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Experiments on Impulsively Started Jet Diffusion Flames

H. Johari,*xK. J. Desabrais,” and J. C. Hermanson*
Worcester Polytechnic Institute, Worcester, Massachusetts 01609

The starting vortex of an impulsively generated jet diffusion flame was studied experimentally. Fuel jets were
produced by the sudden discharge via a solenoid valve into still air. The fuel jet was ignited by a pilot flame. The
length and lateral spread of the flame were determined by video imaging. All flames were in the buoyancy-driven
regime after the starting transient. The height at which the starting vortex burned off completely was approximately
the same as the mean flame length of the subsequent steady flame. The penetration of the flame tip associated with
the starting vortex can be correlated by a buoyancy parameter derived from the isothermal starting plume theory
of Turner. An unexplained dependence of penetration on nozzle diameter was observed. The timescale for the
mixing of the starting vortex at its maximum flame height appears to be about one-half of the vortex rotation time
at the same location. These findings may be useful in understanding unsteady combustion phenomena, especially

as they pertain to active combustion control schemes.

Introduction

HERE is renewed interest in unsteady flowfields, mainly from

the perspective of active flow control. The general notion has
been that by forcing any flow at an appropriate frequency and at
relatively low amplitudes, the flow characteristics,such as instability
and mixing, can be significantly modified. These ideas stem from
observations of the alteration of coherent structures in shear layers
when the flow is forced at the subharmonic of the natural shedding
frequency.! The shear layer growth can be effectively arrested or
augmented when the forcing is applied near the splitter plate tip.
Applicationof forcing in isothermaljets has also increased the near-
field entrainment and spreading rates even though the steady jet
characteristicsare generally recovered in the far field.?

Another area where unsteady flows play a dominant role is in
pulsed combustion and combustion control. The effects of pulsing
on jet diffusion flames have been studied by Lovett and Turns.® At
low frequencies and substantial amplitudes, the flame length was
modestly reduced in comparison with the steady jet flame length.
Numerous other studies have dealt with the acoustic, or small am-
plitude, pulsing of flames. However, there appear to be few studies
that have addressed the effects of the most fundamental forms of
unsteadiness on reacting jets, such as the delta- and step-function
flow discharges correspondingto individual turbulent puffs and im-
pulsively started jets, respectively.

A previous series of experiments on discrete, impulsively gen-
erated reacting puffs showed that the puffs mixed and burned very
quickly? This was manifested by a shorter observed flame length
of puffs compared with steady jets. The faster mixing rate was pre-
sumed to be due to the high entrainmentrate of individualturbulent
puffs. Experiments and modeling of impulsively started isothermal
jets showed that the starting vortex follows the same scaling (i.e.,
mean velocity with axial position) as that of the steady jet and that
its penetration scales with the square root of time.>~” Moreover, the
starting vortex has been found to mix faster than the rest of the jet
in aqueous flows. The present study was undertaken to explore the
extentto which similar phenomenamay occur in impulsively started
jets with chemical reaction and heat release.

The aim of the current project was to investigate the mixing,
penetration, and spreading rate of the starting vortex in jet diffu-
sion flames. Understanding the fundamental effects of this most
simplified form of unsteadiness on mixing and combustion may
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shed light on the more complicated practical problems of pulsed
combustors and active control of combustion.

Experimental Details
Apparatus

The study of impulsively started diffusion flames required an
apparatus that allowed for a very rapid discharge of fuel at a steady
velocity from a nozzle. The experimental apparatus described here
is shown schematically in Fig. 1. The entire apparatus was placed
on a square platform of 1.4 m on each side, which was set 30 cm
above the laboratory floor. The experiment was surrounded by four
screens, each 1.2y, 1.2 m in size, to reduce any drafts in the vicinity
of the flowfield.

