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Effects of Coflow on Turbulent Flame Puffs

J. C. Hermanson,* R. Sangras,"' J. E. Usowicz,* and H. Johari}
Worcester Polytechnic Institute, Worcester, Massachusetts 01609

Pulsed, turbulent jet diffusion flames in an air coflow of variable strength were examined experimentally. In
all cases, the flames were fully modulated, that is, the fuel flow was completely shut off between pulses. Isolated
puffs of unheated ethylene fuel were injected using a 2-mm-diam-nozzle into a combustor with an air coflow at
1-atm pressure. For short injection times (7 <50 ms), compact, pufflike structures were generated. The mean
flame length of these puffs was at least 51 % less than that of a steady-state, that is, nonpulsed, flame for the same
injection Reynolds number. More elongated flame structures, with a flame length closer to that of steady-state
flames, occurred for longer injection times of up to 300 ms. The addition of coflow generally causes an increase in
the mean flame length. For short injection times (7 <50 ms), this resulted in an increase in flame length of up to
27% for a coflow strength of Ucot/Ujer =0.02. The fractional increase in the flame length due to coflow of pulsed
flames with longer injection times, as well as steady flames, was significantly less. The mean flame length for the
flame with the coflow duct generally exceeded that of the corresponding free flame, even for the case of zero coflow.
The amount of coflow required to achieve a given increase in mean flame length is quantitatively consistent with a
scaling argument developed as part of this investigation.

Introduction

ULSED combustionappears to have the potential for high com-

bustion and thermal efficiencies, excellent heat transfer char-
acteristics, and low CO, NO,, and soot emissions.! A significant
amount of research on pulse combustors has examined the overall
system characteristics,such as heat transfer, efficiency, frequency of
operation, and pollutant formation? The complicated nature of this
problem, which includes the strong coupling between the combus-
tion processes and the acoustic field and the confinement due to the
combustor chamber walls, is, however, an obstacle to achieving an
increased understanding of the fundamental fluid mechanical and
combustion mechanisms in these flows.

Some pulsed combustor configurations involve the premixing of
fuel and air before entering the combustion chamber.? In many prac-
tical pulsedcombustors,however, the fuel and airenterthroughsepa-
rate valves, which control the supply of reactants to the combustor.*
In this case, the turbulent mixing of the distinct fuel stream and
airstream is an essential part of the combustion process. One impor-
tant aspect of these flows is the nature of the large-scale turbulent
structuresand the implicationsof those structuresfor fuel/air mixing
and combustion.

The numerous fundamental studies to date of pulsed jet config-
urations without acoustic coupling effects may be helpful in un-
derstanding the fuel/air mixing and combustion processes in pulsed
combustion systems. Much of the research conducted in unsteady
reacting and nonreacting jet flows to date has involved direct forc-
ing of the jet with a specified acousticinput. In isothermal jets, such
forcing has been shown to result in increased spreading rates and in
enhanced mixing over unforced jets.>~7 These studies have shown
that noticeable changes in nonreacting jet growth and entrainment
can be achieved even at relatively low pulsation frequencies (of the
order of 10 Hz). The effects of acoustic forcing have been seen as
far downstream as 70 nozzle diameters, with an increase in local en-
trainmentby as much as a factorof three.® Turbulentflames have also
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been seen to be sensitiveto acoustic-levelpulsing of the fuel stream.’
Forcing turbulent flames at low frequency (again, approximately
10 Hz) can produce marked changes in the buoyant structure in the
far field, with a significant impact on the flame length and fuel/air
mixing. Other research involving acoustic excitation or feedback
has been conducted with both nonpremixedand premixed flames in
ramjets,!” pulsed combustors*!! and other ducts.!*!* Each of those
combustor configurations is, however, characterized by a strong
coupling between the combustion process and the acoustic field.

A fundamentally different approach to unsteady combustion than
acoustic forcing is to fully modulate the fuel jet flow, that is, to
completely shut off the fuel jet between pulses using an externally
controlled valve. This can give rise to drastic modification of the
flow characteristics of flames, leading to enhanced fuel/air mixing
processes not operative for the case of acoustically excited or par-
tially modulated jets.!*!* Although full modulation of the flow can
be realized in pulsed combustor configurations*!¢ such pulsing is
necessarily accompaniedby the very strong acoustic couplingnoted
earlier, the propertiesof which (suchas frequency) are strongly facil-
ity dependentand can be difficult to vary over a wide range without
hardware modification.

