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Abstract

In quiescent ambiences the burning rate of an isolated liquid fuel droplet varies with the droplet’s initial diameter d,
due to the close surrounding of the droplet in the flame and the subsequent strong action of flame heat, in balance with
its loss to ambience, on burning. Suppressing the influence of dy on burning rate was recognized in this communication
through burning the droplet in a forced convective flow that sweeps the flame off the droplet to weaken the action of
flame heat on burning. The dy-dependent ko, however, affected the correlation k = k(1 + C - Re®) for the burning rate
in convective flows, where &y, and k are the burning rate constants, respectively, in the equi-temperature quiescent and
convective-flow ambiences, and Re is the flow’s Reynolds number with respect to d,. Different correlation constants C
were acquired when using different dy and its corresponding kq to fit the correlation. In hot conditions (633 K in this
article) ko is bigger for larger dj, causing a smaller constant C when taking a larger d; for the correlation. Against this, &y
is lower for larger d, in room-temperature ambiences, which resulted in the mutual compensation of the effects from kg
and dy on C such that C is basically independent of the values of dy and k. Besides, the communication showed that C
was larger for the gas flow with a higher temperature, revealing an increase in the effect of Re on burning with raising the
gas temperature.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction (p: gas density, u: gas viscosity, dp: initial droplet dia-

meter). The value of k& is generally determined through

In a convective flow at a velocity ¥ the burning rate
constant £ of an isolated liquid fuel droplet was dem-
onstrated to adhere to the correlation of [1-3]

k =ko(1 + C - Re®), (1)

where kj is the burning rate constant for the case without
convection, C is a correlation constant or coefficient, and
Re is the Reynolds number estimated by Re = pVdy/u
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burning a droplet of the same fuel in a microgravity
quiescent ambience at the ambient temperature equaling
to the flowing gas temperature. Fig. 1 plots some litera-
ture data of such a kind of k& for differently sized n-
decane droplets at different ambient temperatures 7. The
plotted data were based on Refs. [4,5]. Although there
are many literature data regarding the burning in room-
temperature quiescent ambiences [6—11], Refs. [4,5] re-
ported the only set of data for the heated quiescent
ambience. An important result revealed in Fig. 1 is that
the rate constant k is functions not only of temperature
T, but also of diameter dy. Surely as it is, a higher T,
causes a higher &, for both droplet burning and droplet
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vaporization (if oxygen not limiting the burning). The
temperature T, also works with the influence of d on &
such that k, respectively, decreases or increases at low
(room) or high ambient temperatures with raising dp.
About these inverse influences of d;, on k in cold and hot
quiescent ambiences a primary analysis was presented in
Xu et al. [4,5]. What we like to stress here is that the dy-
dependent &, would affect the correlation (1). That is, the
different k, for different dy may complicate the depen-
dence of the correlation constant C on the selected d; and
ko. As we know, the use of the equation asks for a choice
of dy and its corresponding k. For the ideal case that kj is
independent of dy, the value of C is smaller when dj is
larger, which makes C - 40 independent of d; so that the
equation can be rewritten into

k= ko(1+C-Re®S) = ko {1 +C- dg's(pK/u)O‘sJ G

By using C - d33 instead of C the arbitrary choice of d; is
thus possible. When kg varies with dj as shown in Fig. 1,
the situation is different. The interactive influences of
initial droplet diameter and convective flow on droplet
burning rate may cause both C and C - d? to vary with
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Fig. 1. Dependence of droplet’s burning (vaporizing) rate on
initial droplet diameter in quiescent-air ambiences with different
temperatures.

the selected dy and k. It is thus necessary to clarify how
the correlation constant C varies with d; and its corre-
sponding k, from the viewpoint of facilitating the
practical use of Eq. (1). On the other hand, the initial
diameter influence itself may change with the interac-
tion. This creates another necessity of clarifying how the
initial diameter influence on droplet burning rate
behaves when a convective flow is present around the
droplet. Suekane et al. [12] observed that the droplet’s
burning rate in a convective flow is little dependent on d
but they did not generalize the result through correlation
with the burning in quiescent ambiences.

