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Technologies of combustion

i< Combustion definition

Combustion is essentially burning, fuels react with oxygen to release energy

Certain fuel/oxygen ratios

Low humidity
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E ﬁ{?:bc;gs com bustion Technologies of combustion

Respiration is the chemical reaction in which energy is released from a reaction between
Oxygen (O,) and Glucose (C,H,,0,) Respiration releases energy for cells from glucose

combustion
making heat energy by burning fuels in one step

S

Instant release
~1900°C

=

fuel .

(carbohydrates) CO, + H,0 + heat

aerobic respiration
making ATP energy (& some heat) by burning fuels
in many small steps

= --
Maintain body temperature

ATP + CO, + H,O (+ heat)  ~37°C
(carbohvdrates) Store energy

i Biology
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Uncontrolled
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iee - Combustion history

Controlled
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Primitive Fire From Stones.mp4

E S{?:bc;gs Combustion in transports Technologies of combustion

Viajar através do tempo

Da carroca ao automovel, como nos deslocamos de A para B ao longo da historia.

1903
! | I Automével — 16 km/h
: Em julho de 1886, o Benz Patent Motor Car, .o
: 5 ' o primei - i Avido — 48 km/h
: de trés rodas, deu o primeiro passeio.
1886 % % P P I Os irmaos Wright fizeram
. histéria: foram os primeiros a
MOto‘.:ICIeta 7% ,11 kml h o fazer voar um avido com piloto.
T L Concebida por Gottlieb Daimler, a primeira mota com motor
de combustao interna tinha um quadro em madeira.

-
*=. Comboio a vapor — 24 km/h
10 7 . A primeira locomotiva a vapor sobre carris surgiu em 1803
e o primeiro comboio de passageiros estreou-se em 1825.

" Barco a vapor

£ 7 A :
E “ e

S Entrada na era da inovagao e

k Barco a vela — 11 km/h do motor a vapor. O primeiro

F171]1) PS——————————————————— Os antigos egipcios e 0s r_nesopotémios navio a vapor cruzou o
a.C. usavam barcos a vela rudimentares. Atlantico 32 anos depois.
3.500 : Roda — 6,4 km/h (puxada por cavalos)
a.C. Inventada como roda de oleiro antes de ser usada em carrogas, a humilde roda revolucionou o transporte.
4.000- Cavalo — 6,4 km/h
-3.000 a.C. Burros, cavalos e camelos foram domesticados e usados para transportar cargas pesadas.

WWW.QUEROSABER.SAPO.PT Quero Saber | 085
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y Ciéncias . . :
ULisboa Combustlon iNn our Ilfe

* Transport

T

Combustion of diesel fuel Combustion of jet fuel

Carla Silva camsilva@fc.ul.pt


videoMotor.mp4
Jet Engine, How it works .mp4

| Ciéncias . . . Technologies of combustion
Cl# combustion in our lifes

 Cooking wood; e.g. Africa

Emission to indoor environment

Carla Silva camsilva@fc.ul.pt 10
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§| vies Combustion in our life

* Cooking; Thermal comfort

Most emission to outdoor environment

Combustion of natural gas Combustion of wood/pellets

Carla Silva camsilva@fc.ul.pt 1
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F Ciénciqs ° ° .
El v Combustion in our life

* Generation of electricity

DIESEL GENERA

Combustion of coal Combustion of diesel

Combustion of natural gas

Carla Silva camsilva@fc.ul.pt 12
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§| vies Combustion in our life

* Generation of electricity
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Combustion of coal
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Combustion of biomass " 1. Low Pressure Cool Liquid
2. High Pressure Liquid/VVapor
3. High Pressure Hot Gas
4. Low Pressure Hot Gas

Combustion of natural gas
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e Combustion in our life