Experiments on unconfined, fully modulated flames by Johari
and Motevalli'* showed a decrease in mean flame length for the
case of widely separated buoyant fuel puffs of up to 70% compared
with a steady, that is, nonpulsed, turbulent flame at low Reynolds
number (Reje &2 x 10®). They examined not only the effects of
pulsing frequency on flame length and structure but also those due
to the duty cycle, that is, the jet-on fraction of each pulsation cycle.
Subsequentwork by Hermansonetal.!® demonstrateda flame length
reduction of approximately 50% for Reynolds numbers of up to
Re; =2 x 10*. That work also revealed two distinct types of flame
structure for fully modulated flames. For short injection times of
approximately 35-45 ms for a 6.4-mm-diam nozzle, pufflike flame
structures with a roughly spherical shape and a very short flame
length were observed. For longer injection times of up to 120 ms,
more elongated flames resulted. The flame lengths of the elongated
flames were generally comparable to those of the corresponding
steady-state cases.

The focus of the current work is the extension of previous re-
search in fully modulated, turbulent, diffusion flames to include
the effects of an air coflow of variable strength. The importance of
understanding the impact of coflow on fully modulated diffusion
flames stems both from the need to be able to conduct experiments
in situations in which the flow rate of oxidizer available may be
strictly limited (such as on a space platform) and to contribute to the
understanding of configuration and confinement effects in pulsed
combustion systems.
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For steady, turbulentdiffusionflames, the strength of an air coflow
can potentially have a noticeable effect on the flame length.!”:!8
As the strength of the coflow is increased, for a given jet veloc-
ity, the flame tends to spread more slowly,'” and the length of the
combustion zone can increase.'®* Dahm and Dibble,'® in the con-
text of the examination of coflow effects on flame blowout, related
the growth and entrainment characteristicsof turbulentjet diffusion
flames with coflow to those of nonreacting jets. Using nonreacting
jetdata,2’ Dahm and Dibble! illustrated that steady flames become
more wakelike with increasing coflow, leading to a slower rate of
flame spreading. The degree to which coflow impacts the flame
length and structure of unsteady, turbulent diffusion flames under
fully modulated conditionsis the focus of the work describedin this

paper.

Experimental Description

Apparatus

The experimental setup consisted of a single fuel nozzle centered
in a square duct (20 x 20 cm in cross section) through which coflow
air was supplied, as shown schematicallyin Fig. 1. For some exper-
iments, the coflow duct was removed and a flat plate was mounted
5.3 cm below the jet nozzle exit. This resulted in a free flame condi-
tion, where the fuel jet was dischargedinto still laboratoryair. In this
case, the flame was surroundedby a square screen enclosure 1.07 m
on a side. The fuel gas nozzle consisted of a stainless steel tube with
an inner diameter of d =2 mm and a length to diameter ratio of 38.
The coflow duct was 67 cm in length with walls of glass plate to al-
low for flow visualization. A honeycomb and two perforated plates
were situated upstream of the injection nozzle, as shown in Fig. 1,
with the distance between the nozzle and the top surface of the hon-
eycomb of 4.1 cm. Laser Doppler velocimetry (LDV) surveys of the
coflow indicated a wake velocity defect of 25% in the immediate
vicinity of the nozzle and with a turbulence level of less than 5% at
a location 2 cm downstream of the nozzle exit. The accuracy of the
LDV measurements was approximately 0.5%, based on the number
of data points taken (1000) and the rms value of the fluctuations in
the wake region. Because the jet exit velocity exceeded the coflow
velocity in all cases by a factor of at least 50, it is not believed that
the coflow turbulencelevel had a significant effecton the behaviorof
the flames. An electrically heated Kanthal® wire of 0.28-mm diam
situated within one nozzle diameter of the nozzle exit served as a
continuous ignition source. The wire was approximately 10 mm in
span and included a single loop roughly 4 mm in diameter parallel
to the nozzle exit plane.

