency to check for any significant nonuniformity in the
pulse. These measurements indicated that the pulse amplitude
for/< 100 Hz diminished off axis in roughly the same manner
as the mean velocity distribution (cf. Fig. 3), indicating that
the pulse was uniform and in phase over most of the jet exit
plane. Although the waveforms did become distorted in the
shear layer at the edge of the jet, the phase and period of the
waveforms was unchanged. Measurements also indicated that
the pulse for the two resonant frequencies of 310 and 1300 Hz
was much less uniform; hence, these measurements are con-
sidered qualitative until more detailed radial measurements
are obtained. Off-axis measurements of the pulse at several
downstream positions were consistent with the findings at the
jet exit. Although these off-axis measurements may be biased
because the outer flow was not seeded, the measurements did
confirm that the mean pulse shape was axisymmetric. The
data also showed that the propagation velocity of the pulse
waves was roughly equal to the mean local flow velocity.

Pulse Decay
A fundamental measure of the evolution of the pulse as it

propagated downstream in the jet is the change in the peak
amplitude^. In Fig. 7, normalized peak amplitudes measured
in the pulsed flame are shown as functions of the downstream
distance. The data show that at x/D = 5, the pulse amplitude
was slightly increased followed by rapid decay of the ampli-
tude downstream. The dashed lines in Fig. 7 illustrate that the
pulse decayed more rapidly with increasing pulse frequency.
Only pulses at the lowest frequencies were sustained out to
x/D 100. In all cases, the relative decay rate of the pulse peak
was stronger than the decay of the mean velocity in the un-
pulsed jet flame, shown as a solid line in Fig. 7. Similar results
for the centerline decay of the peak amplitude were observed
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Fig. 6 Phase-normalized pulse waveforms at the jet exit for AQ=4
m/s.
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Fig. 7 Centerline distribution of the normalized pulse peak ampli-
tude for AQ = 4 m/s.

Table
Frequency, /

(Hz)
2
5

10
20
50

100
310

1300

1 Pulsed flame test conditions, Re = 1 X 104, £/0 = 13.5 m/s, D = 3.86 mm
Amplitude, AQ

(m/s)
4, 6, 8
4, 6, 8, 10, 12
4, 6, 8, 10, 12
4, 6, 8, 10, 12
4, 6, 8, 10, 12
4, 6, 8
4
1.7

A0/UQ

0.296, 0.444, 0.593
0.296; 0.444, 0.593, 0.741, 0.889
0.296, 0.444, 0.593, 0.741, 0.889
0.296, 0.444, 0.593, 0.741, 0.889
0.296, 0.444, 0.593, 0.741, 0.889
0.296, 0.444, 0.593
0.296
0.126

St=fD/UQ

0.57 x 10~3

1.43 X 10~3

2.86 x 10~3

5.72 x 10~3

14.3 X 10~3

28.6 x 10~3

0.089
0.372
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for the other four initial pulse amplitudes tested, indicating
that the basic response of the jet flame was independent of the
pulse amplitude. Comparing the results for different pulse am-
plitudes did show, however, that the peak amplitude decay
rate increased slightly with increasing initial amplitude. The
reduced peak amplitude at x/D= 1 was apparently due to an
adjustment of the flow very near the jet exit which has been
observed in similar studies.1'33

From Fig. 7, we can see that the maximum pulse amplitude
at x/D = 10 occurred for /= 100 Hz, and at x/D = 100, the
strongest pulse occurred for/ = 2-5 Hz. Therefore, over an in-
crease of one decade in axial distance, the frequency with the
strongest local response decreased approximately two decades.
This frequency behavior /- x ~2 suggests that the response of
the pulsed jet flame depends on a local Strouhal number, sug-
gested also, as we shall see, by visual observations. A local
Strouhal number based on the jet width can be estimated using
the scaling relationships found for cold jets.28 The mean
velocity U decays as x~l; the jet width W grows as x\ there-
fore, the local nondiniensional frequency behaves as Stw =
fW/U ~ fx2. Hence, the frequency behavior observed for the
pulse peak amplitude appears to be consistent with a constant
local Strouhal number scaling.

The center line measurements for the pulsed jet flames
showed that the long-time mean velocity was generally unaf-
fected by forcing for /< 100 Hz; hence, this forcing did not
appear to create a substantial effect on jet entrainment or dis-
sipation. However, for pulse frequencies of / > 100 Hz, the
centerline long-time mean velocity was significantly reduced
for jc/£»10, indicating that overall jet entrainment was
affected.