The primary components of the apparatus were a contoured noz-
zle, a solenoid valve, and a sharp-edged orifice plate section for
volumetric flow measurements under steady conditions. The ori-
fice plate diameter was 5.1 mm. An accumulator with a volume
of 800 cm? was placed between the orifice plate and the solenoid
valve to suppress potential oscillations in the nozzle velocity dur-
ing the impulsive start. The experiment used two different nozzles
with exit diameters of 9.9 and 6.4 mm and area contractionratios of
6.6:1and 16:1, respectively. The nozzles were made of brass and the
contours were designed to produce top-hat velocity profiles at the
exit. A screen and honeycomb flow straightener were used after
the solenoid valve to ensure uniform flow entering the nozzle con-
traction. The solenoid valve had an internal diameter of 2.4 mm and
an opening time of about 20 ms (manufacturer’ specification). The
flow velocity was regulated by a needle valve and the maximum flow
rate was limited by the available fuel line pressure of about 30 cm of
water.

The fuel used in the present experiment was city gas with a spe-
cific gravity of 0.579. The primary constituents of the fuel were
methane, ethane, nitrogen, and carbon dioxide with volumetric con-
centrationsof 96.1, 1.9, 1.0, and 0.6%, respectively. The remaining
0.4% was composed of trace species. The fuel was ignited with a
small pilot flame positioned at the edge of the nozzle exit diameter.
Steady jet flames did not lift off except at the highest flow rates
with the 6.4-mm-diam nozzle; thus, no flameholder was required.
The combustion products were disposed of by a low-flow-rate fume
hood centered above the apparatus.

The flow rate for the steady jet flames was adjusted to the desired
levelby using the primary flow control(needle) valve and measuring
the pressure drop across the orifice plate with a manometer. For
each nozzle, two different flow rates were employed. The steady-
state operating conditions, such as the nozzle exit diameter d and
the mean exit velocity Uy, for the four cases studied in the present
experiments are summarized in Table 1.

The flow was initiated when the solenoid valve was energized
by manually activating an electronic control circuit. A hot-wire
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Table1l Summary of experimental

conditions
Case d,mm Up,m/s Rep— Uod/ vo
1 9.9 8.9 5500
2 9.9 5.5 3400
3 6.4 13.3 5300
4 6.4 8.5 3400
Nozzle
To Pilot Flame
Manometer Taps ?
‘ Fuel
In
Solenoid i Main Pilot
Valve Accumulator (')Drlgtcee Valve Valve
Fig.1 Schematic sketch of experimental apparatus.
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Fig.2 Time traces of raw hot-wire voltage for cases 1 and 3.

anemometer was utilized to evaluate the flow quality and the rise
time of the velocity at the nozzle exit for the case of nonreacting
flow (i.e., no ignition source). The hot wire was placed within half
a nozzle diameter downstream of the nozzle exit. The anemometer
output voltage was sampled at 6 kHz for 0.5 s. Five test runs were
recorded for each case. Sample voltage traces for cases 1 and 3 are
shown in Fig. 2. At first, the voltage increased to a peak value that
was 30-40% greater than the mean value before decreasing to a
steady level. The time history of the starting flow is quite similar
among all four cases, as is evident in Fig. 2 for cases 1 and 3. The
time it takesthe velocityto reach its steady value varied between 100
and 150 ms, correspondingto about four video frames. The initial
overshoot was greater for the smaller nozzle and is believed to be
because of the presence of the accumulator in the setup. Operating
without the accumulator, however, produced velocity time traces
having a few oscillation cycles. These oscillations were confined
to the first 100 ms of each run. Experiments conducted with and
without the accumulator resulted in mean flame lengths and start-
ing vortex penetration rates that were in quantitative agreement, to
within our experimental uncertainty.

Measurements

The flames were recorded by an HI-8 camcorder and a charge-
coupled device camera at 30 frames per second with exposure times
of 10 and 8 ms, respectively. The recorded images of the luminous

Fig.3 Definition of measured
quantities for the impulsively
started jet flame.

portions of the flame reflect the radiating soot particles, which are
closely associated with the local stoichiometricsurfaces® Thus, the
outline of the visible flame correspondsroughly with the outermost
reaction surface. For each of the four cases, 25 runs were recorded
and then data froma selected subset were analyzed frame by frame to
arrive at the temporal evolution of the impulsively started jet flame.
The framing rate of 30 per second provided sufficient resolution for
the present low-speedflows and resulted in a temporaluncertaintyof
417 ms. The uncertainty in length measurements was estimated at
2.5 cm, primarily because of errors associated with determination
of the position of flame edges.

