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FM Global  INtroduction Rasbash Lecture

A 1983 discussion with David Rasbash in led to the recent paper

“Mechanism of Buoyant Turbulent Diffusion Flames”

Procedia Engineering 62 (2013) 13-27

Global V. ~Q

Rayleigh-Taylor Instability drives combustion of flamelets

Tr_t Mixing time independent of fire size

4" =1110 kw/m?® independent of fire size

Radiant Fraction, ¥z , Independent of fire size

Incompleteness of Combustion, £, , iIndependent of fire size
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FM Global Outline

« Rayleigh-Taylor Instabilities drive a’” of buoyant turbulent

diffusion flames.
 Smoke-Point, /., correlates X .
- Diagrammatic and Mathematical models for ¥, and %,.
« Comparison of model with experiment for burning in air.
- Correlation of ), measurements in general atmospheres.

* Model for flame radiation absorption coefficients in terms of
. AH.,S and 7/,

« Recommendations 3

© 2012 FM Global. All rights reserved.



FM Global Theory Rasbash Lecture

Definitions:
Qw . Quonv . Q
ZR: y : ) Zconv: y ) %I: y I
M AH M AH M AH

Conservation of Energy

MAH. =Q. +Q,.,, +Q,

1=2r + Xeow T X

Zr =1~ (Koo + 1)

Avallable chemical energy per unit flame mass
hy, —hy =AH. /(1+5S)

S Is the stoichiometric air/fuel mass ratio 4

© 2012 FM Global. All rights reserved.



FM Global - Smoke Point & Incompleteness Rasbash Lecture

Soot formation rate is inversely proportional to smoke point flame height

Smoke point correlates the soot yield, Y, , and A . AN
Incompleteness of combustion, ¥, , of buoyant

g AL 7. A
turbulent diffusion flames burning in air.

7,1 Is constant

Incompleteness vs. inverse smoke point

Smoke Point

7, =0.072In(0.36/¢5 )

) A = P < gs
X AA S
AX A,V' o0 ¢
VS
//z. Y, =0.039In(0.36/¢)

1 10 100 1000
Xi, Tewarson FPA 1/¢, {5, Yi & Sunderland

0.0




FM Global Theory Temperatures Rasbash Lecture

Coupllng between effective flame radiation temperature
[ (T ( ) ] and peak gas temperature T,

Tad —  2300K
Radiative
peak gas TCOHV _____________ 1900K loss
flame radiative Ty 1500K
average gas lgy —— —-  1100K
AIR
T PX 300K

TRf _TO = 3/4 (Tconv _TO)

T, is sometimes called the Schmidt temperature
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FM Global Measurement Concept Rasbash Lecture

Effective Flame Radiation Temperature - T.

Schmidt Temperature Measurement

| = Ioven +M$(TF:‘ =1, )

oven

<

Ray Radiometer Black Body

Flame Absorption equals Flame Emission when the
temperature of the block body source, T ., =T,

oven

Toven = Tre = Tscomiar 7

oven
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FM Global Mathematical Model 1 Rasbash Lecture

Energy Diagram

typical
2300K  Tgg —
Tre _TO:3/4(Tconv_TO) AR =1—(}(00nv+;(|)

1900K Tconv——— —————— A _______ VL
1500K  Tpy

n B hconv B hO
1100K Tav Y T el Zconv Zl I

hch B h0

2{0[0] 3¢ TO

h..., —h, 1 4CP(TRf _To)

1 — —conv

hch B hO 3 hch _ h0 i

AR =
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FM Global Mathematical Model 2 Rasbash Lecture

Governing Equation

hch i h0 j 3 hch B h0

Non-Dimensional Transformation

P _h _ho _1_£CP(TRf _To)

T
TRef :1500K’ hRef :ﬂCPTRef :279k‘]/g’ é/:Lf’ go :T—01
3 TRef TRef

h, —h AH

GG — S =

hRef hRef (1 + S) |

4/3C, (Ty = T,) 8GR (6-6) _,_ ¢-¢,
hch _ho Ref(é/ é/o) Cch _go

é/ch _C

mathematical equation relating xR & ; Ar = 9

é/ch _ 4/0

AR =1-
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FM Global Mathematical Model 3 Rasbash Lecture

