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Introduction

o Information Sources - Journals

e Combustion and Flame

Combustion Science and Technology
Combustion Theory and Modeling

Progress in Energy and Combustion Science
Proceeding of the Combustion Institute

« Information Sources - Books

e Combustion — 1. Glassman

e Principles of Combustion — K. K. Kuo
 Combustion Theory — F.A. Williams

e Droplets and Sprays — W.A. Sirignano



Historical Perspective

o Development of the Modern Society
e Pre-Historical: Heating, Cooking, Metals

Steam Engine
Industrial Revolution
Otto Engine (1876) and Diesel Engine(1890)

IT World War
— Mobility » Liquid Fuels
— Gas Turbine

— Rocket Engine
Oil Crisis (1973)

« Modern Engineering
 Environment Aspects
» Waste Treatment
e Alternative Fuels
e Cogeneration



Applications

Power Production
e Thermoelectric Power Stations
 Plane, Ship and Automobile Propulsion
e Gas turbine Engines
 Rocket Engines

Process Industry

e Steel, Glass, Ceramics, Cement

Fire Prevention and Safety
Heating — Industrial and Household

Environment Aspects

e Formation of Pollutants - NO,, SO,, CO
e Formation of Particulates
e Exhaust Gas Temperature Control



Motivation




Mathematical model

o Definitions

o Oxidation
o« Energy release
o Flame

e Background

e Thermodynamics

e Chemical Kinetics

o Fluid Mechanics

e Heat and Mass Transfer

e Turbulence

o Materials Structure and Behavior



Chemical Thermodynamics

Introduction

Thermodynamic Equilibrium
* Mechanical + Thermal + Chemical
e Thermodynamic properties + composition

Nonequilibrium Thermodynamics — Rates of Change

Thermodynamic Laws

O Law — Temperature + Thermal Equilibrium

1" Law - Internal Energy + Conservation of Energy
2t Law — Entropy + Temperature Scale

3t Law — Entropy Reference State and Value



Chemical Thermodynamics

Criteria for Equilibrium

TABLE 1.1 General Equilibrium Criteria for Closed Thermodynamic System!>

Variables Held Constant Criteria for Thermodynamic Equiﬁbﬁum in a Closed System

P dH — TdS =dG + SdT =0
4 dU—-TdS=dA + SdT =0
T dU—-TS)+pdV=dG— Vdp=dA + pdV =0
S dU + pdV =dH - Vdp =0
T dG =0
V,T d4 =0
2, S dH =0
V,S dU =0
S,Uor A, T dv =0
A, Vor G, p dT =0
UVorH,p das =0
G,TorH,S dp=0

Equilibrium Constants

c _.d
K, E% AG,=-RTInK,
PiPp



Chemical Thermodynamics

o Specifying Amounts

e Mass Fraction-Y « Mole Fraction - X
nm. n.
—_— l —_ l
Yi N X i N
2.m, 2N
i=1 i=1
o Fuel - Oxidant Ratio - F/O o Equivalence Ratio - ©
M. F/70

“(F/0)+(F/0),

oxidant



Chemical Thermodynamics

o Specifying Amounts

o Mixture Fraction - f

FE+(1-f)E, =€, f:?”

v - Extensive Property

f kg/s
Sourceless (F —] -
/ \\ | kg/s
Yinert 5 YF_ (F/O)stYO 3 eeeees (1-1) kg/s // -0 :®

A) — -~ .-’l
Complete Reaction - f




Chemical Thermodynamics

Standard Heat of Formation

Amount of energy (heat) absorbed or released when a substance is
formed from its elements in the reference state (298.15K - 1 atm).

Stable elements in the standard state have zero heat of formation.

Heat of Reaction

Amount of energy (heat) absorbed or released during a reaction
occurring at a given T and p.

Adiabatic Flame Temperature

Temperature of the products when the combustion process occurs
adiabatically, with no work interactions, changes in kinetic or potential
energy.

Maximum temperature for the given conditions.



Chemical Kinetics

e Reaction Rates - Arrhenius

aA+bB—L—P

aA+bB<——P
dC E
A =—ak C!C) =—af,CiC; exp| ——=-
dl_ ; f A TB ﬁf ATB p[ RuTj
dC

E
A\ =+ak CiC, =+af C:C, exp(— ‘”j

di RT

r



Chemical Kinetics

o« Equilibrium

dC,
dt

dC
dt

B

dC
dt

P

Concentration

Product

"#
c!