Measurements of the height of the burning vortex tip Z and the
maximum burning vortex width dare reportedhere. After the burnoff
of the starting vortex, the height of the oscillating flame tip was used
to calculatethe mean flame length L. The small run-to-runvariations
inthetime originofthe flow precludedthe use of ensembleaveraging
of the flame-tip data. The schematic of the starting vortex and the
ensuing jet in Fig. 3 define the quantities measured.

Results and Discussion

After flow initiation,a large-scaletoroidal vortex was formed and
the rest of the jet followed this vortex. As the vortex convected in
the vertical direction, the overall structure of the flow (i.e., start-
ing vortex and the ensuing jet) was maintained until all of the fuel
within the starting vortex was oxidized and all luminous soot was
consumed. A set of digitized images from a case 1 run is shown in
Fig. 4, where the boundary of luminous flame was extracted by us-
ing edge detection routines of image processing software. The line
near the bottom of each image indicates the nozzle exit plane; the
time since flow initiation is provided below each image. The axial
extent in these images is approximately 100 nozzle diameters. The
blue flames near the nozzle exit were barely detectable by the video
camera and were subsequentlyremoved by the thresholdingprocess
during image processing. The last three images in the set are suc-
cessive images immediately before the starting vortex burning out.
The starting vortex in this case was completely consumed within 15
video frames, correspondingto an elapsed time of about 0.5 s. After
the starting vortex had completely reacted (as in the last image), the
jet tip assumed an arrowhead shape and moved past the location
where the starting vortex was last visible, ultimately leading to the
establishment of an oscillating flame tip.

For each run, the position of the tip of burning vortex Z was
recorded as a function of time from flow initiation. Temporal evo-
lution of the starting vortex and the stationary flame tip position
is shown in Fig. 5 for one run from each of the four cases. The
data in Fig. 5a correspond to the run imaged in Fig. 4. The first
portion of each run is associated with the ascent of the starting vor-
tex and the remaining portion indicates the oscillatory nature of
the flame tip when the mean flow had achieved steady state. The
starting vortex completely reacted just after it had reached its max-
imum penetration. It might be expected that after passage of the
starting vortex and burnoff of the jet region immediately behind it,
the mean flow would attain a stationary nature. This is verified by
the presence of instantaneous flame tip fluctuations, which become



1014 JOHARIL, DESABRAIS, AND HERMANSON

£
Yo
£y . @
0¥
b )
t=0.17s £=0.23s £=0.37s t=0.43s £=0.47s £=0.50

Fig.4 Digitized images of the starting vortex progression and burnoff for case 1 (d = 9.9 mm and Rey = 5.5 X 103).
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Fig.5 Temporal evolution of the flame tip.

consistentwith steady jet fluctuationsaftera few cycles. The oscilla-
tions of the flame tip have been explained in terms of the large-scale
structure of the underlying jet flow by Dahm and Dimotakis’ in
isothermal reacting jets and by Mungal et al.'” in buoyancy- and
momentum-drivendiffusion flames. The frequency of flame-tip os-
cillations has been shown to scale with the passage time of the jet
large-scale structures at the location of the mean flame length.

The maximum recorded height of the luminous starting vortex is
referredto as the vortex flame height. This height was always within
10% of the mean flame length of the stationary jet, as determined
from about 100 instantaneous flame images after establishment of
the steady jet. If the flame heightis assumedto be an indicationof'the
mixing rate and fuel consumption, i.e., shorter flame heights indi-
cating faster mixing rate and combustion, then the comparable flame
heights of the vortex and the steady jet imply that fuel within the
vortex is approximatelyconsumedto the same extentas inthe steady
jetatthe same distanceabove the nozzle. Alternatively, the diffusion
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flame structure can be regarded as consisting of a large number of
strained flame elements that separate the fuel and oxidizer.!! This
implies that the combustion will cease only when the fuel is com-
pletely consumed locally!? unless the local strainrate is sufficiently
high to quench the flame.'* This quenching is unlikely for the strain
rates near the tip of the starting vortex in this experiment.