* Waste disposal/Incineration

Carla Silva camsilva@fc.ul.pt 14
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Technologies of combustion

e Waste disposal up to 1000 kg/capita/year

Table 2.1 Key figures—municipal solid waste (kg/capita/

year)
Waste peneration
[kgfcap./year] Annual
Area Ref. Range Mean  growth rate
OECD—total 24 263864 513 1.9%
North America f2f B16 2.0%
Japan 12 394 1.1%%
OECD—Europe f2f 336 1.5%%
Europe (32 countries) /3/ 150624 345 Mn.a.
& Asian Capitals f4f 1851000 n.a. Mm.a
South and West Asia
[cities) 15/ 185250 n.a. n.a.
Latin America and
the Caribbean J6f 110-3a65 n.a. n.a

Carla Silva camsilva@fc.ul.pt
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* Waste disposal

Table 2.2 Composition of municipal wastes (percentage of wet weight)

%% of waste Guangzhou, China, 8 districts Manila 22 European Countries
Year 1993 1997 1990
Ref. 7 4 f3f
Fraction Range Mean Mean Range Mean
Food and organic waste 40.1 -71.2 46.9 45.0 7.2-519 314
Plastics 0.9-95 49 23.1 2-15 75
Textiles 0.9-3.0 2.1 is5 n.a. m.a.
Paper & cardboard 1.0—4.7 3.1 12.0 8.6 —44 25.2
Leather & rubber - . 1.4 na. n.a.
Wood - - 8.0 n.a. m.a.
Metals 0.2-1.7 0.7 4.1 -8 4.7
Glass 08-34 22 1.3 23-12 6.2
Inerts (slag, ash, soil, etc.) 14.0-59.2 40.2 0.8 . -
Others - . 0.7 6.6 —63.4 24.0
Motes: n_a. = Mot applicable
= Negligible

@http://web.mit.edu/urbanupgrading/urbanenvironment/resources/references/pdfs/
MunicipalSWIncin.pdf

Carla Silva camsilva@fc.ul.pt 16
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 Waste incineration and energy generation
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Osaka, Japan

https://www.gov.uk/government/uploads/system/uploads/attachment data/file/221036/

Outputs Efficiency Use
Heat Only Up to 80-90% "3 thermal Local district heating for buildings
efficiency. {residential, commercial) and or for industrial
processes.
Electricity 14%-27%" Can be supplied to national grid for sale and
distribution.
Heat and Power Dependent on specific demand | Combination of above.

for heat and power.

* The lower efficiency performance is more typical of older facilities and it is possible that in the
future the efficiency of electricity generation using incineration will increase.

Table 3: Examples of Energy Efficiency for Incineration

pb13889-incineration-municipal-waste.pdf

Carla Silva camsilva@fc.ul.pt
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* Waste incineration and energy generation

Denmark: around 31 Waste-to-Energy plants, with an average capacity of 120,000 t/y;
100% CHP Waste-to-Energy plants -

Netherlands: 12 Waste-to-Energy plants, with an average capacity of 620,000 t/y; 100%
CHP Waste-to-Energy plants (2011 data) -

Germany: 71 Waste-to-Energy plants, with an average capacity of 250,000 t/y; 71.8% (=
51/71) of CHP Waste-to-Energy plants -

France: 130 Waste-to-Energy plants with an average capacity of 100,000 t/y 27.7% (=
36/130) of CHP Waste-to-Energy plants;

Italy: 50 Waste-to-Energy plants with an average capacity of 100,000 t/y; 11 (22%) CHP
Waste-to-Energy plants: All CHP are among the 29 plants in Northern Italy (none in
the 24 plants in Central and Southern Italy). (2010 data, Federambiente) -

Spain: 10 Waste-to-Energy plants with an average capacity of 220,000 t/y; 1 CHP Waste-
to-Energy plant; 10% of CHP Waste-to-Energy plants -

Portugal: 3 Waste-to-Energy plants with an average capacity of 350,000 t/y; 0 (0%) CHP
Waste-to-Energy plants (all generating electricity only)