Moreover, the Eq. (1) was so far examined exclusively
for droplet burning in flows at room temperature [3,13—
15] or for droplet vaporization in slightly heated-gas flows
[16]. Therefore, extension of the examination to droplet
burning in hot-gas flows would be necessary and valuable
because actual droplet burning occurs in this way. In
order to address all the above-mentioned problems, this
communication burned droplets of n-decane in convective
airflows at two different temperatures (room temperature
and 633 K). Further, microgravity conditions were em-
ployed to minimize the actions of natural convection.

2. Experimental

Fig. 2 shows a schematic diagram of the employed
experimental apparatus. The convective gas flow was
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Fig. 2. A schematic diagram of experimental apparatus for
testing droplet burning in forced convective airflows with
adjustable temperatures.
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generated by passing an airflow from an air cylinder
through an internally heated stainless steel pipe of 400
mm in length and 22 mm in diameter. For that, a coiled
sheathed-heater (Ni—Cr wire) of 1000 W in capacity and
340 mm in length was deployed inside the pipe to make
the pipe into a piper heater. At about the middle point of
the coiled heater, a K-type thermocouple of 0.3 mm in
diameter was located between the heater and the pipe
wall to measure the inner temperature of the pipe heater,
and the temperature was then controlled using a PID
controller. A layer of heat insulation wools was wrapped
around the pipe heater to reduce heat loss. The air cyl-
inder, working at a pressure of 1.0 MPa, provided 6.0 1
of atmospheric air for experiment. The flow rate of air
was controlled with a mass flowmeter, and ahead the
flowmeter a pressure gauge was mounted to switch down
the cylinder pressure (1.0 MPa) to the flowmeter work-
ing pressure of 0.05 MPa. In order to uniform the flow
from the pipe heater, a netlike mesh was sintered at the
outlet of the pipe heater. A quartz-fiber of 110 um in
diameter suspended the droplet just beyond (about 13
mm) the pipe heater exit. Around the droplet a glass
pipe of 22 mm in I D and 25 mm in length was mounted
to guide the gas flow. There was a solenoid-controlled
shutter between the glass pipe and the pipe heater. Be-
fore the shutter was opened, the gas flow overflowed
from the interstices below the shutter. The actual tem-
perature of the airflow was measured using another
K-type thermocouple in the vicinity of the droplet. Both
the piper heater temperature and the volumetric airflow
rate controlled this temperature. In the case testing
droplet burning, a Cr-Ni wire was placed aside the
droplet to start the fire. The wire igniter had an electric
resistance of 1.2 Q and worked at a constant current of
0.5 A. An electrically insulated bar carried the wire, and
the bar was up-and-down moved by a step-motor-con-
trolled rotator. The image method was illustrated in the
dashed-line box of Fig. 2. Both droplet (backlight) and
flame views were simultaneously available. While the
droplet view was taken through a breach on the glass
pipe, the pipe had affected little the flame view due to the
view’s low magnification. The camera data were sent to
two digital VCRs, and the VCR data were further
transferred into image (AVI) files through a frame
grabber card.

Experiment was started from turning on the pipe
heater at 3-5 min before the onset of microgravity. The
drop shafts in the NASA John H. Glenn Research
Center (2.2 s) and the Japan Microgravity Center (JA-
MIC, 10 s) were used to create the microgravity condi-
tions. The airflow was usually started at 50 s before the
capsule drop, which was then succeeded by the droplet
formation at about 40 s. Turning on the wire igniter
occurred at the capsule drop in JAMIC and at about 1.5
s, i.e. between the time-counts 2 and 1, in NASA. This
operation for the NASA drop tower was wished to en-

sure an enough-long time for droplet burning during
microgravity. A timer controlled the electrifying time for
the igniter, and the end of the timing activated the
shutter to open and the igniter to withdraw (to rotate
up). The electrifying time was normally between 1.3 and
1.7 s (longer for larger droplet). Hence, the droplet
ignition, igniter withdrawal and shutter open could all
occur just around the capsule drop in NASA, whereas
these took place during capsule dropping in JAMIC.
The capsule drop stopped the electricity supply to the
pipe heater. When testing droplet burning in room-
temperature airflows, the operation procedure was the
same but all electricity commands for the pipe heater
induced dummy actions.

