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The Qusning velocity of open inverted-cone shuped kerosenc-air sprays was measured at constant ajr-fuel
ratio and for several degrees of atomization of the spray. The results show that as the degree of atoniza-
tion in the spray increases, the burning velocity first increases to a maximum value, and then decreases
to the burning velocity approaching that of a premixed gas flow.

I'ntroduction

The effect of droplet size on the burning velocity
of liquid fuel sprays has been studicd by several
investigators to date. The experiments of
Burgoyne and Cohen [1] using monodisperse
tetralin-air sprays showed that the laminar burn-
ing velocity in sprays with very smuall droplets is
smaller than the burning velocity in comparable
sprays of larger droplets. Morcover, very small
droplets appear to vaporize completely upstream
of the flame front, thus giving the flame a pre-
mixed gas flame appearance, while large drops
burn in diffusion {lames around the liquid phase,
thus giving the flame a “brush”™ type appcarance.
Unfortunately, the air-fuel ratio in Burgoyne and
Cchen’s experiments was not constant over the
wide range of droplet diameters required to find
a critical diameter for maximum burning velocity
at constant air-fuel ratio.

The following mechanism for flame propaga-
tion can be used to qualitatively interpret the
experimental results: In sprays of large droplets
the flame propagation is in relatively vapor-free
space with a relay process across the diffusion
flames surrounding each droplet. Heterogeneous
combustion around the droplets takes place in
the optimum air-fuel ratio, and the droplets act
as high temperature heat sources for the ignition
of adjacent droplets, thus resulting in flame
propagation with pockets of cool air remaining
between the droplets. In addition, the thermal
expansion of the gas around the burning droplets

intensifies the transport process, and accelerates
the burning velocity. At constant air-fuel ratio,
beginning with rclatively large droplets, an initial
reduction in a droplet size results in a more
closely spaced suspension, a higher volumetric
heat release rate, and consequently an increase
in burning velocity. However, further decrease
in droplet size eventually results in significant
amounts of fuel evaporating ahead of the flame
and mixing with the air between the droplets.
Burning of this lean homogeneous fuel-air mix-
ture requires high temperatures, or a relatively
Jarge amount of heat transferred ahead of the
flame for ignition. As a result, for the relay
flame transfer associated with heterogeneous
combustion around the droplets, an increase
in the amount of fuel evaporated before ignition
will also decelerate the burning velocity. Thus,
increasing the droplet size in such a spray may
result in increasing the burning velocity. Although
this was not confirmed by previous experimental
investigations, an interesting conclusion of the
previous results is that there is a range of droplet
diameters for maximum burning velocity in a
spray, and that very fine atomization may not
always be desirable in combustion applications.
A quantitative interpretation of the transition
from heterogeneous to homogeneous combustion
in a spray, and of the accompanying influence on
burning velocity, must take into account the rela-
tive magnitudes of the characteristic ignition delay
and burning times for individual droplets and for
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a premixed gas. According to William’s [2] approxi-
mate analysis, it is expected to have both increases
and decreases in burning velocity upon transition
from hetcrogencous to homogencous combustion
in a spray depending on the properties of different
fuel oxidizer systems. Reference [3], using several
different ignition delay times for the droplets,
chows how this transition process can resultin a
maximum value for the calculated burning velocity
as the droplet diameter decreases at constant air-
fucl ratio. Refercnces [4] and (5] include dscus-
cions of 4 possible decrease in air-fuel ratio as the
spray particle size decrcases in the lean limit for
flame propagation.

Mizutani and Nakajima [6] used an open
inverted-cone-flame burner, and measured the
local rate of flame spread in turbulent kerosene-
mist-propane-air mixtures. The normal rate of
flarne spread, Su, into the mixture _was_defmed
in terms of the expression S, = V sin 6, where
¥ is the local mean flow speed, and 6 is the
angle between the mean position of the flame
front and of tracks from every smail droplet in
the flow.

