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Experimental Study on the Characteristics of Smoke Particles and Light Extinction
from Plastic Combustion under Radiative Heat Conditions

Seonhyo Lee

Division of Architectural and Fire Protection Engineering,
The Graduate School, Pukyong National University

Abstract

Smoke generated during a fire reduces the visibility of evacuees and delays
evacuation. The mechanism of light interaction changes depending on the size of
smoke particles, which significantly affects light extinction. Therefore, analyzing the
relationship between dynamic changes in particle size distribution and optical
extinction during fires is essential for ensuring evacuation safety. In this study, the
optical transmittance of particles by size was measured to identify trends, and the
characteristics of smoke particles and specific optical densities under fire
conditions were analyzed. The results showed that the optical transmittance
decreased as the size of polystyrene particles increased. Combustion experiments
under various heat flux conditions (20, 30, 40 kW/m? and fuel types (PC, PMMA,
PVC) revealed time-dependent growth and distribution changes in particles. When
particle diameters exceeded approximately 450 nm, their contribution to optical
extinction showed signs of overestimation, highlighting the limitations of simple

size-based interpretations.

- vii -



Al1ZAE

T B 7

B!

1.1

1t

S Sy A

S

ol A wzte]l A AR E

Sy 4
b, gel2te] FEol A= ogm

°©

Zko] A

ol
700

_EH

Z T dn AAE A A
ATk wrE A Az = <l

oy
ol

)

—
file)

i)

al

o

A7kel A

Dy

A

o}, gy o] RdL soot

1

]
pal

%4

=

1ol g w79 4e] 2eA

Og'c—)‘

HAL Rk

°©

=

ZIgto 2 7hAA e A5t
]

=

20 52wk NISTo|A] 7123+ Fire Dynamics Simulator(FDS)7}

Ath FDSE A4&Y 255 AA Al (soot yield)

o IF Ui
o]

o

, Bt

B!
o
HH
]

o

2 AL Thzet dojrER A, o] T dd=E2 VA

_Eu
|
3
o
X
o

o
o

il

J)
—_

)

oW

b slre] shAAE R

5|

o<

il

F 2 (scattering) 2

A
jul

-
[¢]

o %

An 2o wel A7), FE, ¥l g

b A ]

)

X
=

oK

s}, o]

A

9|

(absorption) & ¢l

A G Apel o

s IgolA e,

Lol sl o4

S

=]
o

4 ARE Qe 27, 4

~NH

o)

K

o



A 3t}

N
-t

= A71dAre =27

o et 44t

e

N

B/

7} FZAY, weA

%HM

el

ol

B

)

—
file)

i

ofy



=

=

J AT} Tissot

[

2} Polymethyl methacrylate(PMMA)

=]

&

shol 1}
3

°©

¢}
=13
=

Q.

e

=90
=

-
It

ASTME 662

Ao g HEALY 25kW/m’el A

12 97T &%

= (2) o

[€)

R = I N B S G SR N WS
i wﬂ = B QO W g ok ow oy o mﬁ oA T o P
y - - . T A < < T Y oxoE R g
oo MO T o R 3o oo B W W T =
2T . A = o W TN - T = o B & W UH 5
= — & 2 X ~ T i w20 B T o= N Ho =0 ~
S e g wm =~ 3w o T w g o X
Aoy ol Qo d Lw Yy R Tsomogox E O
. m o= X 7 B = W R = wo wo W 0
N g2 w4 Hoon o~ % e 2 Ex
=R < ¥ T o %o n° . %0 N F
Y o) w T 3 HA_I MWL N 1H = o ,E R 50 ‘m_h S
lyl, A oo AV s n_A]I Mt {4 L I "o = H 9 T o -
w 4o T S o Alg S ow g Tom i oH W_m & w-or; i
o ~ _— = s PR
A B w T 5 = PR
- nop ot = W T el TR x T o~ ;oo A
b E 3 T oy per TR 4R og v X T
) m W 5 O o o)) - Gy o i i w5 oH = | of N
v 8% 2 2 L PRy MR IR W <
g 3 O W 3 P, N T gy o m o X ,A. G Hoog
SEAFEES D s USSR
RIS ES IS I IR RS B
] ) ~
! Mo o W Mn/y ol MA__/W )| m.ﬂa Mu_l K o dy X o MM ‘mmoo W_W ol E X ,DI
0 &) E! N ! 0 — — 0 X o0
RS F VRS BB L L e L DRSS
S E R = el 1 P o N = % o) Moo X o e
S 5 K g = = e B S s of ey
> = L RIS N 2 i # o o
WY gy o 2 S g N % T o W 7 | uﬂ ° N g B W
5« < iyl = o e
AM =2 £ e ur A ol o X ,,_.? w O~ B ol S o ~ g ol
- N EO = &) T —_ A 0 T ,.:‘_ — Enﬁ = ) =
= g B Oom K oo W g w3 T 5 o o T
R f 28R LT R e L S KE L
U — ) .
a8 2T m o g o o MO g = 0 o TS o
= T B uoT MoE M T e g% - W T o
B B A= B S U R p BB g =
N owm X TN = T > T Ao e e D
o g o D ™oy ) B L g %0 g K
W o Z T M RN I w A o< oW
o o ! W & W B o) o R B T o g x N Mo M oH

