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Piloted Ignition of Gases

O Ignitability of fuel/oxidizer gaseous mixtures is frequently characterized by lower and upper
flammability limits (LFL and UFL).

U These limits are usually expressed as the minimum and maximum volumetric fraction (or
concentration) of fuel in air capable of propagating self-sustained flame.

0 The underling physics of these limits is associated with a competition between energy and
active species (radicals) production in combustion reactions and energy and active species loss
due to diffusion and radiation.

U The limits are typically measured experimentally using the Bureau of Mines Flammability
Apparatus.
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Piloted Ignition of Gases

Table 2-7.1 * Summary of Limits of Flammability, Lower Temperature Limits (T, ), and Minimum Autoignition
Temperatures (AIT) of Individual Gases and Vapors in Air af Atmospheric Pressuret

Lirnits of Limits of
Flammability Flarmmabslity
fl %) fol %)
Combustible LFL¥ UFL¥ LG AIT (*C) Combrestible LFL¥ UFL¥ TGy AIT(C)
Acetal 16 10 ar 230 Cumene 0.BB= G52 — 425
Acetaldehyde 40 &0 — 175 Cyanogen (1] — — —
Acetic acid 4 — 40 465 Cycloheptans 14 6.7 — —
Acetic anhydride 27 10e 47 390 Cyclohexans 13 78 — 245
Acetanilide 1.04 — — 545 Cyclohexanol 124 — — 300
Acetone 26 13 — 465 Cyclohaxnana 122 — — —
Acetophenons .44 — — 570 Cyclohexyl acetate 1.04 — — 335
Acetylacetona 1.74 — — o Cyclopropana 24 10,4 — 500
Acetyl chloride EE ] — — 390 Cymens 0.B5e G52 — 435
Acetylens 25 100 — s Decaborans o2 — — —
Acrodein ] 3 — 235 Decalin 074 490 57 250
Acrylonitris 3.0 — & — n-Diecans ory 5.6m 46 210
Acetone-cyanchydrin 22 12 — — Dieuterium 40 76 — —
Adipic acid 164 — — 420 Diborans 0B aa — —
Aldaol 20 — — 250 Diesel fuel (60 cetans) — — — 228
Allyl alcohal 2g 18 22 — Diethyl amine 18 10 — —
Allyl amine 2z 22 — 375 Diethyl analine R — 80 B30
Ally bromide 27 — — 295 1 4-Diethvd benzens oee — — 430
Allyl chloride 20 — -3z 485 Diiethyl cyclohexens 075 — — 2410
c-Aminodipheany 6s 44 —_ 450 Diethyl ethar 16 a6 —_ 160
Ammoniz 15 78 — — 3,3-Diathyd pantane ore — — 200
mHAmyl acstats i.02 7.1 25 350 Diethyl ketone 1.6 — — 450
m-Amyl alcohaol 142 102 3B 300 Diisabutyl carbinol 0.g2= 6.4/ — —
tert-Aumyl abcohol 144 — — 435 Diisabutyd ketone 07D B.22 — —
m-Amyl chionds 169 BB — 260 2-4 Diizocyanate — — 120 —
tert-Amyl chloride 15 — -2 345 Diisapropyl sther id 79 — —
m-amyl ether 0.4 — — 170 Dimeathyl amine 2B — — 400
Ayl nitrite 1.0 — — 210 2 2-Dimethyl butans 12 7.0 — —
m-Amyl propionate 1.0 — — 3@ 2,3-Dimethyl butans 12 7.0 — —
Amylene 14 87 — 275 Dimethyd decalin ul =i 5¥ — 235
Aniline 129 B3 — 815 Dimeathyl dichlorosdana 34 — — —
Anthracens el — — 540 Dimetivd ather 34 27 — 350
m-amyl nitrate 14 — — 185 n,n-Dimethyl formamide 1.B2 14= LT 435
Banzensa 1.3 7.8 — 560 2 3-Dimethyl pantans 14 6.8 — 335
Benzyl benzoate 074 — — 430 2 2-Dimethyl propane id 75 — 450
Benzyl chloride 1.24 — — 585 Dimethyl sulfide 22 20 — 205
Bicyckohaxyl 0652 B T4 245 Dimethyl suliodde — — 84 —
Bipheny Ty — 110 540 Dioxane 20 22 — 265
2-Biphenylamine Qg — — 450 Dipentene 075 6.1 45 237
Bromobenzens 164 — — ERS Diphenylamine o7 — — B35
Butzdiene (1,3} 2.0 12 — 420 Diphenyl ather o — — B20
% 1.8 EX] 72 @ Diiphenyl methane o7 — — 4E5
B ENGLE) T87 — — Divinyl ether 17 27 — —
Butene-1 16 10 — 385 rHDodecane 0,607 — 74 205
Butens=-2 17 97 — 325 Ethans 30 124 —130 515