A fast-response solenoid valve (Parker Hannifin Series 9) was
used to modulate the fuel flow. The opening/closingtime of the valve
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Fig.1 Schematic of combustor configuration.
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Fig.2 Typical injection gas velocity cycle, test gas air, and no coflow.

was approximately 500 us. In all cases, the jet was fully pulsed, that
is, 100% modulated, at frequenciesof up to 4 Hz. The valve opening
and closing was controlled in an on-off (square-wave) fashion by
a Parker Hannifin Iota One control unit. The actual gas velocity
during the injection interval was somewhat different from a square
wave largely due to the hydraulic response of the system. Sample
time traces of the instantaneous jet exit velocity U normalized by
the measured velocity averaged over the pulse, Uy, are shown in
Fig. 2 for two differentinjection times. These data were taken using
a hot wire placed immediately downstream of the nozzle exit. The
accuracy of the hot-wire data was better than 2%, based on the rms
value of the fluctuations observed during the steady portion of the
injection interval combined with the uncertainty in the calibration.

The velocitytracestypicallyindicatethatthereis a certainamount
of velocity overshootat the beginningof each pulse and that the trail-
ing end of each pulse was often accompanied by flow oscillations.
For the injection time of 7 =46 ms, a reasonable approximation
to the desired square-wave injection velocity profile was achieved.
For injectiontimes of 6 ms or longer, the injected volume associated
with the overshoot and oscillations amounted to not more than 3%
of the total. The hot-wire data also indicate that the average velocity
during injection was not greatly impacted by the duration of the
injection interval. The span of the hot wire actually exceeded the
diameter of the jet nozzle exit, so that the measured velocity was
somewhat lower than the actual mean bulk value. The actual value
of the bulk jet injection velocity was determined using an Omega
mass flow meter (Model FMA 824) under steady flow conditions.
The jet velocity was accurate to 1.5%, based on the stated accuracy
of the flow meter.

The fuel was ethylene, and both the fuel gas and the air coflow
were unheated(7 ~ 300K). Ethylene fuel was chosenfor its easy ig-
nitability and for comparison with previousresults. All experiments
were conducted at atmospheric pressure.

The luminous flame emission was recorded visually using a Pana-
sonic Model WV-650CP color charge-coupled device camera with
a framing rate of 30 frames/s. In some cases, each video image was
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digitally separated into two fields to give an effective framing rate
of 60 frames/s. The luminous portion of the flames correspondedto
the presence of soot particles, which, in turn, can be roughly asso-
ciated with the local reaction surfaces.>! The images were used to
examine qualitatively the flame structure and to determine quantita-
tively the flame length by identifyingand locating the most extreme
downstream parcel of the luminous flame in the last image frame
before the flame disappears. For the fully modulated flames, deter-
mining the flame lengthin this manneris relatively more straightfor-
ward than in steady flames, where flame parcels become separated
from the bulk flow in the flame tip region.”? To determine an aver-
age value for flame length, typically 30-50 images were analyzed
for each injection case. The mean flame length measurements were
estimated to be accurate to within approximately £5%, based on
the measurement uncertainty and the 95% confidence limit based
on the maximum rms value of the flame length fluctuations.

Flow Conditions

The typical injection Reynolds number, based on the bulk veloc-
ity of the jet during the injection interval (Uj, =22.6 m/s), the cold
fuel viscosity, and the exit nozzle diameter, was Rej, =5 X 10°. A
few tests were also run with Rejer =3 x 10* (Uje = 13.6 m/s). The
injection times ranged from 5.7 to 303 ms. The wait time between
injected puffs can be expressed in terms of the duty cycle (the jet-
on fraction of each cycle) @. The duty cycle is the product of the
injection frequency and the injection time. This implies, for exam-
ple, that increasing the frequency for a fixed injection time leads
to an increase in the value of the duty cycle. The duty cycle in this
investigation ranged from o =0.02 for the shortest injection time
(r =5.7 ms) to « = 0.5 for the longest (z =303 ms). This was suf-
ficiently short, for all cases in this study, to ensure that each puff
completely burned out (as indicated visually) before the next puff
was injected.!*!3 Therefore the duty cycle, being sufficiently short
to give isolated puffs, is not a key parameter in the current study.

The injection frequency varied from 1.7 to 3.9 Hz. (These fre-
quencies correspond to the injection times and duty-cyclelimitation
given earlier.) The corresponding Strouhal number, S7 = fd /U,
rangedfrom 1.5 x 10*t0 3.5 x 10~*. These valuesare far below the
value of Strouhal number correspondingto the natural instability in
the near-field region of the jet,>® which is approximately Sr = 0.25.

