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Summary of the Doctoral Dissertation
The effect of droplet interaction on flame-spread characteristics of fuel-droplet

clouds in microgravity

Graduate School of Science and Technology for Innovation
Yamaguchi University
Yasuko YOSHIDA

Many researchers have conducted combustion and evaporation experiments
using a small number of droplets in a microgravity as a fundamental study to elucidate
the mechanism of spray combustion. However, there is still a large gap between the
knowledge obtained by those studies and actual phenomenon of spray combustion. From
these viewpoints, the liquid-fuel combustion experiments titled “Elucidation of Flame
Spread and Group Combustion Excitation Mechanism of Randomly Distributed Droplet
Clouds (Group Combustion)” were conducted in 2017 as the first combustion experiment
in the Japanese Experimental Module “Kibo™ aboard the International Space Station (ISS).
Based on the “Group Combustion” results on the influence of droplet interaction, this
study investigates the flame-spread limit distribution around droplet cloud elements with
a few interactive droplets in detail. Then, using the “Group Combustion™ results on the
flame spread over randomly distributed droplet clouds, the local droplet interaction effect
on the flame spread behavior under the condition near the group combustion excitation
limit was investigated.

As droplet-cloud elements, this study used four n-decane droplets, Droplets C,
B, Aand L, placed at fiber intersections of two-dimensional SiC-fiber lattice with a 4-mm
fiber interval in a combustion chamber. The flame spreads over the droplet-cloud element
in order of Droplets C, B, A and L. The position of Droplet L relative to Droplet A was
varied to investigate the flame-spread-limit distribution around burning Droplet A. The
position of Droplet B relative to Droplet A was varied to investigate the effect of two-
droplet interaction between Droplets B and A on the flame spread to Droplet L. The
position of Droplet C relative to Droplet B were also varied to investigate the effect of
three-droplet interaction among Droplets C, B and A. The results show that as the burning
lifetime of Droplet A, which is the starting point of the flame spread to Droplet L,
increases, the flame-spread limit distance from the center of mass of the interactive
droplets increases.

Randomly distributed droplet clouds consisting of up to 152 droplets were used

to investigate local flame-spread behavior. By changing the average initial droplet



diameter and the total number of droplets, the mean droplet spacing was varied. If the
mean droplet spacing is relatively small, the flame spreads radially, and a large group
flame expands due to the combination of multiple group flames. If the mean droplet
spacing is relatively large and thus outside the group combustion excitation limit, partial
combustion occurs. Under the condition near the group combustion excitation limit, the
flame-spread path becomes complicated, group flames are dispersed on a small scale, and
the blue flame region also increases. This study compared the local flame-spread
characteristics obtained with randomly distributed droplet clouds and the droplet-cloud
elements. As a result, under the condition near the group combustion excitation limit, the
flame spread occurs at droplet spacings larger than the flame-spread limit distance of
droplet array. This is probably caused by the expansion of the local flame-spread limit
due to the droplet interaction effect and due to preheating from the surrounding flame.
Various sizes of explosive phenomena in which simultaneous ignition of multiple
droplets occur were observed near the group combustion excitation limit. The results
show that the explosive phenomenon occurs even though the droplet showing the
explosion locates outside the flame-spread limit of the droplet array. The explosive
phenomenon is caused by the ignition of a flammable mixture around the unburned
droplets heated for a long time and ignited by a flame coming along a complicated flame-
spread path. It is considered that a long ignition delay time due to the deep wraparound
leads to the expansion of the flammable mixture layer, and an explosive phenomenon
occurs. Some explosive phenomena were compared considering the heating time and the
initial flame radius of the explosion. The heating time is defined as the time from the
ignition time of the droplet, which contributes most to the heating the unburned droplets
to form a flammable mixture around them, to the ignition time of the droplet, which is the
starting point of the explosion. The initial flame radius of the explosion was obtained
based on the outside of the blue flame in the heated direction. The results show that the
initial flame radius of the explosion becomes larger and therefore the scale of the
explosive phenomenon becomes larger as the heating time of the droplet which is the

starting point of the explosion becomes longer.
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Fig. 2.1 Schematic of the GCEM (Group Combustion Experiment Module) main
2.2)

assembly
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Fig. 2.2 SiC fiber lattice for droplet cloud suspension®?.
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Fig. 2.3 Glass needle for droplet generation and

three-dimensional traverse system®?).
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Fig. 3.1 Droplet-cloud-element model for flame spread from Droplet C to Droplet L via

Droplets B and A and apparatus for flame-spread experiment.
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Fig. 3.2 Flame-spread behavior from Droplet C to Droplet L via Droplets B and A

for different droplet arrangements.
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xldy