A

3

w1

ANA o

PAaA 4z =271 71

o

A

=13
=

]l (aggregation) &4}o]

st A3S Btk Mustafa 5

7oA DMS 5008 ©]

T

0,
H

ol
=

(coagulation)



d Ay, A 7] 2314 A dA

=8
L
nj
i
rlo
)
o
517
2
o
A

nm 2718 ZUA JA7F giFoe e AdES Slskidn. A 7] =2 i CO
Sl

Patterson 5”& PMMA, PC, PVC, Polystyrene(PS), High Density
Polyethylene(HDPE), Polypropylene(PP)E t/do 2 A4 A A WAs= A7)

o] A ] FAEATFBI G AE D E(w)E S8 A7IdAS] F

fuj
2,
=
i
o
b >
o
o
w
o
g
&
o
=
fo
2
e
w
(@)
= i
=t
D
3.
5
c)
Lo,
=
o
o
o,
ol
)
o
fr
E\J
N
N
ol
ol
2
oy
Ry



3

mr

7

-

WA AAAE A

KN
=

ol &

A71dA =7

-
.

& A

1l

—_
o

=
pic)
]

o

o)
N

0

il
m

=
f.

NERFE!

9

A71d4A =2717F

IR=

ol

=

—_
fite)

A= A7)

A5 AL§ 3l

o]
H

E}o] @l (Polystyrene)

B e

TH

23!

_&.E

2} A7)l wh
Lo A b =17]

)}
H

=
o

el 28 7F

=z
F LN

A7} 7)

5 =

A BA Gl vt ZpAA el S A7) A

3
g

= A Als}z} sk}

=

B A

AZ 7]



21 4T o2
2.1.1 Al e ze] g

=
gth= Bouguer's Lawoll 718ke], 3F3 A5 (b 9t & A= Aol(L)e] ol
g 59 AFTE xdET AD)F 2ol Foda®,

=exp(—b,,, L) (1)

Q\“N

TBAF (b e B ALY W A7 Dutd BasEAE dehuls gow,
JEALE §Ae 7|, ATW), EABM TEE Mrol we 49 2

of BelH, 53] YA A Mgk o2 Ag AlFe] Hm, A WA A4
Mol 4P Ak Ao A7zt AR AL G fAFE o= Mie A

o]2Wo] Agum olu FAEE YA Al w wizteA wkg-gh W, 50

o]gte] m e ¢ A}o= Rayleigh Atgt o]2WWo] H @] A= tf2 FAiad
a0

N
e

545 2tk A3 2(4)E 27 Mie ¥ Rayleigh AFe+s 7]4He

BATF(Qe) = HEFHT, Mie Al o, bs A =HE(m)ol wel 24

bemt :NApQTf f PTf 4 nd p)d(dp) (2)

2 [ee]
Q.. Z—QZ 2n+1)R(a, +b,) (3)

(4)



A

A7
o]
H
D, <

R
fu

_(H

A=}

B8 At
=2 ]

[e)

tH,

°©

2 714 e e

4=

F = (accumulation mode),
)

e
o

24

FA A4 (nuclel)
3N

-

R

R = (nuclei mode)

24

il

5k, ol

°©

2 ARE 27 QA

=
k)

= oauron
o]

HA €t

°

Aol =17]
273

H

2.1.2 PA/H=d2; A7)
()]

(precursor) FE|Z FEAY

=

=

o & o W m s %
e LLegETa
S RO S| o X

UV = T
_EH ,Nﬂ . m HT_ U# 0
- - R T o
X ~ ™ L nH oo

i B & {
B B e = A T (aN|
— 9 %0 4y 0 R
TN e XOH To&
al 7] N = R

—~ ) F
T O oy o Kt e

Gy —~ = or .
SR R
ml T B = A 9
= T T 5 N oo AV
= 2ow /Mo MTN
L R o [ S Sl -

B g% g B r

NN M =N s

R R M= R S

il oo e

=3 Gl T 0

—~ - ,_IAA.UH N4 ~ ~9

T N = N
M AWAA - L,
H_T 0 ~m ﬂA_I = o ‘Dl
do Por 8 Wy I wrmw

B0 o

) e oK -
— H..u _EI R —_ m 1 ‘H
I T hgE BT %

o T T~ A O,

o oT T om0 8 T
D A S~
;5 =eowm O oy ™
MR X PR 1| A
e B TIN5 uf W N

T o e O X0 ol = o
g N I ST
Somk NP 7 _ X0 )
EAACE A B oz w W
0 o —_

~— X o T b
m e XN S oo I

-~ 0 X K XN

B R TR ST NN



Nuclei Mode Accumulation Mode Coarse Mode

& > & > <& >

PM10
D,<10 pm
— g o PiliclPartigles, | s T,
D,<2.5 ym »
. Wind Blown Dust
Ultrafine Particles o
D,<100 nm Emissions

