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ABSTRACT

Ignition of current-taking Fluorinated ethylene propylene (FEP) insulated wire was investigated in a
forced flow field in micro and normal gravities. A bursting jet was firstly observed after FEP insulation
pyrolysis, and the induction time was observed before ignition occurred. Experimental and theoretical
analysis show that: firstly, FEP insulation melts and decomposes, but with little liquid flow and low air
permeability. The accumulated volatile gas inflates, causing jet bursting in both normal gravity and
microgravity. Secondly, the forced flow and gravity has little effect on the core heating time and the
bursting time, while the pyrolysis time increases slightly with increasing air velocity. Thirdly, the stretch
rates in terms of the velocity gradients are higher in microgravity. In this work, the stretch rates are all
positive indicating positively stretched flames. Both forced flow and gravity have significant effects on
the induction time, which is dependent on the stretch rate and Damkohler numbers. Induction time
increases with increasing air velocity, and is higher in microgravity. Finally, the ignition delay time is
dominated by the core heating and bursting time, while its bigger value and faster increase in
microgravity with increasing air velocity is dominated by the induction time.
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NOMENCLATURE

A Area t,, Time of induction

A, Pre-exponential factor t,.. Time of gas mixing

Bi Biot number t,  Time of insulation pyrolysis
¢ Specific heat capacity T. Temperature of inner core
d, Thickness of the insulation ©

D Diameter of the wire T., Temperature of interface
D, Molecular diffusion coefficient T, Temperature of insulation
E  Activation energy T, Pyrolysis temperature

g Gravity acceleration u  Velocity

g’ Buoyancy acceleration V. Core volume

h  Convection heat transfer coefficient Y, Mass fraction

k  Thermal conductivity z  Axial coordinate in cylindrical coordinates
K Stretch rate in the axial direction
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[ Length of the wire

r  Pyrolysis rate Greek
M, Molar molecular weight of C,F, o, Volume augmentation coefficient of the
Nu Nusselt number insulation
p,, Inner pressure B parameter
Do, Inner pressure " Parameter
O  Surface tension

Pr Prandtl number
AH [ Combustion heat of C,F,

AT Temperature difference
€  Emissivity

q.... Forced convection heat loss rate per unit
area

- n . . .
q,,, Surface radiation heat loss rate per unit area ) ) o
. 0  Angular coordinate in cylindrical

Q.. Forced convection heat loss rate coordinates

Q.cx Conduction heat A\, Damkohler number

V  Viscosity coefficient
P Density

Q... Surface radiation heat loss rate p, Electrical conductivity

r  Radial coordinate in cylindrical coordinates o

0 ; Joule heat

Stefan-Boltzmann constant
r. Radius of the core

‘ Subscripts
R Ideal gas constant 0  ambient
Re Reynolds number ¢ Core
1, Time of insulation bursting s Insulation
t,  Time of core heating Jj  Jetflow
t;, Time of ignition delay g Gas
0,0 Ambient and initial condition

INTRODUCTION

A number of theoretical and experimental studies have been conducted on the ignition
characteristics of solid materials in microgravity [1]. Previous research into solid material ignition
in microgravity focused on the piloted ignition of PMMA and thin cellulosic sheets heated by
external heat flux [2-5].

In spacecraft, one potential cause of fires is the combustion of insulation, beginning with short
circuiting or overloading of the enclosed wires. The insulation of a thin wire has a large curvature
that, when overloaded, there is spontaneous ignition, it is different from the piloted ignition of these
materials in planar geometries. In 2012, an ignition-to-spread model of electrical wires was
developed to systematically explain ground pilot ignition and the following transition to spread by
Huang et al. [6]. Pioneering and extensive research into the spontaneous ignition of wire insulation
in microgravity was conducted by Fujita er al, using mostly polyethylene (PE)-coated wires, to
understand various aspects of the ignition mechanism, including the ignition limit, the minimum
ignition energy, and the contributions of the oxygen concentration and the air pressure [7—10]. The
microgravity flame spread limits of ETFE insulated copper wires under exposure to an external
radiant flux were investigated by Fujita ef al. [11], but the spontaneous ignition mechanism of high
temperature wire insulation in microgravity is still unknown. Also, the effects of low air velocities
on the spontaneous ignition of wire insulation in microgravity were barely considered.
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Part 2. Combustion Fundamentals of Fires