The very short injection time and the small nozzle resulted
in a small volume of fuel in each injected puff, ranging from
Vo =21.2 cm?® for the longest injection time (zr =303 ms) to
Vo =0.40 cm?® for the shortest (t =5.7 ms). Coflow air was sup-
plied to the combustorat a velocity of up to U s =45.7 cm/s to give
a ratio of the coflow velocity to that of the jet, Ucor/ Uje, ranging
from 0O to 0.02. For the case where the coflow duct was in place but
no coflow air supplied, the air required for combustion was drawn
in through the combustor exit.

An important considerationin the case of fully modulated diffu-
sion flames is whether the flow is driven primarily by buoyancy or
by momentum. The scaling law for the velocity decay in buoyancy-
driven cases differs significantly from the momentum-driven case,
even in the limit of small heat release. The criterion developed by
Becker and Yamazaki?® states that, if the value of the parameter
£ = (padg/pjelUjil)lﬂ(L/d) for a steady diffusion flame is less
than approximately 2, the flame is considered to be momentum
driven and when it is greater than roughly 10, it is considered to
be buoyancy driven. Here p, and pj, are the density of the coflow
and the jet gas, respectively, g is the gravitational acceleration, L
is the flame length, and d is the jet nozzle diameter. For the steady
flames in the present experiments, §; ~ 8.4, thus indicating that
the steady flames are likely primarily buoyancy driven. This argu-
ment would not necessarily be expected to hold for fully modulated
flames. It has been suggested' that, in these flames, if anything, the
transitionto momentum-dominated flow would require significantly
lower values than &, = 2 because of the loss of jet momentum due
to the rapid entrainment and mixing of ambient air that occurs for
widely spaced puffs. Similar reasoning suggests that the transition
to the fully buoyancy-dominatedregime is complete for values of
&, less than 10. Alternatively, a global Richardson number can be
determined based on the average buoyancy within the puff (from

temperature measurements), the puff diameter, and the puff celer-
ity. Both for the current study and for fully modulated puffs in an
earlier study,” the resulting values of the Richardson number were
around unity, indicative of the puffs being fully buoyancy driven.
Therefore, we expect that the majority of the flames considered in
this study were buoyancy driven.

Results
Flame Structure

Images of four representative flames (one steady and three fully
modulated) are shown in Fig. 3 for the case where the coflow duct
was present and with a normalized coflow velocity of Ucot/ Ujey =
0.005. The vertical extent of all images is 58.4 cm. Figure 3a shows
a steady turbulent flame; Figs. 3b-3d show fully modulated flames,
each with a different injection time. Each fully modulated flame
image shown is within one video field (17 ms) of the end of the
injectioninterval. The steady flame exhibits the well-known fluctu-
ationsin flame length due to the burnout of large flame structures?
For the relatively long injectiontime (z = 119 ms) correspondingto
Fig. 3b, an elongated flame structure is produced. In this case, the
flame is generally similar in appearance to the steady-state flame,
except for the flame tip region, which shows a pufflike cap structure
that does not lead to the fluctuations in flame length seen in steady
flames. The burnout length of these flames is comparable to those
for steady flames. For shorter injection times (and smaller injection
volumes), the flame length becomes noticeably shorter than that of
the steady flame (Figs. 3¢ and 3d). Figure 3¢ shows an image near
the end of the injection period of T =46 ms. In this case, a pufflike
structure is apparent in the region of the flame near the flame tip,
with a tail attached to the trailing portion of the burning structure.
These observationsare similar to those reported previously for free
flames."”

Changesin the structureof a typical fully modulated flame puff are
apparent in the time sequence shown in Fig. 4 for an injection time
of T =46 ms. The time between each of the representative images
shown is 17 ms, the first image is approximately 45 ms after pulse
initiation, with the third image correspondingto the time just before
the end of the injectioninterval. After the end of the injectionperiod,
the tail region is the first to disappear (fourth image). Subsequently,
the vortexlike structure of the burning puff becomes more evident
(sixth and seventh images), with the regions associated with the
vortex cores generally being the last to be completely reacted as the
time of combustion completion is approached (last image).