@http://iet.jrc.ec.europa.eu/remea/sites/remea/files/r1_climate_factor_report_final.pdf
Energy recovery Efficiency in Municipal Solid Waste-to-Energy plants in relation to local climate conditions

Carla Silva camsilva@fc.ul.pt 18
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e Combustion in our lifes

* Product manufacturing
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Technologies of combustion

* Product manufacturing

Sugarcane
hagasse
Pretreatment
Solid fraction . Liquid fraction
¥ : I
L l
Enzimatic Hydrolysis
- " Salid fraction [ Anaerobic Lignin
Liguid fracti 1 = | digestion .
[ T
W ] .
[ Distillation ] Boilersfenergy
Winasae
Secc::lr_ld ght'tneralﬂ-:rn S— C b t
ioehtano ombustion

Bio-Ethanol

Carla Silva camsilva@fc.ul.pt
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wies  Combustion in our lifes

* Product manufacturing

Sustainable Energy Saving
for the European Clothing Industry

Energy can either be supplied by direct
combustion of gas in the productive machines,
or indirectly through production of steam or

hot water

Carla Silva camsilva@fc.ul.pt 21
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ULisboa COmbustion in Our Iifes

* Product manufacturing

Combustion emissions

Electricity

Product
Heat -
Factory

Raw material

> Wastes

€C==—

Carla Silva camsilva@fc.ul.pt 22



Technologies of combustion

y Ciéncias . . :
ULisboa Combustlon iNn our Ilfe

* Product manufacturing

Combustion

robots welding in an automobile factory (automotive, manufacturing,
automation)

Carla Silva camsilva@fc.ul.pt 23
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Technologies of combustion

side-stream smoke

pyrolysis and distillation zone

condensation and filtration zone

main-stream smoke

Carla Silva camsilva@fc.ul.pt
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Natural Gas
3082 Mtoe

29.16%

Combustion — SBfoo?ﬂltoe b Other 518 TWh 0'.89%\

Petroleum
4331 Mtoe

32.89% Combustion

World Energy
Consumption
by Fuel (2015)

Fossil Fuel 85.5% Renewable 10.1%

Carla Silva camsilva@fc.ul.pt 28
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Figure 4-1. World coal consumption by region, 1980-2040

quadrillion Btu

Histo Projections
200 i )
World total
160
World total with U.S. CPP
Non-OECD
120 /_,
80 /
OECD
40
OECD with U.S. CPP
0 [ | | l T 1
1980 1990 2000 2012 2020 2030 2040
N
ecia’
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Figure 3-1. World natural gas consumption, 2012—40

trillion cubic feet

150

120

QECD

Non-OECD
90 |

2012 2020

2025 2030 2035

Carla Silva camsilva@fc.ul.pt
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Petroleum and other liquids production by region and type in IEQO2014 Reference case

non-OPEC crude and
== |ease condensate

OPEC crude and
/ lease condensate

== other liquids

(2000-2040)
million barrels per day
60 :
history | projections
50 i
40— |
0
20
10 ot
0

2000 2005 2010 2015 2020

2025 2030 2035 2040

X))

el
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1 toe =41.868 GJ or 11.63 MWh

the amount of energy released by burning one
tonne of crude oil

Carla Silva camsilva@fc.ul.pt 32
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Why do we have emissions???

Products of
ideal combustion

CH,+S+N,+0,—-CO,+H,0+N,+0,
] I + NO, + CO + SO, + Soot + UHC

Fuel Air \

Products of

non-ideal
NO,: Affects ozone (O,) concentration combustion
CO,: Absorbs outgoing infrared radiation
CO: Toxic
Soot: Visible

Carla Silva camsilva@fc.ul.pt
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1 toe =41.868 GJ or 11.63 MWh

the amount of energy released by burning one
tonne of crude oil

1 toe ~ 2.5 tCO,

Carla Silva camsilva@fc.ul.pt 34
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Table 1.3 Typicel pollutants of concern from selected sources