In this work, experiments on the microgravity ignition of overloaded FEP wire insulation in a
vertical forced flow with various air velocities were conducted in a 3.5-s drop tower. Theoretical
predictions and experimental results for the spontaneous ignition delay time of FEP insulation in a
stretched flow field in both normal gravity (1g) and microgravity (ug) conditions were then
discussed.

EXPERIMENTS
Experimental setup

The experimental setup is as shown in Fig. 1. The experiments were conducted at the National
Microgravity Laboratory in Beijing, China, which has a microgravity level of 10~ g for
approximately 3.5 s. The setup is composed of a combustion chamber with the sample wire located
inside it, an airflow supply and exhaust system, a constant current supply system, and two imaging
systems. The combustion chamber has internal dimensions of 15x15x25 cm.

The air supply and exhaust system produces a vertical forced airflow, with velocities ranging from
0.1 to 0.5 m/s. The imaging systems include a high-speed camera (1000 fps), combined with
simultaneous low-speed imaging from the digital video (DV) cameras located (100 fps) on both
sides. Details of the experimental setup can be found in Ref [12]. In the tests, the air supply and
exhaust system and the imaging system worked for approximately 30 s and 5 s, respectively, before
the fall of the cabin. The chamber pressure is 1 atm (100.3 kPa), and the temperature is maintained
at about 300 K.

The sample under test is a nickel-chrome core wire coated with FEP (fluorinated ethylene
propylene, UL1886 Approval AWG 20) insulation, with a configuration as shown in Fig. 1(c). The
insulation depth, inner core diameter, and effective length of the sample are 0.075, 1, and 50 mm,
respectively. Property of the wire is listed in Table 1. The electric resistance of the wire is
approximately 0.1 Q at room temperature. Both ends of the wire are connected to a constant current
power supply through the electrodes of the sample holder. In the experiments, the current is set at a
fixed value of 60 A, which provides Joule heat generation of approximately 0.367 kW.
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Fig. 1. Diagram of the experimental setup (a: front view; b: top view; c: wire). 1. Air supply; 2. Wire; 3. Laser
beam; 4. Honeycomb; 5. Optical glass window; 6. Exhaust fan; 7. Pressure-reducing valve; 8. Flowmeter; 9.
Constant current supply; 10. Computer; 11. Laser tube; 12. Neutral density (ND) filter; 13. Narrow channel
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Table 1. Properties of the NiCr core and FEP insulation of the wire®

. k, c, P, Prs T, 5, l
Wire 3 ’ €
W/(m-K) J/(kg-K) kg/m’ Q-m K mN/m mm
Core 12.5 450 8200 1.6x10° 50
Insulation 0.2 1170 2150 673 0.9 22.7 50

The pyrolysis of the solid FEP can be described using a zeroth-order Arrhenius law. The degraded
monomer products of C,F, are at a level of approximately 97%, the pre-exponential factor is
1E19 s™', and the activation energy E is 288.12 kJ/mol [13].

Chowdhury et al. proposed that the initial oxidation of C,F, combustion is initiated by the attack of
molecular oxygen on C,F,, where COF, is mainly formed via a dioxetane intermediate [14]:

FZ_C= C_F2 + 02 - FZ_C_ C_F2 d ZCOFZ . (1)

. is lel13 g/(m’-s), the dimensionless activation parameter E/RT

at room temperature (300 K) is 20.45, and the heat of combustion is 10.6 kJ/g [14].