Radiant Fraction
Qe = Ao (T —To )[1—exp(—x2,)]
Q=0a"V, =(1110kw/m* )V,

QR Af o

== ) (Ta =75 ) (1—exp(-x¢,,))
Mean Beam Length ¢_ = ST T 55
Af Vf gm
3.6x0 1—-exp(-«/,,) 3.6x0
=2 ) R B

Flame radiation comes from both soot and gases

10
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FM Global Mathematical Model 4 Rasbash Lecture

Physical Governing Equation

ho,—h, . 4Ce(Te—To) 36x0 .-, -,
te =l el = = (e - T)

ch 'Yo ch 'Y g
Non-Dimensional Transformation

T T
T =1500K; Moy = 2C,Toy =279K1/g; ¢ == £, ==2;
3 TRef TRef

=il AH

é/ _C; . hch - - U = 3. GGTRefK|:1_eXp(_K€m)i|
i : hRef hRef (1+ S) q'” m

4/3CP (TRf _To) :1_4/3C TRef(é/_go) — é/_é/o .y
hch_ho Ref(g é/o) é/ch_é/O
é/ch _é/

Mathematical Equation to be solved |[Xr = =U (44 — 451 )1

é/ch B 4/0

AR =1-

—
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FM Global Mathematical Model 5 Rasbash Lecture

élch _é/ éych —1 1_4/ ' :
Xra = = + =4, + y,.. INnalr
5&'_45 fim"gé \g&__éé
,Ll lla
Whatis (1 ? Zia =Max(0, v, — )

G = (l_ §0) O'8hRef
=1— S -
gch _CO gch _CO AHC/(:I'_|_S)

/Ll:

1. wis afunction of AH,S, T, and hy
2. approximately linear function of T_,

3. empirically, y, is a linear function of x
4.also, y, =0if yo<pord=>1

2300 2500
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FM Global Diagrammatic Model Rasbash Lecture

THREE CASES:

1. Complete oxidation of soot: y, =0
T, 21500K = all soot is eventually oxidized

Unusual for fuels burning in air
2. Partial oxidation and release of soot : 0< y, <0.2
1200K <T,, <1500K with T >1500K

con

all fuel pyrolyzes in flame
Typical of aliphatic hydrocarbons
3. Copious soot formation: y, >0.2
some fuel decomposes at low temperatures and bypasses flame
T <1200K and T, <1500K

Typical of aromatic hydrocarbons ;
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FM Global Diagrammatic Model Rasbash Lecture

. T
CASE 1. Complete oxidation of soot y, =0and ¢ =—~—>1

1500K
Tad — 2400K
% Radiative loss
Toony = 07/ B A = 2100K
TRf 1650K T, =1500K
- 1500K
Tav i 1200K
AlIR
TO PX 300K

Unusual case

Examples: CH, or C,H; burning in O, enhanced air 14
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FM Global Diagrammatic Model Rasbash Lecture

CASE 2. Partial oxidation and release of soot 1200K < T, '<1500K
0< 7,<0.2 and0.8<¢ <1 T >1500K

C

Tad — 2300k 0.2< 5, <045
Radiative
loss

e 1700K

conv
T 1500K

Rf 1350K
i == 1050K

AlIR
To OX 300K

All fuel decomposes in flame
Typical of aliphatic hydrocarbons 15
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FM Global Comparison with Experiment Rasbash Lecture

Comparison with Experiment

Radiant Fractions yg, vs. y;, in Air Radiant Fractions in Air

Xra = (/ua + 0'2)(5/3)(0'8_ Zla)

B Measured

H Model

O
C4HS8

o I\é/leasured 1 Model

X o D N o D o D
FFFFSF KKK

Fuel

16
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FM Global Rasbash Lecture

CASE 3. Extremely sooty flames
Tewarson FPA measurements

Radiant Fraction vs. Incomplete Combustion

+ Tewarson Data
——Tewarson Fit
— — Linear 0.9*%(0.8 - Xi)

Tewarson FSJ] 39 (2004) 131-141

17
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FM Global Theory Rasbash Lecture

CASE 3. Copious soot formation with some fuel
decomposing at low temperatures and bypassing flame

T, <1200K and T_, A <1500K 0.2<y, and £<0.8
Also, T

conv

being less than <1500K results in some flame extinguishment.