Pollutants
Unburned Oxides Carbon Particulate
Source Hydrocarbons of Nitrogen Monoxide Sulfur Oxides Matter
Spark-ignition engines 4 + + - -
Diesel engines - + -+ - +
Gas-turbine engines - - + - +
Coal-burning utility boilers B & - s +
Gas-burning appliances - + + - -

Carla Silva camsilva@fc.ul.pt 35
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Natural gas | 0.2 kg CO,/kWh
LPG | 0.23

Refinery gas | 0.24
Gasoline | 0.25
Kerosene | 0.26
Crude oil | 0.26
Diesel 0.27
Fuel oil 0.28 i
Hard coal 0.34
Lignite 0.36
Peat | 0.38
Wood | 0.39

www.volker-quaschning.de

0 0.1 0.2 0.3 0.4

Specific Carbon Dioxide Emissions of Various Fuels
© 06/2015 by Volker Quaschning

Carla Silva camsilva@fc.ul.pt 36
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EMISSION ESTIMATES

Cement Others

PM10;PM2.5

Share of Suspended Particulate Matter Load
(tonnes/day) by Different Categories of
Industries (With Control Device), Total Load =
5365 tonnes/day

Carla Silva camsilva@fc.ul.pt 37
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Share of Sulphur Dioxide Load (Tonnes / day)
By different categories of Industries
(Total Load = 3715 Tonnes / day)

Oll Refineries Sulphuric Acid SOZ

Plants

2%

Thermal Power
Plants
89%

Carla Silva camsilva@fc.ul.pt 38
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Transports, local emissions

LOCAL AIR QUALITY EMISSIONS (EUROPE)

NOx 32.9% 1% 4.5 NOx 42 6oy
co 26.6% 0.2 2.3 07w CO 70.2%
S0Ox 01 0.0 20.9% 0.5%m SOx 78.5m
VOLATILE VOLATILE
ORGANIC 15.4% 0.14% 2.52% 0.40% ORGANIC 81.54%
COMPOUNDS COMPOUNDS
FINE FINE
PARTICLES 14.2% 0.4 11.4% 0.6% PARTICLES 73.4%
(PM2.5) (PM2.5)

E E

THANKS TO IMPROVEMENTS IN AIRCRAFT TECHNOLOGY,
THE IMPACT OF AIRCRAFT EMISSIONS ON LOCAL AIR QUALITY

IS RELATIVELY LOW COMPARED TO OTHER SOURCES.

Carla Silva camsilva@fc.ul.pt 39
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Figure: Trend of average NOx emission from thermal power plants

2.5
: & Japan
'8
2 m Italy
—_ A Germany
il o
=15 < UK
< ® Canada
o 1 N ,
z Typically
0.5 _ . . | g/kWh(BAT) called
—~————a J <o016042
" | | . . . . 4 | NOx
1998 2000 2002 2004 2006 2008 2010 2012 2014
Year
; : - BAT :Best Available Technology
Source: Federation of Electric Power Companies,INFOBASE2010
Carla Silva camsilva@fc.ul.pt 40
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Global crude oil consumptionin 2012,
breakdown by sector

Total: 3652 mtoe

= Transport
m Industry
= Nor-energy use

= Other*

Source: |IEA Key World

*agriculture, buildings, commercial & publicservices, and others. Energy Statistics 2014

Carla Silva camsilva@fc.ul.pt 4L
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Residential _ Transport
6% 0.5%

Indus
1 guP \ Electricity
and heat
42%
Services
8%

Transport
23%

5%

Note: Also shows allocation of electricity and heat to end-use
sectors.

* Other includes agriculture/forestry, fishing, energy industries
other than electricity and heat generation, and other emissions

not specified elsewhere.

World CO, emissions by sector in 2013 Note: Also shows allocation of electricity and heat
to end-use sectors. * Other includes agriculture/forestry, fishing, energy industries other
than electricity and heat generation, and other emissions not specified elsewhere.