Here, the pre-exponential factor A,

Experimental phenomenon

The extinction images in still air in pg are shown in Fig. 2, where a, b are the original sequential
images, c is the division image of b/a, d is the image by removing the background of image c to
highlight the invisible jet. The extinction and scattering images at visible jet bursting and ignition
time in pg and 1g are shown in Fig. 3, where the green images show the extinction and scattering
images of the fine particles of the volatile ‘condensed fraction’ [13]. It is observed that the
insulation initially inflates, and then bursts in the middle, where the opening size is of the same
order of magnitude as the wire diameter, and then ignites within a short delay time under continuous
heating. Before bursting, the inflation processes in 1g and pg are similar, but after bursting, the jet
and the flame in pg are wider and the delay time is longer. Jet bursting and delayed ignition were
found in all other experiments with airflows.

Fig. 2. Original extinction images (a, b) and division images (c, d) in still air in pg.

For the PE insulation, ignition occurs around the molten volume without jet bursting, and forms a
spherical flame in pg [10]. The FEP insulation melts and decomposes, but the molten FEP
demonstrates great tenacity with little liquid flow and low air permeability [13]. Because the
insulation was sealed in the two hold positions, the accumulated volatile gas is increasingly inflated
with increasing time, which aggravates the reduced heating of the outer surface. In the center of the
wire, the expansion stress is higher, and bursting thus occurs more easily here, where a jet flame is
formed in both 1g and pg. The bursting direction is random, but is mostly vertical under the
induction of a vertical airflow for reduced convection heat loss on the upper surface. In this work,
all analyses were based on the results for vertical bursting jets in the central position.
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ey

Fig. 3. Extinction and scattering images at bursting (Bur.) and ignition (Ignit.) time in still air in 1g and pg.

As shown in Fig. 3, the critical bursting time was determined when the total number of pixels of the
jet flow in the extinction images (1280x1024 pixels) first exceeded the threshold of 20,800, which
corresponds to the obvious visible jet shown in the scattering images. The ignition time was
determined when total pixels of the flashing flame in the scattering images (720x1280 pixels) first
exceed the threshold of 3,000. The jet flow velocity was calculated by the jet front moving distance
divided by the travel time using the processed jet images as shown in Fig. 2(d). Data of 1g condition
are given as the average of three repeated tests, while data of the pg condition are from a single test
under each condition for the limitations of the microgravity test numbers. The error for both the
bursting time and the ignition time is approximately 3 ms.

THEORETICAL METHODS

The experiments show that, after jet bursting and mixing, no intense gas-phase reaction appears to
follow rapidly in the flow field of the vaporized fuel gas and the hot oxidant gas. In forced flow
with a stretched flow field, a high stretch rate for the velocity gradient will result in longer ignition
delays, where a chemical induction time may be needed before ignition [15]. The chemical reaction
time for gas combustion is often less than 1 ms, and was thus ignored. The ignition delay time #;,
thus includes the core heating, insulation pyrolysis, insulation bursting, gas mixing and gas
induction times: #;, =1, +1, +1, +1,, +1, . Here we define 7, +¢,+1, is the total pyrolysis time,

t

mix

+1, is the total induction time. In the experiments, either the total pyrolysis time or total
induction time is very difficult to be determined from the video. We define that when there is

critical bursting, the time is 7. +7, +1, , after that, it is the total induction time of 7, +7,,.