* SFPE Fire Protection Engineering Handbook



Flammability Limits and Stoichiometry

For most simple hydrocarbons:
LFL ~ l VFueI — E r]Fuel — 2 r]Fuel
2 VAir +VFueI 2 nAir + nFueI stoic nAir + nFuel

LFL of mixtures (Le Chatelier’s) rule: Each gaseous fuel contribution to flammability

UFL~2| — Vee
VAir +VFueI

stoic

stoic

stoic

is equal to the faction of its LFL.
Vi
. . (Vtotal j

In other words, the LFL of mixture is reached when: Zﬁzl

V. V. 1 1
Vi = > ———  LFLy = > —1-= Vi=—

total i LFLI thotal Z Vi Z Vi
— LFL, \V/

Fuels
2 LFL.



lgnition of Liquids

o © .. _ Vapor-Air Mixture Application of igniter

® * ‘ = liquid Increase in liquid surface

temperature

l

Increase in fuel vapor

concentration
(controlled by thermodynamics)

|

Does the concentration

reach LFL?
Ye7 Yo

Flash point No ignition




lgnition of Liquids

() Flash point

e ® o @mmm Vapor-Air Mixture

o ' e o

Does the liquid produce enough gaseous fuel during
the time between flashes to create UFL mixture in the
space above it of the size of the flame quenching

distance?
Ye7 \\l‘o

Potential transition to sustained No ignition
diffusion flame - fire point




States of Pure Substance
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Second Law of Thermodynamics

Spontaneous process:

R — e

A function of state that defines randomness of a system is called entropy (S).

S oc In N, where N is the number microstates comprising the system.

dQ

Second Law of Thermodynamics states that: dS > ?

According to the First Law of Thermodynamics: dQ = dU + PdV

TdS >dU + PdV
dU + PdV =TdS <0 Gibbs Free Energy

If pressure and temperature are constant: d(U + PV —-TS)=dG <0
(U +PV-TS)

Enthalpy (function of state)



Clausius-Clapeyron Equation

G=U+PV -TS
dG =dU + PdV +VdP —-TdS - SdT
For reversible process: TdS =dU + PdV = dU =TdS — PdV

4G =TS - Pd¥ + pd¥/ +VdP —TatS — SdT

dG =VdP —SdT
® o In equilibrium: dGL dn+ dGV —dn =0 > dGL — dGV
‘o * . ‘. dn dn (=dn) dn  dn
Vapor o: ® o ° molar quantities
iquid |8 a M\
liuid BeB g V,dP—S.dT =V, dP—S,dT
V, dp -S, =V, dp -Sy

dT dT



Clausius-Clapeyron Equation

Vapor

Liquid

dP dP
V, — =-S5, =V, —-=S
“dT 5 VdT Y
dP
(VL_VV)d—T:SL_SV
dP_SV—SL
dT V, -V,

dQ AQ

For reversible process: dS = ? or AS = ?

% heat of vaporization, hfg

dP AQ
daT TV, -V,)
h h
V, >V, = P _ T _ T
dT Tv, 1RT
h P
P _ o g

P RT?



Clausius-Clapeyron Equation

Air 4 P o dP - h

> f
Yoo e P RTg a
Vapor | ® e * iy boiling point
®e v
C

o
Py Tp h
Liquid I::“.o.“! & ‘F[d; = %[ R'I'gz dT

— =exp

partial vapor pressure — ., h.(1 1 V.
LR \
7 R, ( ( )]

atmospheric pressure
(101,325 Pa)

Key Result



Application to Ignition of Liquids

Air <

~ @ h

°° o .0. T ZEXp(fg(l_lJJ
Vapor ‘.o o .‘ R\, T
. ., @
Havid [SAF AN S LFL=exp[theg [Tl . D

b L
flash point

Cleveland Open Cup Tester (ASTM D92)
| is used to measure:

flash point, T,

temperature of onset of sustained
burning (fire point)




Application to Ignition of Liquids

i'irlr]{.I T:. TJ T[_'dd ..-l!'i..|. .FE[,__. _"-..hf
Fuel® Formula Closed Chpen (K] (K} (K} (%o} (klg) (klfg)
Methane CH, | 11 a1 2226 53 0.59 50.2
Propane CyHg 69 231 723 2334 2.2 0.43 464
n-Butane CaHqp 213 273 561 2270 |.9 0.39 459
n-Hexane CeHqy 251 247 342 498 2273 .2 0.35 451
h,(1 1
f
LFL =exp| — -
R{T, T,
I\/I\NHexane (g mOI_l)
0.35x1000x86.2( 1 1
LFL,,... =exp - =0.021
8.314 342 251

closed cup T

LFL, =exp 0.35><1000><86.2( 1 B 1 j _ 0.017
8.314 342 247

open cup T
N hgy from NIST chemistry webbook

LFL,,. . = exp(31730 ( 11 D =0.014

8.314 \ 342 247



Application to Ignition of Mixtures

Application of Raoult's law (the ratio is
molar fraction in liquid mixture)




Burning Rate

Burning rate — the rate of mass loss or heat release per unit surface area of
condensed-phase fuel.