(C) SCB/d0=12, SBA/d0=12, 6=0°
Fig. 3.3 Flame-spread-limit distribution for Sga/do=4, 8 and 12
where Scs/do=12 and 6=0 deg.
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(d) SCB/d0=12, SBA/d0=4, 92=90° (e) SCB/do=4, SBA/do=4, 92=90°

(f) SCB/d():l 1 .3, SBA/d0:4, 922450
Fig. 3.4 Flame-spread-limit distribution for Spa/do=4
where Sce/do=4 and 12 for =90 deg. and Scr/do=11.3 for =45 deg.
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(C) Spaldo= 11.8, SCB/d():13.1, Sar/dy=15.6
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Fig. 3.5 Isothermal line of 1200 K during the flame spread in the case without
flame spreading to Droplet L for Spa/do=4, 8 and12 where Sce/do=12 and 6-=0 deg.
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At/dy’=0s/mm?
@1/d?=1.21 s/mm?
@1/dy=1.96 s/mm?>

Yldy

x/d,
(d) Sea/do=3.85, Sce/do=3.87, SarL/dy=16.6

(e) Sea/do=11.7, Sce/do=3.60, Sar/do=19.7 (f) Sea/do=10.5, Sc/do=3.70, Sar/do=19.5

Fig. 3.6 Isothermal line of 1200 K during the flame spread
in the case without flame spreading to Droplet L for Spa/do=4
where Sce/do=4 and 12 for =90 deg. and Sce/do=11.3 for =45 deg.
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(a) Sa/do=4.01, Sce/do=11.9, Sar/d=14.3 (b) Sea/do=3.85, Scp/do=3.87, SaL/di=16.6
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(c) Sea/do=11.7, Sce/dov=3.82, Sar/d¢=15.8 (d) Sea/do=11.9, Scp/dv=3.74, Sa/do=15.8

t/d(,i =073 S/ 1/dy?=-0.76 shm?

Y R
16 0y 16 t 0, = N mnr
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g L e g
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S \»(\I-s 16 4 =4 ")
H -8 ¢
: % / L
-16 L
\ 1
b 24— 4
x/dy x/d,

(e) Ssa/do=11.7, Sce/do=4.02, Sar/do=19.6 (f) Sea/do=11.7, Sce/do=3.97, Sar/dv=16.8
Fig. 3.7 Iso-thermal line distributions of 1200 K during the flame spread

in the case with flame spreading to Droplet L near the flame-spread limit.
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,y/dn
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x/dy

(1) Sa/do=10.9, Sce/do=3.86, Sar/di=19.7
Fig. 3.8 Iso-thermal line distributions of 1200 K during the flame spread

in the case with flame spreading to Droplet L near the flame-spread limit.
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Xty

(a) Sea/dy=4 (b) Sga/do=6

iy

(c) Sa/do=8 (d) Sa/do=10

(e) Saldo=12 (f) Spa/do=14

Fig. 3.9 Prediction of flame-spread limit for different degrees of two droplet interaction.

49



»
o

Scp/dy=4, 6,=90 deg.
OScp/d,=12, 6,=0 deg.
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Spald,

Fig. 3.10 Dependence of burning lifetime of Droplet A #ya/de* on droplet spacing
Sea/do. The solid symbols show average burning lifetime of Droplet A.
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Flame-spread limit

+
+ X %Q——?é/—
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RN 0
% ................. @ -t Em i m i m i m i m i m i m i m it m e m i m .-
Flame spreading No-flame spreading

10 | OScy/di=12, Syn/d=4 X Sca/dy=12, Sy,/dy=4
ASey/di=8, Spn/dy=4  * Scp/dy=4, Spr/di=4
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t,/dy’ [s/mm?]

Fig. 3.11 Dependence of flame-spread-limit from the center of the mass of interactive
burning droplets on the burning lifetime of Droplet A tva/do>. The circle and cross plots
show the cases of Sc/do=12 and Sga/do=4 with 6-=0 deg. The diamond and plus plots
show the cases of Sce/dy=12 and Sga/do=4 with 6:=90 deg. In the case of Scp/do=12
and Sea/do=4 with 6=90 deg., the data for 4=0 to 180 deg. are plotted. The chain line
shows the flame-spread-limit distance of a single droplet (Sar/do)imi=14.
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Fig. 4.1 Backlit image of a randomly distributed droplet cloud

with a total droplet number of 67 droplets.
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Table 4.1 Test conditions™*