Total pyrolysis time

Core heating time

The energy balance of the wire core is given by:

pcccvc (ch/dt) = QJ - Q-cs ’ (2)
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where O , is the Joule heat that is generated in the core of RI 2 V. is the core volume, and Q-m is
the conduction heat given by the wire core to heat the insulation to the pyrolysis temperature of 7, ,

which is described as:

O, =k —to Tl oy teTle 3)
Cnm((doer)/n) T n((d, 4/

where 1, =T, —QJ / 21k [, which was independently measured based on the penetration of a
thermocouple under steady-state conditions and without imaging measurements. In the experiments,
T,  is approximately 1300 K. Here we define a, =p.c\V., b =—2Trkxl/ln((dx +r(_)/r(_) and

k 21,/

S

! :[ch 1n((ds‘+rc)/n)JQJ T, )

heated to a temperature 7. can be integrated from Eq. (2) as:
t. = (a /b )In (BT, +c,) /(BT +¢))) - 4)

Pyrolysis time

)Tp. Then, the time taken for the inner core to be

The pyrolysis time is defined as the time taken for the insulation to be heated to the pyrolysis
temperature 7),, without consideration of the complex inflation process. The insulation material is

thermally thin as the Biot number Bi = hd, [k, is between 0.0036 and 0.0271, which is smaller than

the threshold of 0.1 [16]. The insulation heat losses are dominated by forced convection va and
surface radiation Q, , such that the energy balance of the insulation is:
pscsVs (de/dt) = ch _Qconv _Qrad ’ (5)

where V. is the volume of the insulation, Q. =d%. A = 2m(d, +rc)lﬁ (T,-T,). and
Ora = diaA, =21(d, +1,)le0 (TS4 —Tof) . Here we assume that 7,' =T, =47, (T, -T,,), and define
a, =p,c,V, and b, = ch . Then the pyrolysis time £, can be integrated via Eq. (5) by combining Eq.
(3) with two heat loss equations:

t, =—(az/cz)ln(1—cz/bz(Tp —Tw)). (6)
Bursting time

The pressure jump across the interface of the insulation is balanced by the curvature force at the
interface, which is described as : p,, — p,, = 0n , where the inner pressure p,, is caused by the hot
volatile gas generated by pyrolysis. In a cylinder, the curvature of a circular surface is:
On=07F = (<3r2/6r)/r2 =2/r. To simplify this problem, we assume here that: all pyrolysis gases
were accumulated below a very thin outer surface; the pyrolysis gas inside maintained the constant
temperature of 7 ; and the ideal law applies to the pyrolysis gases. Thus, at the bursting time #,
PinVgin) = (rhtb / M, )RTP, where 7 is the pyrolysis rate (g/s), M, is the molar molecular weight
of C,F,, and R is the ideal gas constant (8.31 J/K.mol).
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Therefore, at the critical bursting condition, 7, /M Ve RT, = Py +26/ (ds +rc), where the
. . 2 . .

inflated gas volume is V., = T[((ds +rc) —rf)l =a,V,, and O, is the volume augmentation
coefficient of the insulation, which can be determined via image analysis. The insulation pyrolysis
is described wusing a zeroth-order Arrhenius law, where the pyrolysis rate is

m=A,.p,exp (— E/ RT, ) V, . Therefore, the bursting time is

t,=d M, b2 8 |exp| L (7
b VsA pA_RTp Pw dS+7‘C p RTP .

pre

Total induction time
Mixing time

The bursting gas is mixed with air by molecular or convection diffusion, and if axial diffusion is
neglected, then the mixing time can be described as the following radial diffusion time:

tmix :(D/Z)z/Dg ’ (8)
where Dg is the molecular diffusion coefficient of C,F, at T, = (Tp +T, ) / 2.

Induction time

In 1981, Niioka [17] provided an induction time formula for a counterflow flame, but no such
analysis has been performed for the co-flow problem. Because the stretch rate of the counterflow is
2K in the axial direction, while the rate is K for co-flow, we rewrite the formulas here to provide
order-of-magnitude estimates:

t, =—In(1-T/NAy)/2K , ©

where K is the stretch rate in the axial direction, /\;is the Damkohler number, which is given by

L a0, 1,

*" K p,e,T, | RT,

[14], where AH is the combustion heat of C,Fy, Y, is the mass fraction, and ¢ » is the specific heat

at a constant pressure.