Although it may be tempting to relate the observations of the
caplike structure at the leading edge of the fully modulated flames to
the starting vortex formation seen in pulsed, nonreactingjets, there
are major differences between the burning and isothermal cases.
Formation of the starting vortex ring in free, isothermal jets has
recently been investigated > Such a starting vortex pinches off from
the trailing jet close to the nozzle, and the resulting ring attains a
circulation equivalent to that created by the first 4d long slug of
injected fluid. Even with the shortest injection time considered in
this work, the equivalentinjected slug length is 64d. Moreover, the
diameter of a starting vortex scales with the nozzle diameter in the
isothermal case, whereas in the fully modulated flame considered
here, the lateral width of the puff, §, is significantly greater than
d (Fig. 5). Finally, separation of the puff from the burning stem is
not observed for the fully modulated flames due to the acceleration
of the flow structures brought by buoyancy. In the isothermal case,
buoyantaccelerationis absent,and the separationof the startingring
from the ensuing jet is quite apparent2*2

The transition from compact pufflike to elongated flame behavior
can be characterizedin terms of the parameter

P = (H/d)} = @V,y/m)} [d = (Upt/d)$ (1)

This parameter was developed'’ by regarding the volume of injected
gas as a cylinder of identical volume with a base diameter equal to
the nozzle diameter d. The height of this cylinder, H, thus, is the
total volume of injected gas divided by the nozzle exit area. The
aspect ratio of this volume, H /d, can reasonably be expected to be
related to whether a fully modulated flame puff will be compact
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a)

b) c) d)

Fig. 3 Turbulent ethylene/air diffusion flames with low coflow, Reje =5 X 103, Ucot/Ujer = 0.005: a) steady flame; b) fully modulated flame with
injection time 7 = 119 ms, injection volume V; = 8.4 cm?, and duty cycle a = 0.32; ¢) fully modulated flame with T =46 ms, Vy =3.2 cm®, and o =0.15;

and d) fully modulated flame with 7 =5.7 ms, V =0.40 cm?, and o =0.022.

Fig.4 Sequence ofimages for afully modulated flame, P =8, 7 =46 ms,
and o =0.15. The sequence proceeds from top left to bottom right.

or more elongated in structure. When the visual description of the
pulsed flames is compared with their characteristic P value, it is
possible to correlate elongated structures with large values of P
(long cylinders) and pufflike structures with small values of P (flat
cylinders). Generally, pufflike behavior is seen for values of P not
exceeding approximately P = 8 for ethylene/air flames. (The flame
puff sequence shown in Fig. 4 is for this value of P.) In addition, for
isolated, pufflike structures, the parameter P is directly related to the
mean flame length because the latter has been shown previously'*!3
to scale with the cube root of the injected volume as follows:

Ljd~ P(1+ )} )

:
PUFF
HEAD
Fig.5 Fully modulated flame puff near TAIL
the end of the injection interval.
NOZZLE

d’lV
FUTEL

where v is the stoichiometric air/fuel ratio. The values of the injec-
tion parameter for the fully modulated flames shown in Figs. 3b-3d
are P =11, P =8, and P =4, respectively. For a given mean flow
velocity and nozzle diameter, the injection parameter P is directly
dependent on the injection time 7, as seen in Eq. (1).
Representative pairs of images of fully modulated flame puffs for
three different coflow conditions are shown in Fig. 6a-6f. In this
case, the injection parameteris P =8 (r =46 ms) and the time be-
tween images is 50 ms. The vertical extent of the images is 35 cm.
The first pair of images, Figs. 6a and 6b, shows a fully modulated
flame in the combustor with no coflow supplied. In this case, the
necessary air for combustion was drawn in through the exit of the
coflow duct. The fully modulated flame portrayedin the second im-
age pair, Figs. 6¢ and 6d, had a coflow strengthof U/ Ui = 0.005.
For these injection conditions, there does not appear to be a signifi-
cantchange in the flame structure due to the presence of the coflow.
It would be reasonable to expect that the presence of coflow would
cause some increase in the flame length; the amount of this increase
is quantified in the next section. Finally, the free flame (no coflow
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b) d)

f)

Fig. 6 Fully modulated, turbulent diffusion flames for Rejet =5 X 103, P=8 at 7 =46 ms: a) ducted flame without coflow, first image; b) ducted
flame without coflow, second image 50 ms after first; c¢) ducted flame with coflow of strength Ucot/Uje; = 0.01, first image; d) ducted flame with coflow
of strength U.,/Uje; =0.01, second image 50 ms after first; e) free flame, first image; and f) free flame, second image 50 ms after first.

duct attached) for the same injection conditionsis shown in Figs. 6e
and 6f. The free flame appears generally similar in structure to the
flames with the coflow duct (Figs. 6a and 6b). For steady flames,
the addition of coflow for the range of velocities employed here
appeared to have relatively little effect on the flame, both in terms
of the mean flame length and flame structure. There was a slight
narrowing of the flame accompanied by a small increase in mean
flame length with increasing coflow.

