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Objective and Outcome

A Thisspeciallectureis designecdto give advancedpostgraduatestudentsin
Heat and Mass Transferan outline of how the transport phenomena
approach can be applied to solve complex combustion problems 1t is
shown with the help of practical illustrations how the differential
conservationequationsof mass,momentum, energyand speciescan be
appliedto solvereal industrial problemsinvolvingtransport phenomena
coupledwith reactionsandtemperaturedependentproperties

A Toexamplesof analyticalsolutionsto simplecombustionproblemsis also
iIncludedfor easeof understandinghe underlyingphysics

A Studentswill be ableto appreciatethe role of mathematicalmodelingof
complex, coupled heat and mass transfer problems in solving real
engineeringproblems Theywill alsounderstandthe physicalmeaningof
terms in conservationequationsand the significanceof assumptionsand
boundaryconditions

ME6203Mass transport Arun S Mujumdar



Outline

A Part |I: Introduction to combustion

A Combustion and flame
A Combustiorchemistry
A Combustion of coal particle

A Part Il: Steady combustion of methane/air mixture

A Analytical solution
A Numerical simulations

A Part Ill: Pulse combustion

A Thermalacoustic instability
A Analytical solution
A Numerical simulations

A Closure
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What 1s combustion

Combustionor burning iIs a chemical process,an exothermic
reactionbetweena substancdthe fuel) and a gas(the oxidizer),
usually O2, to releasethermal energy (heat),electromagnetic
energy(light), mechanicalenergy(noise)and electricalenergy(
freeionsandelectrons)

+ Exothermic reactions
— Reactants — Froducts + Energy

« Oxidation processes
— Oxygen in air is usually the oxidizer

+ High temperatures of the products
— Typically above 2000 K

- Radiation
— Chemiluminiscence, Flanck radiation
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Fuels

Most fuels are mixtures of chemical compounds

called hydrocarbons ( combinations of hydrogen | g

and carbon C).

Solid fuels

Solid natural fuels include Coal, Peat, Lignite and Wood.
Solid artificial fuel is Coke derived from Coal.
High contents oBulphurand Ash.

Liquid Fuels

Liquid fuels are processed at refineries from Petroleum.

Light, medium and Heavy Fuel Oil, Gasoline and Kerosene are the
most common used.

Gaseous Fuels

Natural gas is a gaseous natural fossil fuel consisting primarily of
methane.

Town gas is manufactured from Coal.

LPG ( Liquid Propane Gas ) is manufactured from Petroleum and
usually supplied in pressurized steel bottles ( cooking is a typical
application ).

Crude ol

.//.L1JUL: N — Pebubare
( Gas
o 150G
20000 (oorol)
t’lE: Nerosene
J00°C
_fur_ﬂ_ﬂ_u= Diesst
lekixch b4

=

Fumace

fued cil

Lutrcaing
ol parsfin
wax i
Foptat

ME6203Mass transport

Arun S Mujumdar



Calorific Value

A Calorific value represents the amount of heat developed in the
reaction of combustion in conditions predefined standard.

I High (superior) calorific value.

it includes the heat of condensation of the water vapor that shape in the combustion

I Low (inferior) calorific value

Inferior calorific power of some fuel (p.c.i.)
Fuel p.c.i. (kcal/kg - kcal/m3)

Firewood to burn 2500 - 4500 Diesel oil 10200
Peat 3000 - 4500 Benzine for car 10500
Firewood coal 7500 LPG 11000
Lignite 4000 - 6200 Natural gas 8300
Coke 7000 Coke oven gas 4300
Fuel oil 9800 Elast furnace gas 900
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Combustion and Flame

Fuel/oxidizer | Fluid motion Examples
mixing
Premixed Turbulent Sparklgnited gasoline engines

Low-NOx stationary gas turbine

Laminar Flat flame
Bunsen flame (followed by a
nonpremixedcandle ford > 1)

Nonpremixed Turbulent Diesel engine
(Diffusion) Aircraft turbine
H2/O2 rocket engine
Laminar Wood fire
Candle

Radiant burners for heating
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Premixed flamesdiffusion flames