Reactant
Ca-Cx

Time



Conservation Equations

Continuity

Rectangular coordinates (x, y, z):

dp 4 d d
2;-*5;(puﬁ-+5;(puﬁ-F5;(pmJ==0 (A)
Cylindrical coordinates (r, 8, z): “
%+li(pru)+~l—i(pua)+—a-(pu-)=0 (B)
at r dr " r d@ dz ¢

Spherical coordinates (r, 8, ¢):°

o 19 1
_— = — +
5 T2 )

d _ d
r sin @ ﬁ(pug sind) + r sin @ a_¢(p""’) =0 ()

“r20,27>26>0.
"r>02r>¢2>0,7>60>0.



Conservation Equations

Species

ay, dY, 2y, aY,

— by —tu,— +u—
ar  ax  ay o %ag
J d J
£ (p¥V,) + —(pTV,) + = (p¥V,) = o,
dx dy : 0z ‘
[where
" 2 dY, 7 .@aY, 2y 2 Y,
“T Ty T Tyxay YT T ez

Momentum



Conservation Equations

e Energy

oT oT

oT aT d d d d
pC(——+u——+u—+u—-——)-—-( p+u—}1+u—p-+u-—£)

ot X 9x Yy ? 9z
aZT 82 32 N
- ;\( + + az2) - igw,.Ah;,.
d N N a
(i) glrkom) oo

2 [(2‘::)*( ) (G [ 2

12
ou,

N
+p X YilfiVix + fiyViy + fiVid)

i=1

du, |2 N [aux N 8u,]2 2[ du, N du, N du, |2
dz dz dx 31 dx dy dz

(A)



Conservation Equations

e Source Term

N p ) ik
Eak XJp
R, T

u

M
w; =W, Z(v”i’k _V’i,k )BkTa exp{—
k=1

« Coupling

e M - Total number of chemical reactions
e N - Total number of chemical species

« Equation of State



Conservation Equations

e Unknowns

« Equations

o 1 overall mass continuity equation
« 3 momentum equations

« 1 energy equation

« N - I species equation

« 1 equation of state

o 1 equation relating all Y;

e Premixed x Diffusion Flames



Premixed Flames

Deflagration Waves

— Subsonic

— Propagated by Energy Release
from Chemical Reaction

Experiment

— Bunsen, 1855

— Gaseous fuel

— Entrainment of Primary Air
— Anchored Flame

Vd ~
/ \
/ \
/ %
/ \
! \
i \
h | Air
| |
1 i
i 1
' ]
! :
b Y !
Burned Gases — ~— Diffusion Envelope
2\ 5

Luminous Zone j\#\—— Premixed Conical
Dark Zone A flome

Streamlines —11

———— Barral

Control Ring
e
O Primary Air Poris
Fuel Orifice
*— Fuel In




Premixed Flames

« Experiment (cont.)

— Luminous Conical Region
* 1mm thick
e Color — Fuel/Air Ratio

— Reaction and Heat release

— Nonstationary
— Nonplanar
— Find Laminar Flame Speed

Inner and Outer Cones



Premixed Flames

e Thermal Theory

S, =C;Ja-RR

— Mallard and Le Chatelier

4

I | | T,

Zone | Zone ||
{(Preheat Zone) kaucﬂon|
Zone)
’L——sr-—ﬂ-
| l
I
|x=0

Typical Temperature Variation



Premixed Flames

o Effect of Chemical Properties

Mixture Ratio

T 1T T 1 T 17T 1T 1
60} ethylene
carbon

30— disulphide
40| benzene
30—

)_.

icyclohexane
20

- hexane ethyl ether

(Vo) N (NN T N NN AU (N DU AN N N B
0 4 6 8 10 12

fuel % in air

e Fuel Molecular Structure

cm/s

Maximum Flame Velocity,

| ! [ |

T I
T o akynescw
2500 | O ALKYNESC -2
I A ALKENES CH,y
| O ALKANESGH, .
200} ! —
|
|
|
150~ | -
\

100~ \Qk B

b1 1 1 11
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Number of Carbon Atoms, Nearbon
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Premixed Flames

o Effect of Physical Properties

e« Pressure- §; =C, °pn_2

o Initial Temperature

200 { 1 | | {
160 O CyH,/air B
o g?iHellc.lir
A air
120+ 4 ~
£
o
% 80} _
N
40 -
0 | | | ] | ]