................. 45
H ! Nanoparticles , ,
i Hot Vapor i D;<50 nu —_— Sea ipm}’
E l E Volcanoes
1 ' =
E Condensation :q Coagulation # Plant Particles
Coagulation !

0.001 0.01 0.1 1 10 100

Particle Diameter (um)

Figure 2.1 Size distribution characteristics of aerosols.
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Table 2.1 Experimental conditions in this study

Experiment 1 — Light extinction by particle size

Material PSL
250-300 nm,
Particle size 300-350 nm,
410-490 nm
Total particle count 2.7 x 10° particles/L

Experiment 2 — Characterization of smoke particles

Material PC, PMMA, PVC

Material size 75 mm x 75 mm x 10 mm
Radiant heat flux 20, 30, 40 kW/m>

Pilot flame Without a pilot flame
Experimental time 1800 s
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_24_



3E+5F 232s

2E+5

1E+5

]

0E+0

3E+5| 464 s
2E+5

1E+5

0E+0 [\’\”\

1E+5 M
0E+0

3E+5F 1160 s

dN/ dLogDp( 1/cm®)

2E+5 |

\! f“/\/m\\w
0E+0 -

3E+5F 1624 s
2E+5|
1E+5

0E+0

10 100 1000

Particle diameter (nm)

Figure 3.4 PC smoke particle size distribution under 30 kW/m?.



3E+5F 232
2E+5

1E+5

-

OE+0

3E+5F 464 s

=3 —_ [}

| mm

+ +

(=1 W W
[N}
O
(=)}
w

3E+5F 928 s
2E+5

1E+5

3

OE+0

dLogD,(1/cm*)

3E+5F 11608

dN

—
)
O
)
7]

2E+5

1IE+5

OE+0

3E+5t 1624 s
2E+5
1E+5

0E+0

IE4S 1856's

2E+5

1E+5

0E+0 )
10 100 1000

Particle diameter (nm)

Figure 3.5 PC smoke particle size distribution under 40 kW/m?.

_26_



Table 3.1 Temporal variation in particle number fraction by size under different heat flux conditions for PC

PC

Particle number fraction by size over time (%)

Heat flux Particle size Time (s)

(kW/m®) (nm) 232 s 464 s 696 s 928 s 1160 s 1392 s 1624 s 1856 s
10 - 50 43.5 55.2 64.8 80.9 89.0 90.5 90.3 93.8

50 - 100 29.4 22.5 16.1 9.4 5.1 4.7 4.8 33

20 100 - 500 26.0 21.9 18.9 9.2 5.2 4.6 4.7 2.8

500 - 1000 1.1 0.2 0.0 0.4 0.6 0.1 0.2 0.1

10 - 50 48.7 86.0 94.3 95.6 94.7 91.9 90.0 87.0

50 - 100 22.2 6.8 2.5 2.4 3.8 6.3 8.4 11.3

% 100 - 500 27.0 7.2 2.8 1.9 L.5 1.8 1.5 1.6

500 - 1000 1.9 0.0 0.3 0.1 0.0 0.0 0.0 0.1

10 - 50 80.8 95.7 94.9 90.5 85.7 81.5 77.8 73.3

50 - 100 10.8 2.1 3.7 8.1 12.3 16.1 18.9 22.3

0 100 - 500 8.0 1.8 1.2 1.3 1.9 2.3 33 4.3

500 - 1000 0.4 0.3 0.2 0.1 0.1 0.1 0.0 0.1
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Table 3.2 Temporal variation in particle number fraction by size under different heat flux conditions for
PMMA

PMMA
Particle number fraction by size over time (%)
Heat flux Particle size Time (s)

(kW/m?) (nm) 232 s 464 s 696 s 928 s 1160 s 1392 s 1624 s 1856 s
10 - 50 48.3 26.9 76.2 92.1 92.2 96.1 93.7 97.2

50 - 100 21.6 33.6 16.4 3.8 4.7 2.4 4.0 1.9

20 100 - 500 26.2 37.0 7.0 3.4 2.6 1.3 2.0 0.7
500 - 1000 3.8 2.3 0.3 0.6 0.4 0.1 0.3 0.2