Test

Noo | ldow | M | dofmm] | RSD[%]
1 92 152 1.05 2.7
2 1.6 97 1.05 45
3 12.1 67 121 2.7
4 132 80 1.01 32
5 13.3 81 1.00 36
6 133 67 1.10 2.8
7 142 67 1.03 2.8
8 14.5 67 1.01 2.1
9 152 67 0.97 32
10 16.1 67 0.91 22
T 16.2 67 0.91 2.4
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(a) Before rearrangement

(b) After rearrangement

Fig. 4.2 Rearrangement of randomly distributed droplet cloud to droplet cluster

with even mean droplet spacing (S/do)m
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=043 s =4.90 s

t=7..~87 s t=8..37 ] =947s
Fig. 4.3 Flame-spread behavior for mean droplet spacing (S/do)m=14.5
of randomly distributed droplet cloud.
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(@) (S/do)m=9.2, do=1.05 mm, M=152 (b) (S/do)m=14.5, dv=1.01 mm, M=67

(©) (S/do)w=16.2, do=0.91 mm, M=67

Fig. 4.4 Lighten-composite images of flame-spread behavior with 1/30 s interval

for different mean droplet spacings, (57do)m, of randomly distributed droplet clouds.
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Fig 4.5 Droplet arrangement on SiC-fiber lattice and droplet identification numbers

for a parabolic flight experiment.

77



t=0s t=1s

t=2s t=3s

Fig. 4.6 Sequential images of flame-spread behavior in a parabolic flight experiment.
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Fig. 4.7 Temporal variation of droplet ignition position yj in y-direction

in a parabolic flight experiment.
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Fig. 4.8 Sequential photographs of flame spread to Droplet 89

in a parabolic flight experiment.
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Fig. 4.9 Temporal variations of isothermal line measured from 1200K position

of SiC fibers obtained by TFP method in a parabolic flight experiment.
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Fig. 4.10 Luminance distribution of the Red value (R value) of RGB image

in a parabolic flight experiment.
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Table 4.2. Local flame-spread rate to Droplet 89
from neighboring Droplets 90, 105, 106 and 107 in a parabolic flight experiment.

Base droplet Local flame-spread rate Linear droplet array
No. Sid, ) 5
Vid, [mm /s] Vid, [mm'/s]
106 10.2 46.9 21.3
105 14.4 44 .4 13.7
90 10.1 190.2 21.7
107 14.8 259.7 13.2
20
A From droplet 90 o
@ From droplet 105
15 t @ From droplet 106
e M From droplet 107
g
%]
g 10
2
2 A
5 L
¢
(©)
0 1 1
5 10 15 20

S/d,

Fig. 4.11 Increase rate of the local flame-spread rate of droplet cloud to Droplet 89

from neighboring droplets relative to the flame-spread rate of linear droplet array'®

in a parabolic flight experiment.
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Fig.4.12 Dependence of the local flame-spread rate on local droplet spacing.
The flame-spread rate of linear n-decane droplet array in microgravity is also

plotted in a parabolic flight experiment.
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(a) (S/do)n=16.1 (b) (S/do)m=15.2

Fig. 4.13 Lighten-composite images of flame-spread behavior with 1 s interval for

different mean droplet spacings, (S/do)m, of randomly distributed droplet clouds.
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(b) (S/do)m=15.2
Fig. 4.14 Dependence of the local flame-spread rate of droplet cloud on the local

droplet spacing. The flame-spread rate of linear droplet arrays® is also plotted.
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Fig. 4.15 Temporal variations of isothermal line of 1200 K obtained by TFP method for

the mean initial droplet diameter dp=0.97 mm and mean droplet spacing (S/do)m=15.2.
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Fig. 4.16 Droplet arrangement of randomly distributed droplet cloud applying

flame-spread limit in droplet cloud elements for mean droplet spacing (S/do)m=14.5.
Chain line is FSL1. Dotted line is FSL2. Two-dot chain line is FLS3.
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Fig. 4.17 Dependence of the normalized flame spread path distance of droplet cloud

on the mean droplet spacing.
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Fig. 4.18 Flame-spread path and the locations where explosive phenomena occurred

at mean droplet spacing (S/do)m=14.5.
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(a) Explosion location(D

(c) Explosion location(3)

Fig. 4.19 Image of the ignition timing of the droplets for the starting point

of the explosion phenomena.
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Fig. 4.20 Normalized flame-spread path distance to the location

of simultaneous ignition of multiple droplets.
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Fig. 4.21 Flame spread behavior of flare-spread path 1.
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Fig. 4.22 Flame spread behavior of flare-spread path 2.
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Fig. 4.23 Flame spread behavior of flare-spread path 3.
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