All image (AVI) files were framed at a rate of 60 Hz
in data reduction. In this report only the droplet size d
was measured from the droplet image to determine the
droplet’s burning rate. For that, a time ¢ of burning was
defined by counting the time from the moment turning
on the igniter. The initial droplet diameter d, was mea-
sured around ¢ = 0. All stated sizes refer to the equiva-
lent values determined as (droplet width)*?x (droplet
length)!/3. It was demonstrated that this size is very near
to the volume-equivalent diameter. The tested fuel in the
article was n-decane, and the examined d, varied be-
tween 0.8 and 1.6 mm.

3. Result and discussion

Fig. 3 shows the typical curves of @ vs. ¢ for droplet
burning in a room-temperature airflow of 13.15 cm/s in
velocity (¥, being the value at the tested gas temperature
7). The bold-line crosscut point for each curve anno-
tates the onset of the airflow with the shutter opening.
Hence, only the droplet sizes after the crosscut point
were correlated to determine the burning rate constant £,
as is illustrated in the figure by the straight lines.

The three curves in Fig. 3 correspond to three differ-
ently sized droplets. The figure allows thus the accurate
identification of the initial diameter influence on drop-
let’s burning rate without recourse to the values of the
burning rate constant & (the determination of & involving
usually some uncertainties so that a slight initial diameter
influence being hard to be identified). For this, three lines
with the same slope were drawn to correlate the data for
every individual droplet in Fig. 3. The lines well fitted the
data, showing thus a burning rate independent of dy. The
result is different from the demonstration in Fig. 1 where
the constant & for room-temperature quiescent ambience
(V) gradually decreased with increasing dy. Essentially,
the difference reveals that the influence of droplet’s initial
diameter, as shown in Fig. 1, was completely suppressed
by the application of a convective flow to the burning
droplet. In a wider rage of dy Fig. 4 corroborated this
further. There, some fluctuations are shown for the
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Fig. 3. Typical plots of @ vs. ¢ for burning an isolated droplet
in forced convective flows (from the test in the NASA drop
tower, bold-line crosscut point indicating the onset of gas flow).
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Fig. 4. Demonstration of initial diameter influence on droplet
burning rate in forced convective airflows (from the test in the
NASA drop tower).

measured burning rate constant k, but the value of k is
obviously independent of d, for a specified V; (either
13.15 or 26.31 cm/s in the figure).

The examined situations in Figs. 3 and 4 were for
room airflows only, but we can expect that the acquired

result is generally valid to the convective flows at arbi-
trary temperatures. Hence, there must be a negligible
effect of dy on burning rate in actual spray burners, be-
cause the relative velocity between gas and droplets is
usually 10s cm/s there [17]. Nevertheless, the investiga-
tion of the initial diameter influence on droplet’s burning
rate in quiescent ambiences is fundamentally necessary
to the understanding of the flame’s action on burning in
balance with its heat loss to ambience [4,8].

For quiescent ambiences in microgravity, the burning
products (soot, CO, and steam) evenly present around
the fuel droplet. This, as a consequence, forms a close
flame surrounding around the droplet to strongly affect
the droplet’s burning and in turn to result in the initial
diameter influence on burning rate clarified in Fig. 1.
The initial diameter influence denotes a flame-scale effect
[4,5], where the flame scale is equivalent to the amount
of burning products present around the droplet. Liter-
ature studies have demonstrated that the major cause for
the initial diameter influence is the different radiations
from the burning products, called the flame radiation, to
both ambience and droplet for initially differently sized
droplets [4,8,18,19]. An initially larger droplet generates
a larger flame so that it has more soot, CO, and steam
around the droplet and, in turn, emits more radiation to
affect the droplet’s burning. This makes then the differ-
ently sized droplets likely have different burning rates. If
a convective flow is applied to the flame, soot particles
and gaseous burning products may be swept off the
droplet to considerably reduce the action of flame
radiation on burning. In this case, the flame radiation is
still different from droplet to droplet, but the weakened
action of the radiation on burning would decrease, even
completely suppress, the influences originated from the
droplet’s different radiations. Reflecting in burning rate
it becomes just the demonstration of Figs. 3 and 4 where
the convective flow completely suppressed the initial
diameter influence on k. In addition, the convective flow
allows a lower soot formation during burning [20,21],
which would decrease the flame radiation to lower the
initial diameter influence as well.