The measurements in [0] were carried out in
a region of relatively constant average gas speed
and turbulence intensity. It is therefore assumed
that {lame elements reach their “cquilibrium”
speed of propagation in that region so that the
measured value of §, 18 the burning velocity of
{he mixture. Data in [6] show that for the same
upstream conditions and overall air-fuel ratio,
addition of kerosene spray to a propane-air flame
may increase the burning velocity, while addition
of kerosene mist consisting of very fine droplets
may produce the opposite effect. It was con-
cluded that the measured changes in burning
velocity as the kerosene is added in relatively
large droplet or fine mist form are a consequence
of the change of the system from a gas phase mix-
ture into a gas-liquid two phase mixture and not
of the different physicochemical properties of
kerosene and propane vapor. Thus, this conclusion
is also in support of the previous qualitative
description of the effect of droplet size on the
burning velocity.

The present work is an experimental investiga-
tion of the effect of droplet size on the burning
velocity of polydisperse kerosene-air sprays. The
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experiments were similar to those in [6] and [7],
and the normal rate of flame spread into the com-
bustible mixture, measured in a region of rela-
tively constant mean flow speed and turbulent
intensitys will be identified as {he burning velocity
of the mixture for the turbulence level present in
the apparatus. No rigorous justification for this
assumption is attempted here. However, from
schlicren photographs it appears that the flame
front is flat in that region, suggesting a constant
speed of flame propagation.

Experimental Apparatus

and Procedure

The experimental apparatus was similar to that
used in [6] and is shown schematically on Fig. 1.
It consisted of a vertical stainless steel tube 25 mm
id.and 1 m long with kerosene-air spray {lowing
upwards and discharging into the ambient atmo-
sphere. A small acetylene pilot flaine, with a 3 mm
o.d. burner, was located at the exit of the tube
and was used to ignite the spray. The resulting
inverted cone flame was photographed using a
schlieren system. The primary air supply was
metered using a rotometer, und a sccond rotometer
was used for measuring the air supply to an ultra-
sonic atomizing nozzle operating at 35,000 cps,
which was employed for atomizing the liquid fuel.
The fucl was supplied to the nozzle through a
variable flow rate rotary pump, and the air-fuel
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Fig. 1. Schematic diagram of experimental apparatus.
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ratio, as well as the droplet size distribution, were
set by adjusting the pump exit pressure, and the
primary and atomnizing air flow rates. The air-fuel
oo was caleunlated from the rotometer readings,
a1 by weighing the mixture collected at the
tube exit using a plastic bag. The keiosene and
air flow rates were constant for all the experi-
mental runs, and the air-fuel ratio was 18.

Figure 2 shows the distribution along the tube
radius of mean velocity and rms velocity fluctua-
tions upstrcan from the flame {ront measured
using hot wire ancmometry. These measurements

“were carried out witheno combustion and no spray
present. In addition, the different atomizing and
primary air flow rates that were employed during
testing resulted in mean velocity and nins velocity
fluctuation profiles that differcd by a negligible
amount from those shown on Fig. 2. The {low
Reynolds number based on the tube diameter was
2700. The rms fluctuations shown are average
values including turbulent bursts due to the transi-
tional flow regime. ’

Droplet diameters were measured from photo-
graphs of the spray obtained using an instantancous
light source with a flash duration of approximately
5 psec. The optical system was similar to that
used by Ingebo {81, and produced a niagnification

3.0
o
o
-
~
£
{03 =
e
] s
¢ 2.0} «
ol el
@ -
= (&)
E =2
- o
Ny ™
- 02
© -
S g
J (&}
[e]

w
)
> 1ot w
>
0
ol =
_a [+ 4

P

1 L . . t
0.t 02 0.3 04 05 0.6 0.7 0.8
DISTANCE , /R

Fig. 2. Mean velocity and rms velocity

distributions ahead of the flame. »/R is

the nondirmmensional radial distance from
the tube centerline. R = 1.25 cm.
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of X8 on the {ilm with a depth of ficld of approxi-
mately 1 mm. To avoid excessive’attenuation of
the light passing through the fine spray, a 10 mm
wide slit was placed perpendicular to the light
beam over the tube gxit when photographing the
droplets. Photographs were taken only at one posi-
fion corresponding to a distance of halfa tube
radius from the tube centerline and from the tube
exit. Droplet sizes were incasured after magnifying
the negatives about 3 times. About 300-650
droplets were counted using several negatives for
each run. The droplet sizes measured with this
method are subject to uncertainty because of (a)
personal interpretation of the position of the
droplet boundasies, as well as of the droplets that
are out of focus and (b) the effect of {ilm de-
sping time on the image size of the very small
droplets. The counting and film developing were
carried out by the sane person to miniinize dif-
ferences in interpretation and developing techni-
gue. The resulting droplet size counts were used
to quulitatively describe the relative extent of
atoniization between different sprays. This was
accomplished by comparing the liquid volume

in each droplet size group for the sprays tested.
Droplets that appeared smaller than 30 p in diame-
ter were not included in the results because they
could not be accurately counted with the present
system.