Note that the images presented here are only representative im-
ages for each of the fully modulated flame and coflow conditions
shown. To determine quantitatively the changes in flame length
brought about by coflow, multiple images were considered, for
which a mean flame length for each flow condition was determined.
The results of that analysis are presented in the following section.

Mean Flame Length

The average measured flame length, normalized by the nozzle
diameter, is shown in Fig. 7 for fully modulated flames with various
coflow strengths and a Reynolds number of 5 x 10°. The case of
the free flame, which has no coflow and no duct, is included as a
special case. The abscissa parameter [identified in Eq. (2)] allows
comparison between fully modulated experiments using different
fuel gases, specifically the natural gas cases shown in Fig. 7. For
ethylene,y = 14.3sothat P(1 + ¢)'? =2.48 P =2.48(Uj, 7 /d)"/>
for the current study.

For values of the injection parameter of up to approximately
P =11 [correspondingto P (1 + y)'/? ~ 28], the normalized flame
length data appear to be reasonably consistent with the linear
scaling with the parameter P(1+1)'/?, even though the flames
for P > 8 are not necessarily pufflike in appearance. For P =11

L/d
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Fig. 7 Normalized flame length for isolated, fully modulated flame
puffs for Reje=5 X 103: V, free flames; A, ducted flames with
Ucot/Ujet = 030, Ucot/Ujet =0.005; 1, Ucot/Ujet = 0.015 O, Ucof/Ujer = 0.02.
Free flames of Hermanson et al.lS: Rejet =3.15 X 103-2 x 104,
a <0.2; B, natural gas; and @, ethylene.

[P(1+ )3 =28], the normalized flame length appears to ap-
proach the steady-statevalue. The trends in normalized flame length
of the currentresults, for both the free flames and the ducted flames,
with and without coflow, are in reasonable agreement with previous
results'® for free flames. These data in fact suggest that, for a suffi-
ciently large injected volume, the flame length of fully modulated
flames reaches a value independent of the injection volume. (For
sufficiently long injection time, the flame length would be expected
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to approachthe correspondingflame length for a steady flame.) The
average normalized steady-state flame length was L /d ~ 240.

For the pufflike flames [P <8, P(1 + v)'/3 <20] the mean nor-
malized flame length monotonically increases as the strength of the
coflow increases,as can be seenin Fig. 7. The mean flame lengths of
the ducted flames without coflow generally exceed slightly those of
the correspondingfree flames. Thus, it appears that, for the injection
conditions of this study, there is no coflow strength, which gives the
same mean flame length for a ducted flame as observed for the free
flame.

On a fractional basis, the increase in flame length was 25% for
P =6 [P(1+)'/3=15] as the coflow strength increased from
zero to U/ Ui =0.02. The amount of flame length increase
was comparable for the P =8 case, amounting to approximately
27%. For values of P in excess of P =38, the sensitivity of the
flame length, on a fractional basis, decreased substantially. For
P=11 [P(1+v)'3 =27], the mean flame length increased no
more than 13% for Ucor/ Ujee = 0.02 compared with the case without
coflow. The corresponding fractional impact of coflow for P =15
[P(1+ )3 =37] was much less, amounting to no more than 1%.
(This was within the uncertainty of the measurement.) Thus, as
the P value increases and more elongated flames result, the sen-
sitivity of the mean flame length to coflow decreases markedly,
leading to essentially no impact on flame length for P > 11. The
mean steady-state flame length for the maximum coflow strength
of Ucor/ Ujer = 0.02 was within 4% (again, within the measurement
uncertainty) of that of both the steady-state flame with no coflow
and the correspondingfree flame. For the case of P =4, theimaging
rate was not sufficiently high to allow for the reliable determination
of the mean flame length.