10 - 50 40.5 62.5 85.6 1.4 1.8 3.5 6.7 11.4

50 - 100 32.6 21.8 7.9 7.3 8.9 6.0 9.5 12.1

% 100 - 500 24.5 14.5 6.1 83.5 72.7 56.8 45.0 42.2
500 - 1000 22 1.2 0.4 6.7 15.0 30.2 34.7 30.5

10 - 50 65.7 2.5 1.6 2.3 6.2 9.7 13.2 19.1

50 - 100 21.2 15.7 7.6 12.1 7.0 11.4 11.1 15.1

0 100 - 500 11.0 81.7 76.0 68.1 40.2 46.2 44.6 40.5
500 - 1000 1.8 0.0 13.2 15.6 42.1 29.1 28.3 22.4
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Table 3.3 Temporal variation in particle number fraction by size under different heat flux conditions for PVC

PVC
Particle number fraction by size over time (%)
Heat flux Particle size Time (s)

(kW/m?) (nm) 232 s 464 s 696 s 928 s 1160 s 1392 s 1624 s 1856 s
10 - 50 50.1 96.8 86.2 67.2 63.2 67.2 69.5 63.6

50 - 100 26.6 2.3 12.7 30.5 33.2 27.9 24.5 28.4

100 - 500 23.3 0.9 1.1 2.2 3.6 5.0 5.9 8.0

500 - 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

10 - 50 98.4 77.4 66.6 67.6 68.1 66.6 62.6 58.3

50 - 100 0.9 21.5 30.2 25.7 22.7 21.8 23.1 25.2

% 100 - 500 0.8 1.1 3.3 6.6 9.2 11.6 14.3 16.4

500 - 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

10 - 50 94.1 70.5 68.4 58.5 52.7 48.9 46.7 41.9

50 - 100 5.5 26.1 232 26.4 26.1 254 29.1 29.6

0 100 - 500 0.3 3.4 8.3 15.0 21.2 25.7 24.2 28.3

500 - 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
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Figure 3.12 IR spectra of the PVC surface after exposure to a radiant heat flux of
30 kW/m? at different duration: (a) 180 s, (b) 410 s and (c) 928 s (Red regions

indicate bond dissociation; gray regions indicate bond formation).
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Table 3.4 Time-resolved mode particle diameter and particle diameter

with maximum number growth rate for PC

Sample PC
Particle diameter with the
Mode particle diameter (nm) maximum increase rate in
number concentration (nm)
Time 20 30 40 20 30 40
(s) kW/m® | kW/m® | kW/m® | kW/m> | kWm® | kW/m’
232 10.5 10.5 12.5 - - -
464 10.5 10.5 17.5 12.5 12.5 22.5
696 10.5 10.5 22.5 17.5 22.5 35.0
928 10.5 17.5 27.5 17.5 27.5 65.0
1160 10.5 22.5 27.5 22.5 35.0 95.0
1392 12.5 27.5 27.5 22.5 45.0 175.0
1624 17.5 22.5 35.0 27.5 55.0 225.0
1856 17.5 27.5 35.0 27.5 65.0 175.0
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Table 3.5 Time-resolved mode particle diameter and particle diameter

with maximum number growth rate for PMMA

Sample PMMA
Particle diameter with the
Mode particle diameter (nm) maximum increase rate in
number concentration (nm)
Time 20 30 40 20 30 40
(s) kW/m® | kW/m® | kW/m® | kW/m> | kWm® | kW/m’
232 - 10.5 10.5 - - -
464 - 10.5 125.0 - 12.5 225
696 - 10.5 225.0 - 17.5 450
928 10.5 225.0 175.0 22.5 275.0 1000
1160 10.5 225.0 650.0 22.5 850.0 -
1392 10.5 225.0 650.0 27.5 - -
1624 17.5 650.0 650.0 45.0 - -
1856 17.5 650.0 300.2 35.0 - -
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Table 3.6 Time-resolved mode particle diameter and particle diameter with maximum number growth rate for

PVC
Sample PVC
Mode particle diameter (nm) Particle di?rrlnitsrrn k\)zirthC (;cl;zerrlnt:;iir;lr?r?n rinn)crease rate