The stretch rate is defined as [18]:

K =-n[x(v,xn)+(V, b)) . 10)
For a cylindrical model of the jet flow, while assuming that the axial velocity is uniform across the
sectional area, adopting cylindrical (r,6,z) coordinates, and using Eq. (10), in which V, =0,
v=(0,0,-u) , and n=(-1,0,0), we then have K = —du/dz , where u = u; +u, is the local jet flow

velocity in a co-flow environment, which can be covered using a decay and an average second
buoyancy acceleration [19].

u=0.375Re; (D/2)uy/z+0.5{2gz , (an
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where Re; =uj0D/2vg . Uy =ujtu,, and z D[D/2, IJ , the buoyancy acceleration is
g' =g (poo —pj)/pj =g (T], -7, )/Tm , and in microgravity, g' =0.
The stretch rate then becomes:

K =0.375Re, (D/2)uy/z* —0.25{2g" /" .

Then at a length [, the stretch rate is K =0.375Re, (D/2)(u;o +u, )l =0.25¢2¢'1,°. In

12)

normal gravity, if l; is smaller than the critical value of
5
Liceriy lk=0= (0.75 Re; D(ujO +u,, )/JZg') , K > 0. In microgravity,

K =0.375Re; (D/2)(u o +us)l, >0, which indicates that the flame is positively stretched.

ANALYSIS AND DISCUSSION
Total pyrolysis time

The experimental and theoretical predictions of ¢, ¢, and 7, are shown in Fig. 4. Bursting is seen to
be dominant in the time regime, and forced flow and gravity have no effects on f. and #,. The
pyrolysis time ¢, is very short, but it increases with increasing air velocity.

a T T T T T T T T T T
L) 1.6 Bursting time ‘ —=—t [Theo, pg,1g] | 1 (b) 224
- 154 1 '
14 1 2.22 Exp, ug,1g 4
e ' 1 T T T T T T T T T ; @ 2204 g=——0——=g— O o——8 |
» 41.04 Pyrolysis time - S
o 40.9] - 1 + 218 1
% 40.8 ] 2 [
:Q48 3: _/ ‘ —=—t [Theo, ug,1g] ‘ 1 + 216/ |
B e e e == = Theo, ug,1g
0.75- Core heating time ‘ —=—1t [Theo, ug,19] | ] 2144 = -
o ] —=—Theo, pg,1g
%0.70 1 212 —o—Exp, ug b
e 0.65j 1 —o—Exp, 1g
0.60 T T T T T T 2.10 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Air velocity, u_ (m/s) Air velocity,u,, (m/s)
(2) (b)

Fig. 4. (a) Theoretical core heating time, pyrolysis time and bursting time; (b) theoretical and experimental

total times.

Total induction time

The values of t,,;, under 1g and pg conditions are approximately the same at about 0.01 s, based on
Eq. (8). The experimental jet lengths under 1g and pg conditions and the theoretical critical jet
length are as shown in Fig. 5. The jet length is defined as the jet moving distance between the
bottom and tip at the critical bursting time, which was obtained by the image analysis. With
increasing air velocity, /; also increases. Under 1g conditions, [; is larger than that under pg
conditions, but is smaller than the critical jet length of

1/1.5
Ko = (0.75Rej D(ujO +u, )/«/2g’) ; thus, based on Eq. (12), K > 0, which means that the

flames are positively stretched under both 1g and pg conditions.

lj(cri)
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The theoretical Damkohler numbers and stretch rates under 1g and pg conditions at the jet lengths
are as shown in Fig. 6. The stretch rate increases with increasing air velocity, while in pg, the rate is
higher, as indicated by Eq. (12). Correspondingly, the Damkohler number is higher under 1g
conditions and decreases more rapidly.