Carla Silva camsilva@fc.ul.pt 42
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* Increase efficiency
FUTURE >° Reduce emissions

A

Avoid combustion in some
sectors, e.g., transport

Carla Silva camsilva@fc.ul.pt 43
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Epidemy impact.....combustion

Technologies of combustion

Raio x do coronavirus
Formato de coroa em sua estrutura deu origem ao nome

Nome oficial » 2019-nCoV

Familiap Detectada na décadade
60, tem 7 integrantes.
Os mais conhecidos sao
MERS e SARS

1°alerta» Cidade de Wuhan,

NO, combustion pollutant

f na China
,‘- ‘ Surgimentop 31 de dezembro
R de 2019 Mongdlia
« D & e
¢ Vetor » Cobra é possivel
y transmissor para
t 140
i umanos
SR e Mar do Ja
b/ 1°vitima» Homem chinés de Corsia
1 61anos i
. China do Sul
Gl Infografico atualizado em: 27/01/2020 Mar da China
Oriental
Nepal
India Myanmar_
(Birmania) Mar das
Filipinas
Tailandia
Bala de
Bengala Vietname Filipinas
Golfo da
Tailandia
ardas
uedivas .
Malasia
44
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——— Pollutant Drops in Wuhan—and Does not Rebound

Unlike 2019, NO, levels in 2020 did not rise after the Chinese New Year.
Jan 28-Feb 9, 2019

Carla Silva camsilva@fc.ul.pt

Jan 1-20, 2019

Jan 28-Feb 9, 2020

Mean Tropospheric NO, Density (pmol/m?)
o T——

0 125

250

375

>500

Technologies of combustion

Feb 10-25, 2019

Feb 10-25, 202
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Epidemy impact.....combustion
Raio x do coronavirus

"
'&/‘»

= Nome oficial »

- Familia p

. 1° alerta »
Surgimento »

< Vetor »

‘_f? 1°vitima »

NOx emissions

Mean Tropospheric Noi Density (pmol/m?)

1
0 125 250 375 2500 @ picture-alliance/dpa/NASA

Technologies of combustion

Formato de coroa em sua estrutura deu origem ao nome

2019-nCoV

Detectada na década de
60, tem 7 integrantes.
Os mais conhecidos sao
MERS e SARS

Cidade de Wuhan,
na China

31 de dezembro
de 2019

Cobra é possivel
transmissor para
humanos

Homem chinés de
61anos

Infografico atualizado em: 27/01/2020

Carla Silva camsilva@fc.ul.pt
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F Ciéncias - e e,
viea Combustion definition

Combustion is essentially burning, fuels react with oxygen to release energy (heat
or both light and heat)

Combustion transforms energy stored in chemical bonds to heat that can be
utilized in a variety of ways

192,000 calories
per mole of C=0 bonds

\

111,000 calories
per mole of H-O
bonds

98,700 calories
per mole of H-C
bonds

82,900 calories
per mole of C-C bonds

Niten1a21 | Dreamstina com

Carla Silva camsilva@fc.ul.pt 47
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Combustion modes

Technologies of combustion

Flame e.g.
petrol engine

Nonflame

REDUCING SOOT AND NOx EMISSIONS T
of diesel engi

In HCCI and petrol engines, the fuel and air are mixed before combustion, preventing the soot emissi gines. Only H(CI engines have
multiple ignition points throughout the chamber. This plus their lean burn keeps temperatures low, pmnunuommonofniwpncﬂdn(ml)

DIESEL ENGINE

PETROL ENGINE HCC ENGINE

IGNITION POINT

FUELAND AIR
MIXTURE

MULTIPLE
IGNITION POINTS

FUELAND AIR
MIXTURE

e.g. Diesel engine autoignition or homogeneous

charge compression by high pressure

Carla Silva camsilva@fc.ul.pt
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e Combustion modes