Pulse Shapes
The downstream evolution of the pulse shape was also

found tp be dependent on the pulse frequency. Examination
of the pulse as it propagated downstream showed that a
steepening of the waveform occurred during the acceleration
phase such that the wave shape approached a saw-tooth wave-
form. This phenomenon is shown in Fig. 8, where the phase-
normalized pulse waveforms measured at x/D = 20 are plotted
for several pulse frequencies. These data clearly show that the
steepening of the pulse increased with increasing pulse fre-
quency. The complete set of results also showed that the
strength of this steepening effect increased with pulse ampli-
tude but also that an amplitude threshold existed for wave
steepening; i.e., once the pulse amplitude became relatively
small (A<4 m/s), no wave steepening occurred, and the wave
simply attenuated as it propagated downstream. The observed
wave steepening is similar to nonlinear acoustic wave propaga-
tion34; however, in our case, the pulse wave propagates at
roughly the local flow velocity rather than at the sound speed.
The acceleration or steepening of the pulse wave may be
caused by buoyancy produced by locally increased mixing and
combustion on a length scale smaller than the pulse wave-
length. The accelerating phase of the pulse in an Eulerian ref-
erence frame corresponds to a region where dU/dx<0 in a
Lagrangian system. The strong deceleration existing in this re-
gion may enhance the local turbulence and mixing, which in
turn results in a larger volumetric heat release, locally acce-
lerating the flow. This effect would become stronger with in-
creasing pulse frequency because the pulse wavelength de-
creases producing yet larger velocity gradients in the flow.
This wave steepening phenomenon warrants further study.

At all pulse frequencies except for/ = 5 Hz, the pulse gener-
ally steepened and decayed as it propagated downstream. For
example, Fig. 9 shows the downstream evolution of a pulse
with/ = 20 Hz and A0 = 12 m/s. For high amplitude forcing at
a frequency of 5 Hz, however, a unique feature in the pulse ev-
olution was observed and is shown in Fig. 10. Under these
conditions, repeatable small-scale perturbations in the wave-
form occurred downstream during the acceleration phase of
the pulse. These disturbances on the centerline may be induced
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Fig. 8 Phase-normalized pulse waveforms measured at x/D = 20 for
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Fig. 9 Centerline evolution of a pulse with /=20 Hz and AQ =
m/s.
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Fig. 10 Centerline evolution of a pulse with /=5 Hz and A^
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a) Unpulsed
flame

b)/=5Hz,
^0 = 0.59/7^

c)/=20Hz,
^0 = 0.59 U

d)/=100Hz,

Fig. 11 Unpulsed and pulsed luminous jet flames.

by structures in the flame enhanced by a subharmonic interac-
tion between the forced jet at / =5 Hz and low frequency
structure in the outer preheat layer occurring at/ « 10-20 Hz.

The centerline pulse waveforms measured for the two reso-
nant frequencies of 310 and 1300 Hz were generally undis-
torted, presumably because the peak amplitudes were rela-
tively low. The measurements indicated that the pulse for
/ = 310 Hz completely disappeared by x/D - 50, and forcing
at /= 1300 Hz vanished by x/D- 20. From visual observa-
tions of the luminous flame, it appeared that strong excitation
of the shear layer near the jet exit was obtained with forcing at
/= 1300 Hz 5^ = 0.37, ,40/ft0 = 0.13); the flame zone near the
jet exit (0 < x/D < 10) was strongly disturbed as indicated by
the appearance of increased turbulence and holes in the flame
sheet. The downstream structure of the flame, however, ap-
peared to be unaffected by forcing at/= 1300 Hz. Hence,
these results showed that excitation of jet flame structure near
the jet exit for St = Q.31 disappeared quickly, similar to the
results for isothermal jets.