Figure 3 shows schlicren images of flames
obtained for three different degrees of atomiza-
tion. The exposure time was 107 sec, the magni-
fication was X3 on the film, and the depth of
focus was about 6 mm. The light source was a
high pressure mercury vapor lamp. Droplet streak-
lines can be clearly observed ahead of the flame
using the photographic negatives, and can he used
to track the mean position of particle paths in
the flow. Occasional large scale turbulent bursts
produced large scale distortions of the flame
front, and only photographs where the flame
front appeared smooth were used for measure-
ments.

The burning velocity, Su , was calculated using
the equation:
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Fig. 3. Schlieren images of spray flames: (a) Spray A, (b) Spray B,
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Fig. 3. Schlieren images of spray flames: (a) Spray A, (b) Spray B,

(a)
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Fig. 3. Continued. (c) Spray E. Pilot flame tip shown is 3 mm high. Exposure

time was 10™ sec.

which is derived from the diagram on Fig. 4 using
conservation of mass and constant density flow.
V is the necan flow velocity over a length Ar,
measured at the tube exit and at a radial distance
of half the tube radius, and A/ is defined in terms
of the surface enclosed by the mean particle path
lines from Ar to the upstream side of the schlieren
image of the flame front as shown on Fig. 4. 7,

is the mean distance of Al from the tube center-
line. It should be noted that Al appears as a
straight line in the region of measurement. Assum-

TUBE EXIT

Fig. 4. Schematic diagram used for calculat-

ing Su‘
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ing the maximum schlicren deflection occurs at

a gas temperature of approximately 500 °K [9]

it is possible to estimate the eyror associnted with
the constant density assumption in Eq. (1). This
is accomplished by using the following approxi-
mate relationship for the temperature distribution
in the preheat zone of the flame 91:

T-T, — -
LDl =exp(-C.p S x[k) @)
500-7; PCCy P 5/

where 7is the toﬁwpc cature, C, is the average
heat capacity of the gas, p is tﬁe upstream gas
density, k is the average thermal conductivity
of the gas, and x is the distance measured {rom
{he position of the maximum schlicren deflection
in the upstream direction. 7 is the upstream gas
temperature. From schiieren photographs of the
flame the half thickness of the schlicren deflection
zone is approximately 0.03 em. Using €= 0.25
cal/g’K, p= 10" glom® k = 107 czﬂ/scg em K,
and S, = 20 cm/sec results in (I~ Tl.) < 1°Kat the
upstream position of the schlicren deflection zone,
thus confirming the constant density assumption.
For the sprays observed in the present work, it
can be shown that the droplets were at their tetmi-
nal velocity at the tube exit. More than G5% of the
liquid volume was in droplet sizes below 80 u
in diameter. For such droplets the slip velocity at
the tube exit was less than 6% of the mean flow
velocity used in Eq. (1). Additional slip conditions
at the flame front result from the divergence of
the flow streanlines with respect to the tube axis
as shown on Fig. 4. For this reason the particle
tracks that were used were those of the smallest
droplets, since tracks of large droplets, which do
not adequately follow the streamlines, will result
in smaller values of S calculated from Eq. (1),
or the relationship S, = V sinf [6].
The fuel was kerosene with a specific gravity
of 0.8, and was kept at room temperature condi-
tions before testing.

Results and Discussion

Degree of Atomization
in the Sprays Tested

Figure 5 presents direct photographs of spray
flames showing the effect of increasing fuel

C. E. POLYMEROPOULOS AND S. DAS

astomization on flame appearance. Fig. 5(a) is

for spray A consisting of relatively large droplets
(hat burmn enveloped in yellow diffusion flames.
Combustion appears to take place downstrcam

of a well-defined region that does not necessarily
coincide with the flame front recorded on schlicren
photographs. Increasing atomization in sprays C
and B (Figs. 5(b) and 5(c)) results in decreasing
{he number of individually burninglarge drops, and
in the gradual appearance of a blue flame front
that is characteristic of premixed gas {lames.
Spray 7 is for the finest atomization that was
veed in the present fests and shows a well-defined
Blue flame front with a small number of buming
drops in the dowanstream reglon.