26] T 075R|e D(u 0+|u ) s T T ] 6] T T 0 T T T — 7: 1
— | ¥ j o - . - amkohler number —1g
é 2.4 iteri) |: : 2gvj K=0 ./ 4 \. 19 —e— g
o . /\ o 4 \.\4 1
e 22] P ]2 —
X . Theo,1g o] Mg —a
g 2.0 — 1 R A—
—~= / o *———o— o
18] - [+ Teoisl] o -
T T T T T T T T T ! o ;Jﬁ,,,,,—o'
. 1.651 Explg —" 154 I 1
£ 60l Jet flow length e ) o \ ——1g
® s //U/ ) < g —9
ey — o 1 Stretch rate —
150l T Expug | ——Exp, 19| ] 5 e ]
o —o— Exp, g "
1.45 : : , , = = . : r : r :
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Air velocity, U, (m/s) Air velocity, u,.(m/s)
Fig. 5. Experimental jet lengths under 1g and pg Fig. 6. Theoretical Damkohler numbers and stretch
conditions, and theoretical critical jet lengths in 1g. rates at jet lengths.

The theoretical induction times with the stretch rates under 1g and pg conditions are as shown in
Fig. 7. With increasing stretch rate, the induction time also increases. The experimental and
theoretical total times of mixing and induction times and their ratios in 1g and pg are as shown in
Fig. 8. It can also be seen that in pg, t;, increases more rapidly with increasing air velocity, and is
approximately twice the corresponding value in 1g.

14 T T T T T T
1 2_ [ ] ] 3 0- T T T T T ;-
10 /Jg / ] *_E [tin+tmix]pg / [tin+tmix]1g Theo
@ o N Fo251 ¥
NO 1 /7/,,,,——./// 1 : L | - 0
e . . —e— TheO, Mg % Q/'/ Exp
N T T T T T T 1.5 a— -
g 3 14 15 1.6 17 18 = a— , , , , A
= 3.8 T T T T T T ] - g, exp - A
S " O N
= 3.6 19 . 1 T=02 19, exp |
3 N E e
S 3.4 ./ i +: Dlulnlnln7n
£ 30 — +£0.19g theo - e b
4 / J 00—
3.0 - —+Theo, 1g 0.041g. theo ™ |
3 4 5 6 7 3 0.0 01 02 03 0.4 05
Stretch rate, K (1/s) Air velocity, u,,(m/s)
Fig. 7. Theoretical induction time with stretch Fig. 8. Experimental and theoretical induction
rate. and mixing times and ratios with air velocity

(1ix=0.015).
Ignition delay time

The experimental and theoretical total times for the ignition delay are as shown in Fig. 9. ¢, and #,
dominate the delay time, with little effect from both forced flow and gravity. As ¢, and t,,;, are small,
t;, increases significantly and is higher in pg, therefore, the higher and faster increase of ignition
delay time in pg is dominated by the induction time 7;,.
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CONCLUSIONS

The stretch rates in terms of their velocity gradients are higher in microgravity without the
contributions of buoyancy, and increase with increasing air velocities. In this work, all stretch rates
are positive, thus indicating positively stretched flames, while the Damkohler numbers are higher in
microgravity, thus indicating longer residence times, and they decrease with increasing air velocity.

e el o

5 | e E=(tet+)+(t, +)
= —o—1g, Bxp
s — g, Exp .
s 22 o— g, Bxp o ]
= o— 7
b o~
>244 ©° . ]
5 -
° . o D
C )
5231 g Theo ey
) R N .

22] = : N

1g,Theo e

00 01 02 03 04 05
Air velocity, u,, (m/s)

Fig. 9. Experimental and theoretical ignition delay times with air velocity.

Forced flow and gravity have significant effects on the induction time, which is dependent upon the
stretch rate and Da number. The induction time increases with increasing air velocity, and in
microgravity it is higher.

The ignition delay time is dominated by the core heating and bursting time, while its bigger value
and faster increase in microgravity with increasing air velocity is dominated by the induction time.
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