The trendsin normalizedmean flame length vs the coflow strength
for several fully modulated flames are shown in Fig. 8. The data for
the free flames are shown for reference on the ordinate of Fig. 8.
For the highestvalues of P(P > 11), as well as for the steady flame,
essentially no systematic change in flame length with increasing
coflow was apparent for the range of coflow strengths provided.
(The P =15 case is shown in Fig. 8). The sensitivity to coflow of
fully modulated flames with values of the pulsing parameter P <8
is apparent in Fig. 8. The mean flame length evidently increases
with the addition of even the smallest amount of coflow employed
here, Ut/ Ui = 0.001. Note that there is necessarilya fundamental
change in the flowfield in going from no coflow to even a very
weak coflow. In the case with coflow, the airflow throughout the
combustor, including the region near the fuel nozzle exit, has an
axial component in the direction of fuel flow. This is not the case
for the flame without coflow (in which case the fresh airflow at the
combustor exit is in the opposite direction to the fuel flow) or for
the free flame. The significance of changes in mean flame length for
compact flame puffsin switching between the differentflow regimes
is unclear at present.

260
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Fig.8 Effect of coflow strength on normalized flame length for several
values of injection parameter for Reje =5 X 103, 0, ® P=6; O], A,
P=8;and A, A, P=15. Solid symbols, free flames and open symbols,
ducted flames with coflow.

Scaling Argument for Coflow Effects

To determine a characteristic value of coflow strength for a given
increase in flame length for the widely separated puffs considered
here, an argumentbased on the relative strength of the coflow and the
puff core velocity may be invoked. Itis hypothesizedthat the degree
to which the coflow velocity affects the mean flame length depends
on the strength of the coflow relative to an appropriatecharacteristic
velocity for the burning fuel puff. A given change in the mean flame
length is then expected for U, = U,/ k, where U, is the centerline
velocity of the gasin the puffand k > 1 is a constantto be determined
from experimental data. To continue this argument, scaling laws for
the puff celerity, s, and the puff centerline velocity U, are required.
For isothermal buoyant puffs in the Boussinesq limit,

s~ 2.8F17 ! 3)

where z is the vertical distance from the source and F is the total
buoyancy of the puff givenby F = g[(0a — ppust)/palV . (Here, ppute
and p, are, respectively, the average puff density and the ambient
density.) The volume of the burning puff, V, is much larger than
the injected fuel volume due to heat release and air entrainment.
In the Boussinesq limit in a uniform, isothermal environment, F
is conserved, whereas in pufflike diffusion flames, F varies due to
the heat release and the accompanying density changes. Previous
experiments'®> have shown that the celerity of diffusion flame puffs
in the region near the mean flame length is approximately similar
to that of isothermal puffs, but with a different constant:

s~ 6.2F37! @)
The centerline gas velocity is roughly twice the celerity,26:? so that
Ug ~2(6.2F77") (5)

The density ratio in the expression for F' can be found from
the temperatures in the puff and the coflow air assuming uniform
pressure. Moreover, the puff volume increases as its radius cubed,
V & 3r3, with the proportionality constant of 3 taken from previ-
ous isothermal experiments® Strictly speaking, the coflow velocity
would likely enter the scaling of puff width with downstream dis-
tance; this minor effect is not being considered here. It could also
be pointed out that, after burnout, the visible puff size is zero. How-
ever, in this case, the scaling argument regarding coflow effects is
no longer relevant.

On dimensional grounds, the puff radius r must scale with the
distance z from the source in the far field of turbulent puffs. Ex-
amination of sequences of burning puffs (such as Fig. 4) indicates
that up to the point of puff burnout, the puff diameter increases with
distance as roughly r ~(0.16z. Thus, F can be estimated for pufflike
diffusion flames based on this scaling relationship to get

F =~ g(1 — T,/ Toui)(0.0122°) 5
Subsequently, the puff centerline velocity is
Ua % 1.4[g(1 = T/ T2 = 1.4[¢ (2)2] ©)

where g’ = g(1 — T,/ Tyuir) and Ty, and 7T, is the mean temperature
near the flame tip and the temperature of the coflow, respectively.
Requiring that the coflow velocitybe a fraction of the puff centerline
velocity at the flame tip, z = L, allows determination of the coflow
velocity for a given increase in mean flame length:

Ueot < Ua(z = L)/k ~ 1.4[g'(z = L)L [k (7)

Finally, expression (7) can be nondimensionalized by the velocity
at the source, Ui, to give