_E/2R,/ © 100 200 300 400 500 600 700

Tor K



(S, )mx, cm/s

Premixed Flames

o Effect of Physical Properties

o Flame Temperature e (andC
D
280 I T BB
H,/0,/N, » 80 — 1T T T T T T T 7
240} 2 — —
E 120 9
200\ Hydrocarbon/ -
0,/N, i Iy - /dHu» ©ar .
.=
‘C Same T _
160 Nitrogen 7 o 80 :
compounds, e _ ]
120 Nifr:ies. : 'I‘f >Tf
Alcohol, = - —]
T— Ether, CSg, £ 40 Ar-Alr - Np~Alr
o CgH /0, | g Same o _
CH,o/N0/0,/ m 0 | S I I I T
a0l | 4 8 I2 16 20 24
% CH4 in various airs
0 | B |

12 16 20 24 28x100



Premixed Flames

e« S, -Experimental Methods

e Bunsen-burner Burned
|\ gas

Quter mantle
of burned gas

Inner cone

ﬁ
\ \——‘?__Atubo
Luminous zone
Visible cone
Reaction zone
streamline

Schlieren cone I

Shadow graph cone

F/7A



Premixed Flames

e« S, -Experimental Methods (cont.)

e Transparent Tube

=V
Atube % ‘_2'\’0 }" S =(V, _Vg JAtube /Af

e Constant-Volume Bomb

. Constant-Volume dr R3 _ ,,3
- Temperature and pressure rise S L — p — >
« Flame accelerates t3py,r



Premixed Flames

e« S, -Experimental Methods (cont.)

e Soap-Bubble

o Constant Pressure

Unburned Instantaneous
gas soap bubble
mixture surface
Spherical
flome
front
Time=0 Times=t
Pp 1;,
SL Uy ——=Up —



Premixed Flames

e« S, -Experimental Methods (cont.)

e Particle Tracking

T I T ] I | 80 T
Natural gas /air
flame; the particle

€ tracks are inferrupled

' ot at=1.436 msec

- 3 [ 1 60 =
®

4
-

™ [

© ~

S 2 — € aof 2
.g -

m.l

o

e

- — 20 -
= Inner

o cone

1 | | j Y l
0 0 0.2 04
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Premixed Flames

e« S, -Experimental Methods (cont.)

Inert Gas

Flat Burner

Grid

)

ERE

|

Gas Mixture

Flame

RS Porous plug

metal disk

Adiabatic

S,

Cooling Rate



Premixed Flames

e Flame Quenching

e Flammability Limits

T3 1 - ¢
- P = constant
e sl i o.
5 cm dia. ﬁ T, increqases
a.
1 _premixed ©
Gases g
1.22m ™ ¢
-
I—Glass w
Tube 1 4
L4
= I
= T <T
: | e
LA -4 -

K
Co fow rs;'a'::';ong) FUEL /OXIDANT RATIO, (F/0)



Premixed Flames

e Flammability Limits

i 1 T !
800 Atmos;:her:c Pressura

N\

o
x
flammabie €
5 Flarnmable Area
400 —
g 40 \
A
o 300 — —
W]
X 200 —~
Joio k\ y
0 | ] ]
0 2 IO 12 14

NATURAL GAS, % by volume




Premixed Flames

e Flammability Limits

TABLE 5.5 Flammability Limits of Certain Fuel-Air Mixtures

Lower (Lean) Limits, Upper (Rich) Limits, Stoichiometric,

Vol. (%) in Air Vol. (%) in Air Vol. (%) in Air
Methane, CH, 5 15 9.47
Heptane, C,H,, 1 6 1.87
Hydrogen, H, 4 74.2 29.2
Carbon monoxide, CO 12.5 74.2 29.5
Acetylene 2.5 80 1.7
Ethane, C,H, 2.82 15.34 5.64
Ethylene oxide, C,H,O 3.0 100 7.72
Propane, C;H, 2.05 11.38 4.02

Methanol (g), CH,OH 5.88 49.94 12.24
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Isolated Droplets

Oxidizer
Gases

Flame
Front



Isolated Droplets

Condensed phass

|

-
ANNRANN NN

Note :
Ve The partial pressures

are not to scale
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Surface
s
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Droplet Stream




Interaction Phenomenon
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Droplet Mass Vaporization

F=012 m" =1.439 £=0.92 m' = 1270
[

m

TEMP

4.26
406
180
1.66
146
3.26
106
2.86
.66
2.46
2.26
.06
L.86

=212 m" =123 =452 m" =1.216 166

20 — 1.46
1.26
1.06
i 0.86
0.66
0.46
vs 0.26
o 0.06
= 014
L}
i
I IE] 20 . ] k] in Is 20 .25

r o ro
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Droplet Mass Vaporization
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