Fig. 5 correlates the burning rate constants & with
convective velocity ¥, measured at two different gas
temperatures T, the room temperature () and 633 K
(A and 0). The tests were conducted in the drop towers
of JAMIC and NASA for the hot-gas flow and room-
temperature airflow, respectively. It was confirmed that
at different 7. the droplet size evolutions during burning
featured the similar variations of @> with ¢, allowing thus
k to be commonly determined with the method illus-
trated in Fig. 3. The hot-gas flow test was carried out
also in normal gravity conditions ((J), due to the limited
drops we had in JAMIC for microgravity experiment.
The lowest velocity ¥, examined for the hot-gas flow was
13.15 cm/s in Fig. 5. The reason for this is that to realize
the gas temperature of 633 K using the experimental
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Fig. 5. Droplet’s burning rate constant varying with convective
velocity of airflows at two different gas temperatures (ng: nor-
mal gravity).

apparatus sketched in Fig. 2 required velocities above
such a value. From Fig. 5 we can see that at these rel-
atively high convective velocities the burning rate con-
stants k& were little different between microgravity (A)
and normal-gravity (C0) conditions. This enabled the
analysis of the data, as is done below, without recourse
to the gravity level. Further, it is noteworthy that the
encircled &k in Fig. 5 were from Fig. 1 (V) because the
value of k at ¥, = 0.0 is just the same as k.

Irrespective of gas temperature, the burning rate
constant k gradually increased with increasing the
velocity ¥; and the increment with respect to unit change
in gas velocity, i.e. dk/dV; (6: differential calculator), was
lower at higher ;. This refers to a commonly recognized
result [3,17], but the figure clarified further that the
burning rate depended also on the gas temperature. That
is, at a given ¥ the value of & was slightly higher for the
hot airflow at T, = 633 K than for the room-temperature
airflow. Theoretically, we may expect that the result is
generally valid to gas flows at rather higher tempera-
tures, provided the oxygen dilution by raising 7, does
not inhibit the burning. Fig. 1 revealed that the oxygen
dilution with raising temperature did not seriously in-
hibit the burning of an isolated fuel droplet even up to
1123 K for quiescent ambient airs.

The burning rate constants & shown in Fig. 5 are
further correlated with the Reynolds number Re in Fig. 6
according to Eq. (1). The relevant properties of air are
p =1.1764 kg/m® and u=1.87 x 10~ Pas for 300 K
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Fig. 6. Correlation of burning rate constants & in Fig. 5 with
their corresponding Reynolds numbers Re by adopting different
dy and k as the quiescent standard.

(i.e. room temperature), and p = 3.30 x 10~ Pas for
633 K. The gas density at 633 K was estimated based on
the ideal gas law. For room-temperature airflow the
three different sets of dy and &y shown in Fig. 1 were used
as the quiescent standard for fitting the equation. As
Fig. 1 showed, k, decreases with increasing d, at this
temperature. There was not directly measured k, for
T. = 633 K in Fig. 1. An inferential plot (bold line) of &y
vs. dy was thus made for this 7; according to the data at
other nearby temperatures, such as 300 K (V¥), 773 K
(O) and 943 K (O). From this plot we determined then
the two sets of dy and &k, mentioned in Fig. 6. Fig. 1
shows that £ slightly increased with raising d, at 633 K.
We believed this variation tendency because the same
dependence of k; on d, was experimentally demonstrated
for droplet evaporation at the same 7, (® in Fig. 1).
Regardless of gas temperature, the burning rate
constants k in convective flows are well correlated with
Eq. (1). At room temperature, the choice of &, and d is
little influential to the correlation. This allowed the same
correlation constant C of 0.195 for the three different
groups of ky and dj (x, @ and [J). The result, however, is
hardly applicable to the case of hot-gas flow. As Fig. 6
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shows (such as A vs. <)), the greater ko for larger d; in
hot conditions caused a smaller C for Eq. (1). Thus, the
little differentiated C for room-temperature airflow
represented a particular case where the lower k, for
larger dy allowed mutually compensated actions on C
from ky and dy. That is, while the lower k, led to a higher
C, the corresponding larger d i.e. a larger Re, induced a
lower C. The interaction between both the effects caused
then the correlation coefficient C to be independent of &
and dy. Generally, we may see that the choice of k, and
dy would differentiate the correlation. In order to facil-
itate the use of Eq. (1), it is thus necessary to specify a
standard dy and its &, in estimating the coefficient C. For
example, we may adopt the unity-size of dy = 1.0 mm as
the quiescent standard, which enables then a unique C
for every specified gas temperature, such as C = 0.195
for 7. = 300 K and C = 0.372 for T, = 633 K in Fig. 6.
This C can be used to calculate the burning rate constant
k from Eq. (1) only for the droplet with d, equaling to
1.0 mm (using &, corresponing to this dy). Its resultant £,
however, is just the burning rate constant for any other
droplets under the conditions of practical spray com-
bustion because in this case d, is little influential to the
droplet’s burning rate (see analyses about Figs. 3 and 4).