T(ig‘e 20 kW/m? 30 KW/m? 40 kW/m’ 20 kW/m’ 30 kW/m’ 40 kW/m?
232 10.5 17.5 10.5 27.5 - - -
464 10.5 45.0 10.5 55.0 17.5 55.0 95.0
696 35.0 10.5 55.0 17.5 55.0 45.0 95.0 225.0
928 45.0 10.5 45.0 22.5 85.0 85.0 225.0 275.0
1160 45.0 12.5 55.0 27.5 95.0 95.0 175.0 275.0
1392 27.5 17.5 55.0 D 95.0 125.0 225.0 550.0
1624 27.5 17.5 65.0 27.5 85.0 125.0 275.0 550.0
1856 45.0 17.5 65.0 35.0 95.0 175.0 350.0 550.0
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Table 3.7 Ratio of total particle number and size-weighted particle

number increase to specific optical density increase under 40 kW/m®

Condition 40 kW/m’
Sample PC PMMA PVC
Time AN | AND;| AN | AND;| '"AN | AND;
(s) A D; A D, A D; AD, | AD, A D,

232 to 464 2.17 0.96 1.43 1.08 1.11 2.68

464 to 696 0.80 0.59 0.71 5.24 0.80 1.01

696 to 928 0.94 1.17 0.94 1.15 0.80 1.20

928 to 1160 0.95 0.67 0.24 0.50 0.76 1.03

1160 to 1392 0.97 1.06 0.68 0.50 0.83 1.13

1392 to 1624 1.01 1.06 0.74 0.67 1.04 1.18

1624 to 1856 0.80 0.94 0.82 0.75 0.97 1.18
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Figure 3.17 IR spectra of smoke particles generated from PC, PMMA, and PVC, and
Raman spectrum of PMMA-derived smoke particles.
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Table A.1 Increase rate of PC particle number over time for each

particle size range under 20 kW/m’

Sample PC
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 2.908 0.575 2.811 -0.188 | -0.131 0.300 -0.301
12.5 3.637 0.726 1.607 0.525 0.294 -0.267 0.092
17.5 -0.398 4.037 2.813 1.406 0.628 0.339 0.239
22.5 -0.223 -0.302 1.012 1.423 2,159 0.701 0.740
27.5 -0.176 0.390 -0.131 | -0.053 0.397 0.738 3.488

Time

35 -0.049 | 0325 | -0.187 | -0.072 | 0.491 0.307 1.297
45 0.076 0.094 0.035 0.141 -0.323 | 0.363 0.176
55 -0.104 | -0.074 | 0.190 | -0.425 | 0.065 0.626 0.078
65 0.181 -0.663 1.346 | -0.503 | 2.121 -0.628 | -0.168
75 -0.219 | 0.071 -0.336 | 0.214 1.036 | -0.193 | -0.463
85 -0.060 | -0.132 | 0.422 | -0.599 | -0.112 | 0.317 0.427
95 -0.147 | 0.562 | -0.294 | -0.313 | -0.111 0.702 | -0.298

125 | -0.076 | 0.273 | -0.298 | -0360 | 0.578 | 0362 | -0.192
175 | -0.217 | -0.030 | -0.039 | 0.083 | 0.224 | -0.200 | -0.105
225 | -0.175 | 0.166 | -0.035 | -0.017 | 0.188 | -0.173 | -0.048
275 | 0447 | -0389 | 0368 | -0.671 | 1.256 | 0.448 | 0.027
350 | 1.799 | 0.285 | -0.324 | -0.404 | 0.052 | 0.119 | -0.646
450 | 0463 | -0.143 | 0.150 | 1.899 | -0.916 | 2.355 | -0.119
550 - - - - - - -
650 - - - - - - -
750 - - - - - - -
850 - - - - - - -
950 - - - - - - -
1000 - - - - - - -
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Table A.2 Increase rate of PC particle number over time for each

particle size range under 30 kW/m’

Sample PC
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 5.577 0.532 -0.022 | -0.204 0.368 0.005 -0.416
12.5 17.633 0.963 0.098 -0.303 0.342 0.141 -0.184
17.5 9.146 5.620 0.508 -0.148 | -0.066 0.086 0.148
22.5 0.363 8.606 3.023 0.158 -0.044 0.119 -0.067
27.5 -0.129 3.052 4.308 1.015 0.386 -0.043 0.008
35 0.254 0.311 2.939 3.354 0.745 0.223 0.045
45 -0.161 -0.098 3.140 1.672 2.096 0.283 0.334
55 -0.229 | -0.006 1.200 1.263 1.223 0.670 0.499
65 0.066 -0.271 0.530 0.917 1.539 0.431 0.512
75 0.234 -0.286 1.019 0.367 1.252 0.423 0.155
85 -0.214 0.801 -0.361 0.614 1.734 0.017 0.234
95 0.891 -0.044 0.727 0.166 -0.061 1.041 0.161
125 0.493 -0.136 0.049 -0.011 1.148 -0.148 0.184
175 -0.410 | -0.141 1.309 -0.402 0.766 -0.086 0.133
225 -0.138 0.502 -0.164 -0.157 -0.092 0.273 -0.518
275 -0.439 0.008 -0.098 0.408 -0.085 0.320 -0.128
350 -0.389 -0.031 0.249 0.639 -0.146 0.313 0.077
450 -0.708 1.575 -0.510 | -0.289 | -0.157 0.970 1.269
550 - - - - - - -
650 - - - - - - -
750 - - - - - - -
850 - - - - - - -
950 - - - - - - -
1000 - - - - - - -