Ueor 1.4 " L) L ®)
— = e— Z =
[jjet char k ¢ U'z

Jet

o=

Thus, the characteristic value of U.y/Uj, depends on the flame
length, the average temperature at the flame tip, and the jet source
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velocity. The mean flame length L of widely separated puffs s, thus,
expected to scale linearly with P (and, hence, the injectiontime), as
discussedearlier,so that L /d = a(1 + v)"/* P, where a is an empiri-
cally determinedconstant. This scalingassumes that the flame length
asymptotesto zero in the limit of P =0 (zero injected fuel volume).
The current mean flame length results for 6 < P <11 suggest the
value a =9.84 for a coflow strength of Ucy¢/ Ujee =0.01. Temper-
ature measurements in previous experiments'> with isolated fully
modulated diffusion flame puffs have indicated that the mean puff
temperatures near the flame tip are generally around 7, = 400°C,
regardless of the puff injection conditions. This temperature is an
averagein the puff region, where there has been substantial entrain-
ment of excess air, and is not representative of a flame sheet or
stoichiometric surface. Substituting for L/d then allows the direct
determination of the expected characteristic coflow velocity as a
function of injection conditions for a given fuel:

Ucof 4.3 gd Ta <
=) = 1— == ) +y)3P
char

ol

[jjet k [jjit Tpuff
1
43 | ga? T, )
=2 g—5<1——>(1+¢)%r% ©)
k U: puff

The utility of the preceding argument in determining a threshold
for the onset of coflow effects in fully modulated, turbulent, diffu-
sion flames can be determined from a systematic examination of
the mean flame length for the full range of coflow strengths em-
ployed in this investigation. The observed coflow strength required
to produce a given increase in mean flame length are compared with
the predicted values of the characteristic coflow strength in Fig. 9.
The data points shown correspond to an increase in the mean flame
length of 15%, with the upper and lower bars correspondingto flame
length changes of 18 and 12%, respectively.The curves, for two val-
ues of Reynolds number, were generated for ethylene fuel using the
scaling arguments developed earlier [Eq. (9)]. The experimentally
determined values of the characteristic coflow velocity are seen to
be in reasonable agreement with those suggested by the scaling
argument for a value of kK =8.9. The value of this constant would
naturally be differentfor a differentfractional change in mean flame
length than the 15% chosen here.

Though the choice of a 15% increase in mean flame length as a
threshold value is rather arbitrary, the experimental results shown
in Fig. 9 lend support to the two essential predictions of the scaling
argument developed here, thatis, that the amount of coflow required
to achieve a given increase in the mean flame length 1) increases
as the injection time, that is, P, is increased, for a given Reynolds
number and 2) decreases for a given injection time (or P) with
increasing Reynolds number. For a fixed value of both the injection

0.025

E Re = 3k

0.02

0.015

0.01

(U cof)l( Ujet)char

0.005

Fig.9 Predicted characteristic coflow strength correspondingtoa 15%
increase in mean flame length: solid curves, analytical result; experi-
mental results (from Fig. 8): ®, Re=5 X 10°; and M, Re=3 X 10°.

parameter P and the coflow strength, no systematic dependence of
the flame length on Reynolds number was observed.

Note that the proposed scaling argument is only expected to be
valid for compact, pufflike structures, whichrequirea value of P <8
for ethylene fuel. A threshold value of coflow strength for the more
elongated structures corresponding to higher values of P is not yet
established. (The coflow also appears to have a less marked impact
on flame length in these cases.)

Summary

A pulsedfuelinjectorsystem was used to study the flame structure
and flame length of fully modulated jet diffusion flames overarange
of injection times with a variable air coflow. In all cases, the jet was
completely shut off between pulses (fully modulated) for an interval
sufficient to ensure widely spaced, noninteracting puffs. The fuel
consisted of ethylene at 1-atm pressure. Imaging of the luminosity
from the flame revealed distinct types of flame structure, depending
onthelengthofthe injectioninterval. For shortinjectiontimes (small
injected volume) and shortduty cycle, pufflike flame structures were
observed. The burnoutlength of the puffs was at least 51% less than
the steady-state flame length. For relatively longer injection times,
a more elongated shaped flame resulted. The mean flame lengths
of the elongated flames were generally comparable to those of the
corresponding steady-state cases. For compact puffs, the addition
of coflow for ducted flames generally resulted in an increase in the
flame length, amounting to an increase in flame length of up to 27%
for a coflow strength of U/ U, = 0.02. The effect of coflow on
the normalized flame length of pulsed flames with longer injection
times, as well as steady flames, was much less. The mean flame
length for flames in the ducted combustor generally exceeded that
of the corresponding free flames, even for the case where no coflow
air was supplied. A characteristic value for the coflow strength at
which a specified change in flame length occurs is developed and is
seen to be in good agreement with the experimental results.
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