The time required to complete the burnoff of starting vortex, i.e.,
the time it took from the first observation of incipient burnoff to
total burnoff of the starting vortex, was estimated from the video
recordings. The burnoff times were approximately two or three
frames (correspondingto 70—100 ms) for all four cases. The vortex
turnover time, calculated from the local width divided by the local
velocity at the vortex flame height, was about twice as large as these
burnoff times. This suggests that, within one vortex revolution of
this flowfield, all of the vortex material becomes mixed to at least the
stoichiometric ratio. The timescale for the burnoff is in agreement
with the Broadwell and Breidenthal'* model for mixing in shear
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Table2 Summary of stationary flame parameters

Case Lld & Re;. Ri,

1 88 410 11.3 21,600 9.3><10—4
2 83:_9 14.6 14,200 2.4 X 10
3 115113 9.7 16,000 2.7><10—4
4 116111 13.3 10,000 6.6><10—4

flows. Furthermore, Johari et al.” have made similar observationsin
aqueous, isothermal reacting jets where the timescale for the com-
plete reaction within the starting vortex was proportionalto the local
large timescale.

Stationary Jet Flame Length

The instantaneous flame-tip heights, following the passage of the
starting vortex, were averaged for the stationary portion of each
run (typically 3 s) and the average value was labeled the mean
flame length for that run. A number of runs from each case were
then averaged to arrive at the mean flame length, L, for that case.
These mean flame lengths are shown in Table 2 along with several
related parameters discussed below. The standard deviation of the
fluctuating flame-tip height was about 10% of the mean flame length
in each run and the variations of the mean flame length among
different runs for each case were less than 5%.

To determine whether the stationary portion of the flow was mo-
mentum or buoyancy driven, the parameter & — Ri!/3 (L/ Dy)
developed by Becker and Yamazaki'® was utilized. The source
Richardson number Ri; and the source diameter D, are defined
as follows:

Ri, = gD, [U? (1)

and

1
aM \?
&l frpoon) -

where M, U;, g, and Poodre; respectively, the mean source mo-
mentum flux, mean source velocity, gravitationalacceleration, and
ambient density. For a nozzle producing a top-hat velocity profile
with uniform density o, the source velocity is equal to the mean
nozzle velocity Uy and the source diameter D, = d(p/ p.)"2. Then
& canbe written interms of the fuelspecific gravity, nozzle diameter
and velocity, and the mean flame length:

& = [(pod P e[ UDT (Ll ) 6

According to Becker and Yamazaki,'> flames with & 2 are mo-
mentum driven, whereas those with & > 10 are buoyancy driven.
Flames having & values in between thiese limits are transitional.
The flames in the present study are buoyancy driven, as shown in
Table 2.

A correlation for prediction of mean flame lengths based on the
entrainment of jets was provided by Becker and Liang'¢ for flames
with 1 < & < 20.The relation for the mean flame length L is given
below for Re; > 8000

(DB LW)? = 0.18+0.022& (4)

where I is the mass fraction of fuel in a stoichiometric mixture
with air and f is the square root of the adiabatic flame temper-
ature, normalized by the ambient temperature, divided in turn by
the molecular weight of the products, normalized by the molecular
weight of air. The parameters W and fare equalto 0.0549 and 2.8,
respectively, for methane; most hydrocarbon fuels have similar val-
ues. The flame Reynolds number was defined by Becker and Liang

(S0 o
= Moo Wi\ d

The values of source Richardsonnumber Rig, & ,and Re; are shown
in Table 2 for the four cases.