Premixed flames Nonpremixed flames

Fuel and air is mixed (Diffusion flames)

before combustion . o
Fuel and air burn

' when they meet

FProduct zone

A4

- Reacfion zone

Fre-heat zone
Unburned gas zone

*= Porous-plug burner

AoA

Fuel + air

L]

Air Fuel Air
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Premixed flame

« Gaseous fuel and oxidizer
are mixed on a molecular
level prior to combustion

« Hydrocarbon/air flames
have burning velocities
around 0.5 m/s

Example: Spark-Ignition Engine
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Nonpremixed flames

* Fuel and oxidizer are
Introduced separately
and mix during
combustion

* Energy release rate
limited by mixing process

 Reaction zone between
Example: Diesel Engine oxidant and fuel zone
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Laminar Flame

APremixed
i e.g. Bunsen flame
I Rather low flame velocity

ANonpremixed (Diffusion)
i e.g. candle flame
I Fuel: wax, Oxidizer: air

I Reaction zone between wax vapors and air
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Bunsen flame Structure

Ao8 4y . :
[ 4] t The flame is stationary,
thus the following relation
Reaction is valid:
Zone X

S, =vsina

S, is a property of a
fuel/oxidant mixture at
certain T and p, and it
is around 0.5 m/s for

hydrocarbon/air
v cold flow velocity mixtures.

« half the cone angle
S, laminar flame speed

(the velocity of a reaction zone
orthogonal to its surface)

Photo: Per-Erik Bengtsson
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Zones of a Premixed Flame

Temperature profile along x

here!

300 K

Lnburned gas zone | Preheatzone = Reactionzong . Product zone

Photo: Per-Erik Bengisson

The reaction zone moves towards the unburned gas at

velocity 5, mainly because H atoms diffuse towards the
unburned gas and react with unburned oxygen

H+0, — OH+0
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Turbulent Flame

* Premixed
— Fast heat release

— Increased flame propagation
rate

— e.g. Spark-Ignition Engine

Turbulent diffusion flame

 Diffusion

— Can obtain high rates of energy
release per unit volume

— Modeling is very complex, no
well established approach

— e.g. Diesel Engine
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Combustion Chemistry
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Stoichimetry

Stoichiometry expresses the ratio between the fuel and oxidant concentration
In a mixture.

The equivalence ratio, @, is used to specify this relationship:

D —

(# moles fuel /# moles oxveen) in real mixture

(# moles fuel | # moles oxyegen) in stoichiomelric mixiure

The stoichiometric relation for propane combustion:
| CiH +50,+188N, - 3C0O,+4H,0+ 188N,

Example: Calculate the equivalence ratio for a mixture with the molar ratio 1:4
between propane and oxygen:

1/4
O=—=-12

1/35
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Stoichimetry (2)

The stoichiometnc relation for propane combustion:
1CH+50,+188N,—-3C0O,+4H,0+ 188N,
A stoichiometric hydrocarbon mixture gives a flame that ideally gives the
products CO, and H-,O only. For such a flame $=1.

1

The mole fraction of propane: Y o, = =0.040
o 1+5+18.8
Xoropane— 0.040 the mixture is stoichiometric
Xoropane= 0.040 the mixture Is fuel-lean = O, In the exhaust
X oropane= U-040 the mixture is fuel-rich = C0O and H, in the exhaust
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Flammability limits

C2H2 + air #:

n-C4H10 + air [
C3Ha = air It must be remembered
(T
CIHE + air '- | | | | that combustion is
. | [ | | always a competition
Chd ~air | T between heat-
CH4 + 02 | generating reactions
- . - |
L+ gir and cooling processesl
H2 + 02

0% 20% 40% 60% 80% 100%

Fuel concentration in mixture

Flammability limits give the proportion of combustible gases Iin
a mixture, between which limits this mixture is flammable.
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Combustion Chemical Reactions

A global reaction is a reaction that shows

the reactants and products. However

nothing is said about how the reactions

occur on a molecular level. An example is 2H,+10,;, =——s 2H0

The question is now how does the reaction
between hydrogen and oxygen start?

The reaction starts from two molecules

colliding and breaking apart. For

example, H, collides with another

molecule in the gas, arbitrarly called M. H.+ M —— H+H+M

The hydrogen molecule and the other
molecule must both have a very high energy.
I.e. a high velocity, to create the first radicals.
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Chemical Reaction Rate
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