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Numerical Study of Evaporation and Ignition
of in-line Array of Liquid Droplets
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Abstract

The spreading fire of very small floating particles after they are ignited is fast and
therefore dangerous. The research on this area has been limited to experiments and global
simulations which treat them as dusts or gaseous fuel with certain concentration well
mixed with air. This research attempted micro-scale analysis of ignition of those particles
modeling them as liquid droplets. For the beginning, the in-line array of fuel droplets is
modeled by two-dimensional, unsteady conservation equations for mass, momentum, energy
and species transport in the gas phase and an unsteady energy equation in the liquid
phase. They are solved numerically in a generalized non-orthogonal coordinate. The single
step chemical reaction with reaction rate controlled by Arrhenius’ law is assumed to
assess chemical reaction numerically. The calculated results show the variation of
temperature and the concentration profile with time during evaporation and ignition
process. Surrounding oxXygen starts to mix with evaporating fuel vapor from the droplet.
When the ignition condition is met, the exothermic reactions of the premixed gas initiate
and burn intensely. The maximum temperature position gradually approaches the droplet
surface and maximum temperature increases rapidly following the ignition. The fuel and
oxygen concentration distributions have minimum points near the peak temperature
position. Therefore the moment of ignition seems to have a premixed-flame aspect. After
this very short transient period minimum points are observed in the oxygen and fuel
distributions and the diffusion flame is established. The distance between droplets is an
important parameter. Starting from far-away apart, when the distance between droplets
decreases, the ignition-delay time decreases meaning faster ignition. When they are close
and after the ignition, the maximum temperature moves away from the center line of the
in-line array. It means that the oxygen at the center line is consumed rapidly and further
supply is blocked by the flame. The study helped the understanding of the ignition of
droplet array and opened the possibility of further research.
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Figure 1. In-line Liquid Droplet Array.
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Figure 2. Schematic of Physical Model.

(1) 43 Wi dHde dAixd o3 A
T st ey el o3 JEge
T Aoz M3

(2) 4o mefe A FHolny Fuy A
AT WYL FAG

(3) BAMEAE T HAP2AS FAIET

(4) AA yFolxe] AR FF& fHo] 2
A FFY A Y] 1Y AlzE &
AR 3822 s gt

(5) LewisF+ 12 714 %)

(6) Dufour®} Soret& I} FAlgc)

vl a]

BRASK - HSRWIS 13% 1MGA% oW 1009% 38 39



22 _];_]_&HI—Z(:}/}_]

HH 3 7)1l diF o]xpAF QY BEYA
< AAFH 7o rol =YEUTh A4 (
r>R(t))d tEtde $H¢ FYo)m Ay
HA gv AoZ AP eng FHREAE
T3 dlyx REAe e @}

& base vector ¢ 9} Cartesian unit vector
im 9] contravariant®] W2 o2 t}g-3} o] e}
i},

A= im* € (2.4)
oCp - ‘g AVET 2.1)
7] A,
2__1 o0 1 o 0 22)
V= o 0 )Y T engag (S0 0500
71 tstedE (r > R(t) ), Figure w383 E&WA4
3 o Jepd uie} o] vjAW HIFAE o & Lo U)+———[] | oUnl— £+ P =0
st M odrle] HeW nEwgas o SPUT T Hee it o
< o33 2. (2.5)
Az BERAA
CFT 1_@_ j _ BT n
=28 TLJLFL;;%ZI, 51le W(pUnT= TS5 )] = S
S g3 23 (26)
i A -
047]}‘i F¢ CP , S¢:UFMFQCU
3}8F RELAHA .
T3 UPY) L D oU - 2 )=
i—0.F 2.7
\ Spherical particle
0171"1 F¢=,0D , Sd):VFMFC-U , (U ‘\__‘
Figure 3. Non-orthogonal Grid System. 33tE 1 9o whg&moin dubgkel 22193
¢l Arrhenius 4]-€ =93%%ch
[o= Rt }- : 5
A<k é] . BpZYOYF E
0=, © p( —Rﬁ) (2.8)
=0 (23
] at(])+ ] ax j[fdm(PU )] 0 ( ) —%7] z710 Flgure 9 Oﬂ L}-Q}- Al"‘ 7_]4
714 U; & Cartesian #EA 2} $xoln J Zi FAXALS o534 2o
B o] FAHAA FEHHFA =9 gradient

= "R uFREA =] HEol| 2|3 Jacobianeojth

40 mmas: - mpre@s 13% 1KGAS W) 1999% 38



= Foge] gste e o,
aT

7;-=0 at r=0 (2.9)
Y
5o EAE 7143 Ay FAE ol
t Womd duxs 4% A%t 42 Uol
£ ®oln
o] ZAAHAN AP EAE HL3IH,
u= (1L (2.10)

o
E3F o] AARANA YA REAT FEIE
of REAS AHg3d v ol Yehdo

Ak,
ol R — 0L pST @11)
- pD% = pu1—Yrs) (2.12)