Because the classification used by Becker and Yamazaki'® places
the stationary portion of present flames in the buoyancy-driven
regime, scaling arguments developed for isothermal momentum-
driven starting jets’~7 may not be applicable to the present flames.
This is especially true in terms of the jet penetration that scales with
the square root of time; the present data indicate that the penetra-
tion is more nearly linear with time. Delivery pressure limitations
in the current setup precluded the creation of flames in the fully
momentum-driven regime with & 2. Conversely, flames with
even greater buoyancy could be gerfetated by lowering the nozzle
velocity. However, this would lead to decreasing Re, below the point
where fully turbulent flames exist.

The flow is initially momentum driven because of the impulsive
nature of jet initiation. However, upon mixing with ambient air and
subsequentcombustionand heatrelease, the starting vortex becomes
buoyancydrivenin about 50 ms and at a distance of 7-10 cm (equiv-
alentto 7d—15d for cases 2 and 3) fromthe nozzle. This corresponds
to the first two data points in the plots of Fig. 5. Cases 2 and 3 were
selected because they had the smallest and largest vortex celerities
in the current experiments. The criterion for buoyancy domination
within the starting vortex was determined by consideringthe starting
vortex Richardsonnumber, Ri, = (0. _p,)gd p, U2, where §, p,,
and U, are the starting vortex width,ogglsity, and celerity, respec-
tively. The time and distance values cited earlier were calculated
by finding the location at which the vortex Richardson number ex-
ceeded j The vortex velocity and width values were obtained from
the average penetrationand spreading rates.

An implicit relation for the normalized mean flame length, L/ d,
can be obtained by combining Eqs. (3) and (4). The resulting equa-
tion can then be solved to give the expected values of L/d for the
conditionsof'the current investigation. The calculated flame lengths
are, on average, 17% higher than the actual mean measured values
given in Table 2. This discrepancy, however, drops to less than 6%
when the maximum observed values of flame length are considered.
Because the flame lengths reported by Becker and Liang,'¢ from
which Egs. (3) and (4) were obtained, were determined by visual
observationonly, it is perhaps to be expected that the longest flame
lengths in our experiment will be more consistent with their empiri-
cal formulation than the average values. The cause of the remaining
discrepancy might be related to the initial conditions. Specifically,
the velocity profile in the nozzle in the current work (which used
contracting nozzles) was different than that of Becker and Liang
(who used a long, straight inlet port).

Starting Vortex Penetration

The tip location of the burning vortex Z was correlated with time
¢ and the penetration of the starting vortex while burning appeared
to scale nearly linearly with time (see Fig. 5). This allowed a least-
squares line to be fit to Z/ d vs tU,/ d. The correlation coefficients
were about 90% or better for the majority of the analyzed runs. Fur-
thermore, the slope of the line [denoted by (dZ/ dr)/ U,] was quite
repeatable among the various runs for each case. However, it varied
significantly for the four different cases. These slopes, which can
be interpreted as constant vortex tip speeds, are shown in Table 3.
It was expected that these slopes should be, at the minimum, free of
Reynolds number effects for a given nozzle diameter if not also noz-
zle diameter independent. This expectation is based on the observa-
tions of a constant celerity, equalto 0.12U, and independentof Rey,
for the large-scale structures within steady jet diffusion flames.!
The correlations in the current work indicate that the celerity of
the burning vortex does depend on both the nozzle diameter and the
Reynoldsnumber for impulsively started jets. To consolidate the ob-
served celerities among the four cases, other scalings were explored
and one in particular is discussed in the following.