T, ——— — 2300K

Radiative
loss

———=———— 1500K W

1200K

900K

LPX 300K

Aromatic hydrocarbons typically burn according to Case 3. 1s
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FM Global Theory Rasbash Lecture

CASE 3. Copious soot formation with some fuel decomposing
at low temperatures and bypassing the flame

Let 7 =x, —0.2 be the fuel bypassing the flame.
ZR +Zconv +O'2+Z|B :1 or

ARy Koow iz — 1l
-2 1-2 12

AH (1- x5) AH
Cen — 6o =

(1+ S (1- 75 )" SHTES e
AR :é/ch_gz Con —1 N =g
1- 1 \é,ch_é/oj ?ch_é’oj ké/ch_é/oj

% u 0.2
2n =(u+02)(1— zo )= (Lm02) (@2~ 7, ):(y+o.2)g(o.8—;(,)

19

112

assuming S > 1.
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FM Global Com Rasbash Lecture

Comparison with Experiment

Radiant Fractions yg, vs. y;, in Air Radiant Fractions in Air

B Measured

Zee = (11, +0.2)(5/3)(0.8- 7,

H Model
C3H6

C4H8

o I\é/leasured 1 Model

* o0 P X W DB o 0
KX XX KKK

Fuel

20
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FM Global Experiment Rasbash Lecture

General Correlations of Radiant Fractions
Zr = Xrag O ('Ll_ﬂaj)+52j (\/g—\/saj ) for each fuel "j"

21

Linear correlations provide a amazingly good fit.
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FM Global Experiment Rasbash Lecture

Linear correlations provide a amazingly good fit.

Combined
Std. Dev. 3.21 %
for all fuels

o
>

c
(o]
.g
303
|
| .
(o]
(@)

o
)

©
[EY

0.3
Measurement
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FM Global RENS Rasbash Lecture

Solving for effective flame radiative temperature

é/:TRf /15OOK é/(ZRuu)

23
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FM Global RENS Rasbash Lecture

| _ _ .. 3.60T T Kk
Dimensionless Absorption Coefficient U = —
5 g
From the radiation equation y, = Son 6 =U (54 —551)

é/ch _4/0

24
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FM Global Results U (AHC 9, L ) Rasbash Lecture

Fit of Dimensionless
Absorption Coefficient, U

U — B.G{Téef/c
N = C3HE qm

C3H6 Model

—— C2H4 Model
— e C2H4
o di. — ~—_ —— C3H8 Model

. = = C3H8

~
= _es—— C2H6 Model

= = C2H6

e S L ‘

Sa

X— X—
P(x):( o “H)((XWH)(XWL)_XZ); 1 =—055 4, =065

U :0.15[220())1/2 +{0.037+O.33|n(0'36ﬂ[\/§\/E]P(X); X = p1—0.24
)
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FM Global  Conclusions Rasbash Lecture

- Rayleigh-Taylor Instabilities drive the combustion of

buoyant turbulent diffusion flames.
* Smoke-Point, ¢, correlates %, .
- Diagrammatic and Mathematical models for ¥y and %, .
« Excellent comparison with experiment for burning in air.
« Correlation of ¥, measurements in general atmospheres.

* Predictions of flame radiation absorption coefficients in

terms of AH.,S and 7, .
26
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FM Global Recommendations Rasbash Lecture

1. Apply existing model to predict:

 pool fire burning rates

« wall fire radiant heat transfer rates
2. Measure %, in general atmospheres using the FPA
3. Model soot mantle surrounding very large pool fires

4. Measure & model effect of wind on pool fires burning rates

27
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