Steady-State Burning of Solid or Liquid:

Qin

Qin

X kg of gaseous fuel is
generated per unit
surface area during At

>

y
X
— =mF, =const
At
For steady-state to exist, X kg of fuel must be heated from T; to T, and vaporized during At:
XC, (Tp ~T. )+ thg: q;, At - hfg may represent heat of decomposition or vaporization;
X q - TID may represent pyrolysis temperature or boiling point.
in

At T, —T,)+h,



Burning Rate

Burning rate — the rate of mass loss or heat release per unit surface area of
condensed-phase fuel.

Steady-State Burning of Solid or Liquid:

Qin

Qin

X kg of gaseous fuel is
generated per unit
surface area during At

>

_ qin
mFy = c,(T, — T, )+hg

If c, is a function of T: mF, =

") = L - heat of gasification



Pool Fire Analysis

/ Spalding B number

h
Convection from flame only: q;, = C—ln(1+ B)L

: 4

Mean beam length

h : .
Convection and radiation from flame: Q;, = — In(1+ B )L + &, (1— e P )O'Tffame — ESO'Tl;1
C
g
% Fraction of combustion energy that is radiated out
AH. .
S CYoxid (1_Xr)_cg (Tp _Too) m
where B =/‘, L 1 Methanol
Mass of oxidizer consumed per unit mass of fuel “E 07
‘;; O Codetland Fu[16]
_ -3 W Kung and Stravrianids[ 1 7]
h e-e" T &0l £
mF, (steady) = _ —In(1+B')+ S( )G flame 2o P 2
L C, L L -
£ %1
s ¥
Emiqbﬂu/'__'—.
10 T T

0 100 200 a00
Pool Diameater (cm)

Figure 9.15 Regimes of the steady buming rate for methanol: D < 25cm laminar,
turbulent, I = 100 ¢m radiation saturated [16. 1']"]*

*Figure from Quintiere, Fundamentals of Fire ...




Case Study”

The US Attorney General authorizes the use of ‘nonpyrotechnic tear gas’ to force cult
members from a building under siege. She is assured the tear gas is not flammable. The
teargas (CS) is delivered in a droplet of methylene chloride (dichloromethane, CH,Cl,) as an
acrosol. Twenty canisters of the tear gas are simultaneously delivered, each containing (.5
liters of methylene chlonde. The properties of the CH2Cl: are listed below:

Properties of CH,Cls:

Liquid specific heat=2 J/g K
Boiling point = 40°C

Liquid density = 1.33 gfcmi

Heat of vaporization = 7527 cal/g mole

Lower flammability limit = 12 % (molar)

Questions need to be answered: . ! )
[ T —

Compute the evaporation rate per unit area of the CH,Cl, once released by the hrC'il-:mg .,
canisters in the building. The air temperature is 28 °C, and no previous tear gas was .
introduced. Assume the spill can be considered as a deep pool, and the heat transfer
coefficient between the floor and air is 10 W/m”* K

What 1s the maximum concentration of CH>Cl> gas in the building assuming it is well
mixed. The building is 60 ft x 30 ft x 8 ft high, and has eight broken windows 3 ft x 5 ft
high. Each canister makes a 1 m diameter spill, and the air flow rate into the building can
be taken as 0.05 AﬂH{',“"E in kg/s, where Ay is the total area of the windows and H,, is the

height of a window.
*From Quintiere, Fundamentals of Fire ...



Case Study

L~h
— qin g
mF,,,, (steady) = —**

L Qi = h(Tsurf _Tair)

Lewis number

h
CH ,Cl CH,CI - - CH,CI CH,CI
ml:evap = K(Ysurf2 ? _Yair ? 2) If Le~1 = mFevap ~ C (Ysurf2 ’ _Yair ? 2)
air
h h MW h, [ 1 1
CH,CI CH,CI ~ CH,CI . CH,CI fg
Ysun‘2 L >> Yair = ml:evap ~ Ysurf2 PR = EXp | =
Cair Cair Ivl\Nair R Tb Tsurf

MW h h(T,.—-T.
h CH,Cl, exp(i[i_ 1 )]: ( surf alr) :>-|- z_zo OC

hfg surf

Mass conservation for CH,Cl.: d (Y CHLL 5V )— mF YCH2C'2<O 05 H“Z)\
2v~12- a Pair bldg / — evapAspiIIs - . AO 0

L — Y SCl +0.02

max

J- mFevap ASpiIIsdt =N canchan PcH ,Cl,
0

Result: LFL is not reached