Time
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Table A.3 Increase rate of PC particle number over time for each

particle size range under 40 kW/m’

Sample PC
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 1.674 0.160 0.182 0.245 -0.221 0.552 -0.719
12.5 1.509 0.112 0.225 0.012 0.161 0.193 -0.310
17.5 11.494 | 0.166 0.060 0.153 0.075 0.079 0.036
22.5 18.319 1.174 -0.037 0.075 0.170 0.025 0.003
27.5 7.461 6.333 0.410 -0.015 0.114 0.043 0.018
35 1.965 10.404 1.247 0.219 0.133 0.103 0.006
45 0.627 8.483 1.556 0.957 0.319 0.039 0.047

Time

55 -0.457 | 6.279 2.012 0.886 0.513 0.204 0.060
65 -0.527 | 3.528 2.308 0.810 0.739 0.308 0.167
75 0.245 1.506 2.301 0.746 0.547 0.516 0.345
85 -0.233 | 0.535 2.040 0.973 0.616 0.459 0.396

95 0.682 0.203 0.724 1.155 0.425 0.626 0.300
125 0.342 | -0.122 | 0910 1.112 0.455 0.564 0.268
175 -0.565 1.623 0.354 0.196 0.921 0.251 0.480
225 -0.603 1.682 0.020 | -0.178 | 0.017 2.324 0.327
275 -0.278 | 0.977 | -0.610 | 0.101 -0.639 | 8253 | -0.213
350 -0.039 | -0.441 | -0.658 | 5.609 | -0.883 | 15.556 | 0.362
450 -0.534 | -0.836 | 8.431 -0.564 | 3.118 | -0.400 | 3.161
550 - - - - - - -
650 - - - - - - -
750 - - - - - - -
850 - - - - - - -
950 - - - - - - -
1000 - - - - - - -
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Table A.4 Increase rate of PMMA particle number over time for

each particle size range under 20 kW/m’

Sample PMMA
Increase rate in number concentration
232 464 696 928 1160 1392 1624

Time
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 - - 4.530 -0.230 0.207 -0.124 0.060
12.5 - 42.280 2.142 0.212 0.234 0.160 -0.257

17.5 1.157 6.478 3.427 1.122 0.342 0.734 0.200
22.5 -0.718 1.873 5.409 1.844 1.158 1.019 0.321
27.5 -0.876 | 8.816 0.146 0.504 6.616 1.025 0.525
35 0.091 0.755 3.145 0.066 0.082 0.695 1.551
45 -0.201 0.085 6.529 | -0.594 | -0.557 | 2.360 0.452
55 0.746 | -0.224 | -0.017 | 2.780 | -0.417 1.270 | -0.563
65 1.868 0.612 | -0.790 | 5.051 -0.574 1.183 | -0.772
75 0.598 6.891 | -0.581 | -0.115 | -0.227 | 4.087 | -0.353
85 0.963 0.934 0.221 -0.275 | -0.336 | 3.017 | -0.493
95 0.147 1.751 0.151 -0.599 1.863 0.628 | -0.627
125 0.385 0.071 0.351 -0.169 | -0.156 1.474 | -0.818
175 1.519 | -0.499 | -0.303 1.797 | -0.343 1.585 | -0.557
225 2.666 | -0978 | 51346 | 0375 | -0.817 | -0.250 | 3.566
275 -0.413 1.123 | -0.277 | -0.848 | 3.052 1.043 | -0.994
350 - - - - - 0.252 0.860
450 - - - - - -0.400 | 3.161
550 - - - - - - -

650 - - - - - - -

750 - - - - - - -

850 - - - - - - -

950 - - - - - - -

1000 - - - - - - -
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Table A.5 Increase rate of PMMA particle number over time for

each particle size range under 30 kW/m’