Figure 6 shows the cumulative volume distribution
vs droplet diamneter for sprays Ato E calculated
from the droplet size counts. The liquid and air-
flow rates were the same for all tests. As a result,
the liguid volume in each size range was normalized
with respect to the total volume of spray A. Spray
A consisted of relatively large drops whose diame-
ter could easily be measured. Figure 6 gives no
information about the important droplet diameter
range below 30 p. However, it shows that from
spray A to spray E, (a} the number of large diame-
ter droplets decreases, and (b) the fluid volume
atomized in droplet diameters below 30 uin-
creases. Thus, the results of Fig. 6, together with
the direct photographic observations of the spray
flame, confirm that from spray A to spray E the
atomization becomes progressively finer.

From the data it is possible to estimate the
nurnber density of the droplets in spray A
assuming a uniform particle distribution. Table 1
shows the droplets counted per em? of focal
plane measured from photographic negatives,
together with calculated number densities
(droplets/cm®) for each size group. Lower and
upper bounds of the droplet number density
were obtained by assuming that either all the
counted droplets were located on the focal
plane of the photographs, or that the droplets
were distributed in a volume defined by the
estimated 1 mm depth of focus and the area
of the spray image. In the first case the num-
ber density is calculated by raising to the three
halfs power the number of droplets counted
per unit area of focal plane, while in the second
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case the number density js obtained by dividing Su using the expression Su =Vsing [6,7] are
the droplet counts per unit focal plane area also shown for comparison and are approximately
by the estimated depth of focus. The com- 10% higher than those calculated using the ex-
bined number density for spray A is thus es- pression éhosen for the preseit work, 0 is the
timated to be between 2210 and 1750 droplets/ mean angle between the flame front and the
em?. Using Table 1 and the liqoid fuel density droplet pithlines and is measured using droplet
(0.8 gm/cin?) it is possible to cstimate the pathlines originating at a distance of half the tube
liquid concentration to he between 8.6 and 6.8 radius at the tube exit. The velocities and the
X 10 gm/em?. This compares favorably with meastred distances from the photographic nega-
the value of 7.1 X 1075 gm/em?®, which is mea- tives are averages from several different meusure-
sured directly at the tube exit, and Suggests that ments. It was cstimated that measurements from
for spray Athe  asured particle size distribu- photographic negatives resulted in a +6 cm/sec
tion includes p;";tx‘.’f‘i(i“)/ all the (TZ‘O{?IC?S in that error in the calculated values of § , most of the
spray. Our i!]ﬂbi]l’ﬁy to measure dismcters below error occurring in the mcasnrmnegt of ry and A7
30 e prevents us from making similar caleulations (Fig. 4). chro«:hzcibﬂfty between different mea-
for the other sprays tested. surements was within +5 cm/fsec from the average
values ofSu shown on Tahle 2. Su initially in-
Burning Velocity Results creased from 60 em/sec for a relatively coarse
Table 2 shows the burning velocities (Su) mea- spray to a maximuin of 91 cm/sec as the degree
sured for the sprays tested. Caleulated values of of atomization increased. However, further
TABLE 1
Draplet Number Densities for Spray A
Droplet T o Number ;a;;ets o T B
diameter range cm” of focal plane ' Number of dropiets/cm3
W @ ®)° @?
§ Mﬁ\\ﬁ\\ﬁ“w&_x\\
31-40 91 868 910
41 -50 51 364 510
51-60 59 453 590
61-70 12 41 120
71-80 6 N 15 60
81-90 1 1 10
91-100 1 -1 1

1742 2210
M“\ 

“Obtained using (8) = (4)>/2
Obtained using (¢) = {(@)/(approximate depth of focus).