0
pD—7% = pus¥ os (2.13)
FAAMY dg9 FE(Ye)E AAE7)

flete, TdE dg% 70 dE5Aow A
53 ol Clausius-Clapeyron4
o2 thgi o] vebd 4 JrHol

ML T,

R.T, (— T, -] (2.14)

Yrs=exp[—

WA E Atoloa= el 23 HA ]
FojHon, HHowRE HE "ozl far
field( 7o)l M= Z7)o] Fo 2x9} 5
2 fAHE Aoz siadsiac

3. 2l H EE

dAE e AF, 5% dux, a8z
B3 REUANSS FE3I Fe ANuF
o8 o] HEHoZ &g Tk AF
Ar 9 oz BnELPAL TDMALYEE o
3R 7149 A¢ BEE AupAAS 2
EIAMA HFHOZ 5719 dgEE e §
F4E UE F ol SIP(Strongly Implicit
Procedure) ¥ 2.2 & T3t siXd) o]
|% 422 n-heptaned AL o o)o
e &9 &3 EA4XE Table 19 e}
Atk AHo AL 100 um, FHHAL 17)
%, 1000KZ 7H43te A5t o 7)Aol A
o &5 2%, FEFY A7 wE WEE
Az don EF Hifojrel Azte] uwh
g 22%s T

Table 1. Physical and Chemical Properties of

n-heptane.
Value
0y 680 kg/m’
A, 0.126 J/m sec K
B 5108 m’/kmol sec
Col 2142 J/kgK
E 84107 J/kmol
L 316680 J/kg
Q 4473107 J/kg
T, 3714 K
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Figure 4. Velocity Profile of Gas Vapor.

Y{m)
DDMS

DDA -

AN

2edoad .

Lol TIKy
Y
05
0B h
0L
wog
(1Y)
IR
8000
S000 -
000

.M AR om e

FRDN SOV N

0.0000

Y{m)
0.0015

)
2.0004 g\\‘l" I‘

00005

D.0310

@)

0.0D14
Xém\

00010 :_-—‘“\H

4.2005 b

Loval TIR

1740.
1700
1600
1500
1400,
10,
1200,
1. h

- MM A GEwmDRQ

1

42 mmiy - EHREE 135 (REES BW  1099% 37

0.0015 X{m

¥(m)

0.00150 Y o
—_‘_‘\.‘ H
\_.H Laed T
s 160,
IRy
0.0010¢ e 9 g000.
" s 1700
T 1580,
/_,_-O—ﬁ__._\ 6 WM
- —— ] 4 Y0,
r —_— 4w,
0.00050 f ,/ 3 e o
& | ——a_| 2° 300
'|| 1 &0
\F I| &\“
1
N T .
0.0000 0.0605 0.0010 0.0015
Ximy
{c)
Yim)
0.0015 T T
e _
q\\"‘%_
Lovad T(K)
——’\\M A
0.0010 fo—s— CREFT S
:._‘:_% 3 .
-—1..___‘“\\ T $@
¢ Koo
"\ ‘\\"\_ﬂ s 20
=4 & 2500
0.0005 ¢ : 3 2000 e
2 10
\ \ ( 1 oo
WAl
o‘oooo'{\ll ll 1 P S S S R S WS €
.0000 0.000% 0ga1g 0.0015
Xim
@
Figure 5. Contour Plot of Gas Phase Temperature
with Time.
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Figure 6. Contour Plot of Fuel Mass Fraction in the
Gas Phase with Time.
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Figure 7. Contour Plot of Oxidizer Mass Fraction in the
Gas Phase with Time.
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NOMENCLATURE

thermal diffusivity (m2/s)
frequency factor (m3/kmole-sec)
constant pressure specific heat
(kJ/kg-K)

diffusion coefficient (m2/s)
contravariant base vectors

covariant base vectors

activation energy (kJ/kmole)
latent heat (kJ/kg)
molecular weight (kg/kmole)
pressure (Pa)

heat of reaction (J/kg)
droplet radius (m)

universal gas constant
(kJ/kmol-K)

radial distance (m)

velocity (m/s)

temperature (K)

time (s)

cartesian velocity component

non-orthogonal coordinate



Y; mass fraction

y cartesian coordinate
Greek
0 density (kg/m3)
w reaction rate (kmol/m3-sec)
A conductivity (kJ/m-sec-K)
T shear stress
Subscript
F fuel
i oxygen or fuel
{ liquid
surface
¢ scalar
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