Sample PMMA
Increase rate in number concentration

232 464 696 928 1160 1392 1624

(s) to to to to to to to
464 696 928 1160 1392 1624 1856

10.5 4.530 1.813 -0.984 6.211 -0.713 -1.000 -
12.5 8.225 2.665 -0.973 0.069 -0.126 -0.029 0.778
17.5 2.843 4.122 -0.915 0.069 0.043 0.806 -0.241
22.5 1.277 2.603 -0.583 -0.453 0.229 -0.070 -0.063
27.5 0.064 1.111 -0.031 0.170 -0.520 | -0.100 0.095
35 -0.122 0.265 1.855 0.105 -0.616 -0.080 0.095
45 0.004 -0.088 3.281 0.182 -0.702 -0.161 0.207
55 0.176 -0.055 7.023 0.044 -0.682 -0.212 -0.124
65 -0.218 2.587 41.346 0.120 -0.789 -0.419 -0.291
75 0.215 -0.093 13.791 0.154 -0.832 -0.228 -0.072
85 0.590 -0.325 | 25913 | 0.101 -0.895 | -0.129 | -0.142
95 -0.009 0.038 29.081 -0.099 -0.932 0.330 -0.195
125 0.081 -0.006 | 64.984 | -0.059 -0.945 0.166 -0.253
175 -0.354 0.278 | 218.51| -0.177 | -0.822 | -0.632 | -0.449
225 0.461 -0.080 | 631.60 | -0.290 -0.795 -0.738 -0.373
275 0.811 -0.616 | 1551.6 | -0.393 | -0.771 | -0.723 | -0.318
350 2.180 0.184 899.12 | -0.303 -0.776 -0.542 -0.400
450 -0.373 0.805 1293.5 | -0.033 | -0.698 | -0.479 | -0.494
550 -0.344 -0.060 | 452.92 0.382 -0.645 -0.431 -0.438
650 0.223 0.789 | 275.91 0.957 -0.510 | -0.415 | -0.435
750 0.067 -0.466 193.65 1.668 -0.470 -0.388 -0.437
850 0.177 -0.251 | 146.71 2.613 -0.429 | -0.349 | -0415
950 -0.005 -0.765 | 451.08 2.477 -0.318 -0.360 -0.391
1000 0.462 -0.770 350.5 2.240 -0.227 | -0.367 | -0.351

Time
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Table A.6 Increase rate of PMMA particle number over time for

each particle size range under 40 kW/m’

Sample PMMA
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 -0.975 2.241 0.287 1.627 -0.591 1.508 -0.750
12.5 -0.657 -0.521 0.336 0.328 -0.374 0.705 -0.344
17.5 0.316 0.080 -0.284 | -0.038 0.077 0.195 0.207
22.5 0.581 -0.257 -0.116 0.043 0.072 -0.169 0.268
27.5 2.263 -0.323 | -0.135 | -0.566 0.606 -0.184 0.824
35 2.209 -0.254 0.178 -0.684 0.153 -0.143 0.359
45 6.078 -0.335 0.158 -0.729 0.366 -0.417 0.174
55 11.474 | -0.367 0.246 -0.795 0.005 -0.264 -0.002
65 49.929 | -0.430 0.034 -0.878 | -0.106 | -0.107 0.168
75 26.260 | -0.349 0.423 -0.902 0.190 -0.333 0.059
85 54.023 | -0.471 0.078 -0.918 0.237 -0.386 | -0.011
95 97.295 -0.600 0.046 -0.925 0.011 -0.310 0.096
125 335.95 | -0.646 -0.150 -0.901 -0.494 -0.038 -0.109
175 419.86 | -0.355 | -0.270 | -0.911 | -0.280 | -0.336 | -0.300
225 440.44 0.773 -0.386 -0.921 0.124 -0.393 -0.294
275 260.31 8.280 -0.415 | -0914 | -0.002 | -0.420 | -0.381
350 1.069 554.06 | -0.443 -0.849 -0.211 -0.283 -0.346
450 -0.806 | 6972.3 | -0.402 | -0.760 | -0.218 | -0.391 | -0.313
550 0.076 1013.6 | -0.339 -0.639 -0.388 -0.307 -0.424
650 1.019 | 380.74 | -0.124 | -0.508 | -0.519 | -0.251 | -0.356
750 -0.171 319.34 | -0.092 -0.401 -0.600 -0.268 -0.394
850 -0.440 | 328.59 | 0.240 -0.376 | -0.597 | -0.350 | -0.352
950 -0.365 129.36 0.683 -0.380 -0.591 -0.489 -0.258
1000 0.186 | 45.069 1.479 -0.396 | -0.569 | -0.536 0.108

Time
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Table A.7 Increase rate of PVC particle number over time for each

particle size range under 20 kW/m’