Flame Photographs
Overall Dimensions

The visual flame, caused by soot incandescence, provides a
valuable visualization of jet flame structure. ^Measurements of
the average flame dimensions were made from photographs
obtained with a 35-mm camera and an exposure time of 8 s.
Figure 11 shows example photographs of unpulsed and pulsed
jet flames, where changes in the average flame shape produced
by forcing can easily be seen. The vertical field of view in the
photographs is about 1 m, and the length of the unpulsed
flame (Fig. lla) was about 0.84 m (L0/D = 218), which agrees
with reported flame length measurements.35 The average
length and width of the luminous flame were measured to ex-
amine the effect of pulsing on the overall flame dimensions.
The average flame length L and the maximum flame width W
normalized by the corresponding length and width of the un-
pulsed flame LQ and WQ are plotted as functions of the pulse
frequency for several pulse amplitudes in Fig. 12. Each data
point represents the average of two or more independent
measurements. The data indicate that the average length and
width of the pulsed jet flame were dependent on the pulse fre-
quency; whereas the pulse amplitude affected only the magni-
tude of the change. The average flame length was increased
for/ = 2 and 5 Hz, and the flame length was decreased for/ >
10 Hz. The increase in flame length at low frequencies may
result because the jet flame momentarily behaves like an im-
pulsively started jet that exhibits reduced mixing and growth
compared with a steady jet.36 The overall flame width was
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Fig. 12 Average length and maximum width of pulsed flames as a
function of the pulse frequency.

substantially increased for low pulse frequencies of/ =2-10
Hz.

Local Widening
The photographs presented in Fig. 11 also show that a local

widening of the flame was produced by forcing, which moved
progressively toward the jet exit with increasing pulse fre-
quency. For example, in Fig. 1 Ib, the flame width was consid-
erably increased over the top half of the flame; in Fig. 1 Ic, the
flame width was increased about 25% of the way up from the
jet exit; and in Fig. 1 Id, a relatively large increase in the flame
width can be seen very near the jet exit at the bottom of the
photograph. Measurements of the local flame dimensions at
the position where this flame widening was apparent are listed
in Table 2. The axial location where substantial widening of
the flame was observed, L', is tabulated along with the width
of the flame W, and the corresponding width of the unpulsed
flame W0'. These data clearly show that the axial location
corresponding to the coupling between forcing and the flame
structure L' decreased with increasing pulse frequency. The
local flame width was increased by 30% to over 200% com-
pared to the unpulsed flame. Furthermore, the measurements
showed that the axial location of flame widening was indepen-
dent of the pulse amplitude, and that little additional widening
of the flame occurred for pulse amplitudes above A0 « 8 m/s,
suggesting an amplitude saturation had been reached. The
local nondimensional frequency associated with the flame
widening Stw based on the local flame width and the centerline
mean velocity, is also listed in Table 2. In light of the subjec-
tivity in measuring the flame dimensions, the data show that
the interaction occurred at a constant local Strouhal number
of approximately 0.2. The Strouhal number for / = 2 Hz is
lower because the interaction occurred near the end of the
flame where the flame luminosity ended and thus introduces a
bias to the observed flame structure. Similarly, measurements
very close to the jet exit were difficult to obtain because of low
luminosity there, which explains the larger Strouhal number
for / = 310 Hz. Also included in Table 2 are comparable
measurements made from a pulsed flame with Re = 2 x 104 ob-
tained using a piston-cylinder driver.25 With a frequency vari-
ation of over 8-1, the local Strouhal number was, again, es-
sentially constant and nearly equal to 0.2. Hence, these data
suggest that the constant Strouhal number coupling observed
was not strongly influenced by the Reynolds number.
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High-speed Motion Pictures

A series of high-speed motion pictures were obtained of the
unpulsed and pulsed luminous jet flames to examine the in-
stantaneous flame structure and flow dynamics associated
with pulsing. The photographs were taken with an exposure of
0.2 ms and a frame rate of 2000 pictures/s. For the unpulsed
flame, instantaneous photographs showed that combustion
occurs essentially over the entire time-averaged visible length
of the flame. The flame structure of a pulsed jet flame is
shown in Fig. 13, which shows a complete pulse cycle with
/=10 Hz and A0~Q.8UQ. The bottom of the frame corre-
sponds to the jet exit, and the vertical field of view is approxi-
mately 1 m. The sequence was constructed by compiling suc-
cessive frames at 45-deg phase intervals. The immediate
observation is that, with forcing, the reaction was organized
into discrete regions with a length scale of the order of the jet
width, which convect downstream. The structure of these co-

herent reaction regions was largely axisymmetric and signifi-
cantly wider than the unpulsed jet flame; hence, these struc-
tures were likely responsible for the flame widening observed
in the long-exposure flame photographs. The luminous inten-
sity in the discrete large-scale structures was larger than the in-
tensity of the unpulsed flame. Similar motion pictures with
f=2.5 Hz showed that the reaction was again separated into
large coherent regions, and the separation spacing was un-
changed (i.e., the spacing was again about two-thirds of the
frame). Furthermore, motion pictures of a pulsed flame with
Re = 6xlQ4 also indicated the same separation distance be-
tween the reaction zones. Hence, these results suggest that a
range of low pulse frequencies can couple with the flow struc-
ture resulting in large structures with a single wavelength that
is largely independent of the jet Reynolds number. Motion
pictures of flames pulsed at high frequencies (f > 50 Hz) in-
dicated that the reaction was not separated into discrete re-
gions, and this coupling was lost. These effects are consistent