TABLE 2
Experimental Data and Associated Values of §

a
174
o 1
4 Ar Al 6 S, (em/sec)

Spray u r ¥y
cm/sec cm/sec (arbitrary scale) deg. Present Ref. [6]
————— T
266 22 32.8 35.2 9.2 37.8 14 60 64
266 22 36.7 40.7 7.8 26.1 17 72 80
266 22 36.2 39.8 8.3 22.0 22 91 100

WMo Ow»

266 22 35.7 450 8.0 28.0 15 60 69
266 22 35.3 432 84 36.5 13 50 60
?(Air-Fuel Ratio = 18)
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(a) Spray A, (b) Spray C,

Fig. 5. Direct photographs of spray flames

BURNING V

atomization r
velocity to 5C
present tests
mixed flame.
appears that
there is a dro;
maximum rat
larger than th
air-fuel ratio.
Observatio
front such as
pected, the fl
boundary lay



1 S. DAS

b St s A e s bt s e

()

(a)

Fig. 5. Direct photographs of spray flames: (a) Spray A, (b) Spray C,
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atomization resulted in a decrease in burning
velocity to 50 cm/sec for spray E, which for the
present tests appearcd to burn mostly as a pre-
mixed flame. From the results of Table 2 it
appears that for a given kerosene-air mixture,
there is a drop size distribution that resultsin a
maximum rate of flame propagation, which is
larger than that of a premixed gas of the same
air-fuel ratio.

Observation of schlicren images of the flame
front such as those on Fig. 3, shows that, as ex-
pected, the flame appears to be ignited in the
boundary layer ahead of the pilot tube tip, and

,(C).

Fig. 5. Continued. (c) Spray E. Exposure time was 1/125 sec.

that the point of ignition is further upstream for
spray C, which had the maximum measured burn-
ing velocity. In addition, it should be noted that
the angle of the flame with the vertical axis is not
a true indication of burning velocity, because the
effect of flow angle at the flame front must also
be considered. Observation of the sample photo-
graphs of Fig. 3 shows that the particle tracks
appear to diverge outwards at the flame front

by an increasing amount as the degree of atomiza-
tion increases. This is because the zone of fuel
burning (in gaseous or droplet form) downstream
from the flame front is shortened as the droplet
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size decreases, thus increasing the effect of flame
thrust, which is the reason for the diverging
droplet pathlines at the fTame front.

Reference [7] gives the following empirical
correlation for the burning velocity of kerosene-
air sprays in apparatus similar to that used in the
present study:

s = 6.800 (9-0.012) @)'1% [mfsec), (3)

where ¢ is the fuel-air ratio, d is the Sauter mean
diameter in microns, and ©' is the rms velocity
fluctuations in m/sec. This correlation was de-
veloped for sprays with Sauter mean diameters
between 30 u and 100 u and predicts that S, is
inversely proportional to d. This is not in conflict
with the results of the present work, which show
that & increases as the degree of atomization
increases (or asd decreases) from spray A to
spray C. However, since Eq. (3) was developed
using experimental data for d > 30 u it is not
expected to predict the decrease in S for very
small droplets as is shown by the results of the
present work. It should be noted that if it is
assumed that the volume of spray C for droplet
diameters below 30 u consists of droplets be-
tween 20 pand 25 yu, thend is 33 u for thisspray.

It is, therefore, safe to say that for sprays D-
and B d is nnuch less than 30 p. For spray A the
value of d can be calculated und is 54 u. For
¢=0.055 and &’ = 22 cm/sec, the value of Su

is calculated as 94 cm/sec, and should be com-
pared with the measured value of 60 cm/sec for
spray A. Possible reasons for the poor agrcement
are (a) the poor accuracy of the empirical corre-
lation that was obtained in [7] using data with
considerable scatter, and (b) differences in the
sprays used in the present work and in [7] that
may corréspond to .le same value of 4, but to
different shapes of the droplet size distribution
function.

Conclusions

The burning velocity of open turbulent kerosene-
air sprays was measured at constant air-fuel ratio,
and for various degrees of atomization of the
spray. The results show that as the degree of
atomization increases the burning velocity first
increases to a maximum value, and then decreases
to a burning velocity approaching that of a pre-
mixed gas mixture. Previous experimental and
analytical work is in qualitative agreement with
the present results. The question of whether
the measured velocity of flame spread into
the combustible mixture is indeed a true
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cquilibrium berning velocity for the spray is left
unanswered. However, the shape of the flame
frontin the region of meusnrement appeared to
be flat and together with the relatively constant
flow conditions indicated a constant speed of
flame propagation. Further study is currently
being conducted using laminar flow conditions

and instrumentation for the messurerment of
the number density of fine droplets.

This work was sponsored by the Departinent
of Trinsportction, Federal Aviation Adminisira-
tion, NAFEC, undor Giant No. DOT-FA 72
NA-746.
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