Table3 Summary of coefficients used in scalings
for the burning starting vortex

Case Rey (dZ/dl)/ Uy k Zo/d dddz

1 5500 0.1940.010 5.440.19 25 0.37 4-0.04
2 3400 0.29570.012 5.730.18 94 0.31370.04
3 5300 0.14270.007 6.73-0.29 _17.1 0.30370.04
4 3400 0.21370.013 6.840.41 _10.4 0.26£0.02
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As stated earlier, the tip of an isothermal, impulsively started,
momentum-driven jet penetrates as the square root of time. It is un-
likely that this isothermal jet scaling can be applied to the present
burning, starting vortices. The scaling for a buoyancy-drivenstarting
plume, however, may be able to correlate the data for the four cases
studied in the present work. Turner'” has developed a theory for
the penetration and entrainment of the starting vortex in buoyancy-
drivenplumes inthe Boussinesqlimit, i.e., small density differences.
The most important parameter in the theory is the buoyancy flux at
the source F — (1 _ v/ p. ) g(7d?/ 4)Uy. The penetration of the
starting vortex then scales with (F7*)/*. Because the 1¥/* approx-
imates the fitted linear dependence for the short (0.5 s) duration
of the observations, it was thought that the starting plume theory of
Turner may be able to account for the discrepancy in penetration
rate (as a function of Reynolds number and nozzle diameter) among
the data from different cases. As it turns out, the #¥/* dependence
provides an even better fit to the data than the linear fit considered
earlier.

The only shortcoming of the application of the theory to the
present measurements is that the initial buoyancy flux is quite small
in comparison with the buoyancy flux within the burning starting
vortex. The extra buoyancy, generated by the heat released during
combustion, is perhaps an order of magnitude larger than the initial
buoyancy of the pure fuel. On the other hand, all four cases had the
same initial buoyancy (or the same density difference at the noz-
zle), and the flame temperature within the burning vortex can be
argued to be comparable among the four cases. Thus, the dimen-
sionless parameter [g(7rd?/4)Uy1*1"*/ d was chosen for scaling of
the starting vortex penetration. The theory was appropriate for small
density differences and, furthermore, is strictly applicable only to
buoyancy-drivenflows. One of the implications of the theory is that
the above scaling should be free of Reynolds number effects as long
as the flow is in the turbulent regime. Moreover, this scaling is ap-
plicable only to the burning starting vortex and has no bearing on
the stationary portion of the flame.

The tip of the burning starting vortex normalized by the noz-
zle diameter, Z/ d, was plotted against the preceding dimensionless
parameter. A least-squares line of the form

(Z _zy)ld = He(rdI U] [d 6)

was fitto the data, and the calculatedcorrelationcoefficients (599%)
were better than those for the linear fit discussed earlier. AS men-
tioned previously, the relatively short lifetime of the burning vortex
does allow a certain flexibility in the power law. Sample plots of
Z/ d against [g(7d*/ 4)Uy£*]""*/ d are shown in Fig. 6 for all four
cases. The data in these plots represent four individual runs corre-
sponding to the data in Fig. 5. Note the consistently larger slope
of the least-squares lines for cases 3 and 4 compared to cases 1
and 2, even though the two paired cases had nearly equal initial
Reynolds numbers. Fully momentum-driven flames (not addressed
in the present experiments) would likely result in a different power
law.

The mean values of virtual origin, Z,/ d, found through the least-
squares procedure, is listed in Table 3 along with the proportionality
constant k. This parameter, which was defined in Eq. (6), is inde-
pendent, to within the accuracy of the measurements, of the initial
Reynolds number for the two values in the current experiments. On
the other hand, it appears that the proportionalityconstant k exhibits
anozzle-diameterdependenceeven with the starting plume scaling.

There are several possibilities that might explain the observed
nozzle-diameterdependence. The mean flame length of the station-
ary portion of the flow for the larger nozzle was shorter than that
for the smaller nozzle by about 25%, implying a slower mixing for
the (smaller) 6.4-mm nozzle. One then might also expect a slower
mixing rate for the starting vortex from the 6.4-mm nozzle. The
slower mixing rate results in a slower decrease of the buoyancy
flux, because of mixing with the ambient air, and therefore a faster
penetration rate. Although this is a plausible explanation for the
observed nozzle-diameter dependence, the reasons for the slower
mixing rate with the 6.4-mm nozzle are not known. One potential
reason may be the liftoff of the flame above the nozzle observed
in several runs with the 6.4-mm nozzle. None of the runs with the
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Fig.6 Penetration of burning vortex as a function of time normalized
by the starting plume parameter.