Sample PVC
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 31.382 | -0.575 | -0.005 | -0.498 | -0.081 0.195 -0.096
12.5 53.553 -0.533 -0.221 -0.330 0.580 0.117 -0.275
17.5 158.73 | -0.529 | -0.413 0.183 0.247 0.130 -0.130
22.5 145.51 -0.268 -0.443 -0.098 0.429 0.149 -0.186
27.5 55.726 | 0.216 -0.523 | -0.032 0.467 0.176 -0.240
35 21.326 2.788 -0.478 -0.116 0.097 0.381 -0.131
45 8.981 7.728 -0.174 -0.201 -0.084 0.310 0.017
55 4.195 7.574 0.339 -0.200 | -0.083 0.078 0.090
65 0.536 6.454 1.199 0.024 -0.159 | -0.030 0.155
75 2.298 3.442 1.876 0.216 0.021 -0.058 0.064
85 -0.076 5.487 2.279 0.338 0.115 0.081 0.010
95 0.193 2.110 1.952 0.653 0.288 0.236 -0.024
125 -0.120 1.499 0.941 0.645 0.679 0.436 0.193
175 -0.035 0.853 -0.242 0.482 0.325 0.318 0.990
225 0.075 -0.213 -0.074 0.128 -0.191 1.154 -0.021
275 1.386 -0.018 | -0.001 | -0.369 | -0.294 0.399 -0.268
350 2.180 -0.473 -0.003 0.169 0.297 -0.469 0.087
450 -0.530 | -0.329 1.153 0.328 -0.123 | -0.487 0.284
550 - - - - - - -
650 - - - - - - -
750 - - - - - - -
850 - - - - - - -
950 - - - - - - -
1000 - - - - - - -

Time
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Table A.8 Increase rate of PVC particle number over time for each

particle size range under 30 kW/m’

Sample PVC
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 -0.623 1.504 0.328 0.054 -0.212 | -0.184 | -0.501
12.5 -0.596 1.331 0417 0.264 -0.140 -0.066 -0.307
17.5 -0.684 0.638 0.514 0.407 0.161 -0.008 0.000
22.5 -0.455 0.090 0.337 0.297 0.094 0.186 0.132
27.5 0.712 -0.105 | -0.012 0.098 -0.024 0.091 0.163
35 11.002 | -0.203 -0.091 -0.037 -0.014 0.065 0.058
45 55.063 -0.176 -0.123 -0.035 -0.011 0.037 0.094
55 62.199 | 0.173 -0.195 0.011 0.019 0.052 0.213
65 50.691 0.705 -0.173 | -0.015 | -0.031 0.194 0.201
75 21.970 1.526 0.030 0.018 -0.079 0.207 0.145
85 9.001 3.271 0.161 -0.039 0.022 0.234 0.113
95 5.278 3.594 0.701 0.109 -0.017 0.150 0.182
125 3.706 3.186 1.272 0.435 0.191 0.149 0.137
175 -0.274 2.221 1.323 2217 0.743 0.620 0.193
225 -0.612 0.260 1.912 1.573 0.996 1.918 0.513
275 -0.013 | -0.467 1.405 0.280 0.956 1.987 1.496
350 0.669 0.016 0.925 -0.488 1.046 -0.152 4.054
450 - -0.195 1.137 -0.313 1.239 -0.290 | -0.049
550 - - - - - - -
650 - - - - - - -
750 - - - - - - -
850 - - - - - - -
950 - - - - - - -
1000 - - - - - - -

Time
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Table A.9 Increase rate of PVC particle number over time for each

particle size range under 40 kW/m’

Sample PVC
Increase rate in number concentration

232 464 696 928 1160 1392 1624
(s) to to to to to to to
464 696 928 1160 1392 1624 1856
10.5 1.298 -0.146 -0.606 -0.470 -0.609 1.180 -1.000
12.5 1.788 0.035 -0.522 | -0.418 | -0.440 | -0.197 | -0.295
17.5 1.075 0.623 -0.251 -0.370 -0.150 -0.358 -0.262
22.5 0.082 0.707 0.150 -0.151 -0.169 -0.113 -0.122
27.5 -0.133 0.160 0.327 0.117 -0.036 0.035 -0.141
35 0.108 0.048 -0.056 0.056 0.081 0.429 -0.054
45 1.548 -0.090 | -0.097 | -0.267 0.067 0.313 0.156
55 4.241 -0.090 -0.068 -0.131 -0.108 0.318 0.019
65 10.303 | -0.014 0.120 -0.124 | -0.015 0.228 -0.052
75 22.760 0.149 0.285 -0.171 -0.024 0.330 0.028
85 55.920 | 0.355 0.297 -0.091 -0.074 0.333 -0.010
95 72.418 0.974 0.120 0.080 -0.009 0.025 0.229
125 39.836 |.2.085 0.469 0.132 0.027 -0.102 0.295
175 5.036 2.176 2.138 0.373 0.134 -0.065 -0.052
225 6.762 2.630 3.711 1.271 0.462 0.150 0.052
275 1.917 0.450 6.400 2.761 1.753 0.426 0.110
350 - - 4.423 1.084 6.416 1.444 0.522
450 - - - 0.013 4.516 2.306 1.474
550 - - - - 7.820 10.776 | 2.083
650 - - - - - - -
750 - - - - - - -
850 - - - - - - -
950 - - - - - - -
1000 - - - - - - -

Time
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