Table 2 Local

/,Hz
2
5
5

10
10
20
20
50
50

100
310

A0/U0

0.593
0.593
0.889
0.593
0.889
0.593
0.889
0.593
0.889
0.593
0.296

WVD
21.2
32.4
33.1
23.5
23.5
12.5
10.1
7.47
8.54
3.56
3.20

Re = 2x 104, using piston-cylinder
10
82

0.803
0.803

22.6
4.34

flame dimensions associated with flame widening

W'/D W'/W's
34.5
44.5
48.0
33.8
33.5
16.4
13.5
8.18
11.0

.18

.37

.45

.44

.43

.31

.33

.10
1.29

7.83 2.20
7.83 2.44

device25

37.7 1.67
12.2 2.80

L'/D
196
174
170
88.9
88.9
49.8
40.9
30.2
36.3
14.2
12.5

69.5
17.4

U/U0

0.302
0.308
0.309
0.356
0.356
0.467
0.521
0.607
0.555
1.00
1.00

0.397
0.776

Stw=JW'/U
0.065
0.207
0.222
0.271
0.269
0.201
0.148
0.193
0.283
0.224
0.694

0.136
0.184

t = 12.5 ms
0=135°
t = 37.5 ms

0 = 180°
t = 50 ms

6 = 225°
t = 62.5 ms

0 = 270°
t = 75 ms

315°
t = 87.5 ms

Fig. 13 High-speed motion-picture sequence of a pulsed flame cycle with Re = 2 X 104, / = 10 Hz, and AQ
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with the hypothesis that a subharmonic coupling is created
with the vortex structure in the outer preheat layer.

Conclusions
The results of this study show that a turbulent jet flame is

sensitive to axisymmetric pulsing of the fuel stream and that
the effects observed are largely frequency dependent. The jet
flame structure responds locally to a frequency that decreases
with downstream distance approximately as x~2, consistent
with a local Strouhal number coupling. The pulse amplitude
on the jet axis decays more rapidly as the pulse frequency and
initial pulse amplitude are increased, and an amplitude satura-
tion is suggested by the results. Detailed measurements of the
pulse waveform show that the pulse wave steepens as the pulse
propagates downstream, possibly due to the influence of
buoyancy. This acceleration of the flow increases strongly
with increasing pulse frequency and amplitude. The steepen-
ing effect does not appear to progress once the pulse ampli-
tude becomes sufficiently small. Several unique features were
observed at a pulse frequency of/ = 5 Hz, indicating an inter-
action with the pulse that was not observed at the other pulse
frequencies tested. Furthermore, only low frequency forcing
(f < 20 Hz) could be detected at large distances downstream
(x/D > 100).

The effects of pulsing cause a significant increase in the
local width of the luminous flame as a result of the generation
of large-scale structures in the flow, Coupling between the
forcing and the jet flame occurs at an axial position such that
the local Strouhal number based on the jet width is constant,
i.e., Stw — 0.2. This interaction did not appear to be a strong
function of the jet Reynolds number. Low frequency forcing
separates the reaction in the flame into discrete large-scale re-
gions with a spacing that is essentially independent of the jet
Reynolds number and pulse frequency. These results are con-
sistent with the hypothesis that low frequency pulsing of the
jet causes a subharmonic coupling with structure in the outer
preheat layer surrounding a jet flame. Pulse frequencies of/
= 2 and 5 Hz also produce an increase in the overall flame di-
mensions, and higher frequency forcing (f > 10 Hz) reduces
the overall flame length. High frequency and high amplitude
(up ~ 0) forcing increases the net turbulent mixing in the jet
flame, significantly reducing the overall flame dimensions.

Pulsing the jet flame at a frequency corresponding to an exit
Strouhal number of St = 0.37 excited the shear layer surround-
ing the jet flame near the exit; however, similar to observa-
tions with isothermal jets, the pulse disappeared by ;c/Z) = 20,
and no substantial effect on the overall jet flame was ob-
served.
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