Fig. 6 exhibited higher correlation constants C for
the hot airflow, indicating a bigger action of the Rey-
nolds number Re on the burning or vaporizing rate
constant k at the higher gas temperature 7;. The result is
related to the increased kinetic viscosity u/p of the
convective gas at a higher gas temperature, as it lowers
the value of Re for the same ¥;. The tendency of a larger
C for a higher gas temperature was indicated also in the
calculation of Dietrich et al. [13] who got a correlation
constant of C = 0.4 for a convective flow at 1280 K.
Law and Williams [2] had predicted that the convective
effects would decrease with increasing gas temperature,
based on a specified constant C of 0.276 for Eq. (1). The
present result from Fig. 6 reveals that the actual situa-
tion may be different, as we have variations of C with
gas temperature.

Another noteworthy point shown in Fig. 6 is the
experimental data that are lower than the linear corre-
lation values at smaller Re(< 1.5) for room-temperature
airflow. This was similarly shown in the literature studies
[3] (Re < 1.5) and [14] (Re < 1.0). In addition, our data
at room T had a constant C of 0.195, slightly lower than
the value of 0.3 presented in Ref. [3]. Experimental data
from Fujita et al. [15] for n-nonadecance droplets had
led to a constant C that is also smaller than 0.3. As for
the droplet burning in room-temperature airflows there
are several other values of C reported, such as 0.28 for
ethyl alcohol [1], 0.20 for n-butyl alcohol [1], 0.276 for an
empirical setting based on the data from droplet evap-
oration [2], and 0.4 for methanol [13]. Hence, how to
unify these correlation constants C entails further stud-
ies.

4. Concluding remarks

In quiescent ambiences there exist inverse influences
of initial droplet diameter dy on burning rate at low and
high ambient temperatures. While an initially larger
droplet has a lower burning rate in the former case (such
as at room temperature), it takes inversely a higher rate
when the ambient temperature gets higher than a certain
value, say, above 580 K or so based on Ref. [4]. A
necessary condition for the prevalence of the identified
initial diameter influences is the close surrounding of the
droplet in the flame, i.e. in the burning products (soot
particles, CO, and steam), such that the flame heat, in
balance with its loss to the ambience, can substantially
work on the droplet’s burning. In light of this the article
demonstrated that the initial diameter influence could be
completely suppressed by applying a forced convective
flow at the enough high velocities (>10 cm/s) to sweep
the flame (burning products) away the droplet and to
reduce the action of flame heat (mainly radiation) on
burning. As a result, the article suggested that in actual
spray burners there should be negligible initial diameter
influence on burning rate because the slip velocities be-
tween gas and droplets are usually 10s cm/s there [17].

The burning rate constant & in convective airflows
was well correlated with Eq. (1), irrespective of the
flowing gas temperature. The correlation, however, had
higher correlation constants C at higher gas tempera-
tures (633 K compared to room-temperature in this
work). This revealed a greater action of the Reynolds
number on burning rate for the hotter gas flow. The
utilization of Eq. (1) requires a necessary choice of dy
and its corresponding ky. The article found that the
do-dependent k, for burning in quiescent ambiences
influenced the correlation constant C. For hot-gas flows
the value of C was smaller when selecting a larger d, that
has a bigger k. Corresponding to this, the lower &, for
larger dy in room-temperature situation allowed mutu-
ally compensated effects of ky and dy on C such that C
little varied with the values of &, and d,. This, however,
refers just to a particular interactive case between the
influences of initial droplet diameter and convective flow
on droplet’s burning rate. Generally, the dy-dependent k&
for burning in quiescent ambiences would surely dif-
ferentiate the correlation constant C of Eq. (1). As a
consequence, the article urged to specify a commonly
acceptable standard dy, such as the unit droplet size of
dy = 1.0 mm, and its corresponding .y to facilitate the
application of Eq. (1).
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