9.9-mmnozzlehad lifted flames. The liftoff may play a role in initial
formation of the starting vortex and subsequently alter its penetra-
tion rate. The observed liftoff with the smaller nozzle is perhaps a
consequence of the relatively higher local strain rate at the nozzle
exit. Even for the same nozzle Reynolds number associated with
the two different nozzle diameters, the larger nozzle velocity of the
smaller nozzle increases the strain rate. The higher strain rate of
the smaller nozzle would delay combustion and transition to the
buoyancy-drivenregime. However, it is unclear whether and how
this delay could produce consistent changes in the penetrationrate
within the buoyant regime. Further work is necessary to elucidate
the reasons for the different penetration rates observed for the two
nozzle diameters.

Lateral Spreading

The maximum width O of the starting vortex was also measured
in the present experiments. The spreadingrate of turbulent jets nor-
mally achievesa constant value, as measured by the rate of increase
of the maximum width of the turbulent region. In steady flows, the
maximum width increases linearly with the axial extent of the flow.
The starting plume is no exception, and the spreading rate of this
flow was measured by Turner'” to be 0.36 4-0.06 . The presentdata
provided the maximum width as a function of time. However, the
penetration of the starting vortex with time was available for the
same runs from the earlier-reported measurements, thus allowing
creation of data sets for the normalized maximum width & d as a
function of the penetration Z/d. The maximum-width data were
fit with least-squares lines having relatively high correlation coeffi-
cients, indicating linear spreading, as expected. Sample plots of the
maximum width of the starting vortex are presented in Fig. 7 for the
runs shown in Fig. 5. The scatter in the data is due to the uneven
growth of the starting vortex, as is evident in Fig. 4. The calculated
mean spreading rates of d& dZ are reported in Table 3.

The spreading rates do not vary greatly among the four cases.
Moreover, the present spreading rates are not the same as those
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Fig.7 Maximum width of burning vortex against its penetration.

measured by Turner for the starting plume. In that study, the verti-
cal location of the maximum width was used for calculation of the
spreading rate, whereas, in the present calculations, the location of
the burning vortex tip was utilized. This was done to avoid introduc-
ing errors associated with reading the axial location of maximum
width. Assuming that the starting vortex has spherical geometry,
Turner’s mean spreading rate can be transformed to conform with
the present definition. It becomes equalto 0.31 4 0.05, in agreement
with the present values and further validating our use of the starting
plume scaling.

Conclusion

The starting vortex of an impulsively generatedjet diffusionflame
was studied experimentally. The penetrationof the burning starting
vortex was measured as a function of time for four different flow
conditions, covering two nozzle diameters and two initial Reynolds
numbers. The stationary diffusion flames were in the buoyancy-
driven regime. The penetration of the flame tip associated with the
starting vortex could be correlated by a parameter derived from
the isothermal, buoyancy-driven starting plume theory of Turner.
The starting vortex penetration scales with the nozzle volume flow
rate and appears unaffected by the nozzle Reynolds number in the
present experiments. An unexplaineddependence of penetrationon
nozzle diameter was observed.

The lateral spreading of the starting vortex was linear with axial
distance and the spreading rate was consistent with the previous
measurements of starting plumes. The height at which the starting
vortex burned off completely was approximately equal to the mean
flame length of the stationary flow. The comparable flame lengths
indicate that mixing and fuel consumption within the starting vortex
are not significantly different from that in the steady flame. The
timescale for complete burnoff of the starting vortex at its mean
flame heightappears to be about one-half of the vortex rotationtime

at the same location. These findings may be useful in understanding
and interpreting the outcome of unsteady combustion processes,
especially as it might pertain to active combustion control schemes.

Further experiments on impulsively generated diffusion flames
should examine the scaling for penetration of the burning starting
vortex in cases where the starting vortex and the stationary jet diffu-
sion flame are fully momentum driven. Such experiments would re-
veal whether the ¢'/2 scaling, appropriate for the momentum-driven
isothermal flows, is applicable to fully momentum-driven impul-
sively started diffusion flames. On the other hand, flows with even
greater buoyancy, which can be achieved by decreasing the nozzle
velocity while maintaining a minimum nozzle Reynolds number,
should further validate the proposed #*/* scaling for penetration of
the starting vortex in diffusion flames.
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