* Premixed

* Nonpremixed (difusion)

e Nonflame

Carla Silva camsilva@fc.ul.pt 49
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y Ciéncias
e Flame types

—

Fuel and oxidizer are mixed at the
* Premixed  molecular level prior to the occurrence of
any significant chemical reaction

* Nonpremixed (difusion)

e Laminar

e Turbulent

e Nonflame

Carla Silva camsilva@fc.ul.pt 50
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e Flame types

Nonflame combustion
Nonpremixed (difusion) flame

Start of Combustion in Three Types of Engines
Gasoline S| Diesel Gasoline HCCI

Qspmm * Ful Injector

Carla Silva camsilva@fc.ul.pt 51
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e Flame types

A

)

Laminar Transition Turbulent

Carla Silva camsilva@fc.ul.pt 52
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Candle

Fuel: wax

Oxidizer: air

Reaction zone between wax vapours and air
(difusion flame)

Cornmction

Conduction
| 1

Candle Flame Energy Flow

Hg C0a  Luminous
[Lintermeed  Fone
carbon)

(Carbaon
luminasces
Lighl allow and burns)
1,005
Brewey wan - Ga
1 o00tc Reaction o™
! fona o
‘7
White i
4 Prirmary
140070 hmal-l
sEChan
Zome )
[Carbon particles)
b "
Ao [

Candie Flame Reaction Zones,
Emissions, and Temperatura

Candie flame diagrams adapted from "The Science of Flames" poster,
Mational Energy Foundation, Salt Lake City, UT.

Carla Silva camsilva@fc.ul.pt
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Technologies of combustion

Gravity
No gravity

Draamatime com

Blackbody Radiation Curves

Bodies radiating at similar
temperatures
Surface of the sun: 6000 K

Carbon arc lamp: 4000 K
Lamp filament max.: 3000 K

1'000 K Red

1'500 K Reddish orange
2'000 K Yellowish orange
2'800 K Yellow

3'500 K Yellowish white
4'500 K  Warm white
5'500 K White

6000 K /%

Intensity

- |
Ultraviolet Infrared
Wavelength

Increasing temperature

Carla Silva camsilva@fc.ul.pt
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Cl% Flame types

REbbbbbl » Turbulent Flame Propagation

B Turbulent burning velocity average rate of
propagation of the flame through the turbulent

.. . premixed gas mixture
Spark Ignition engine

Fuel: gasoline, ethanol, GPLor || @ eueiden. || oo * | Post-flame Chemistry
natural gas * CO oxidation, H,-O, reactions
Oxidizer: air * Pollutant formation mechanisms

Reaction zone between

premixture and air (premixed « Auto-ignition mechanisms
fla mE) * Location / intensity

Spark Ignition Engine

¥ | Knocking Combustion

Carla Silva camsilva@fc.ul.pt 55
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e Thermochemistry

fuel + oxidizer — products

Qout

Fuel

" _ Products
Tin Combustion

Alr Chamber >
Tout

Carla Silva camsilva@fc.ul.pt 56
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C | s Thermochemistry

fuel + oxidizer — products

v v
Generic
hydrocarbon O, or air CO, H,0and N,
CXHYOZ

Air composition

21% 02 and 79% N2
(by volume)

Carla Silva camsilva@fc.ul.pt 57
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g Ciéncias N
C | o Thermochemistry

Air composition

21% 02 and 79% N2
(by volume)

CxHy0, +1n(0.210, + 0.79N,) = xCO, + y/2H,0 + 0.79 * nN,

fuel + oxidizer — products

—

A A<1 No sufficient air; fuel is not completely burned

K=(AL excess air coefficient

P

A=1 Exact amount air, fuel is completely burned

A>1 Excess air; fuel is completely burned

——

1 : :
¢=X equivalence ratio

%-(%)S 1-¢

~— *100%= D excess air in %
).

e(%)=
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fuel + oxidizer, - products Alr composition

] 21% 02 and 79% N2
Y (by volume)

Reactants
C,H, 0, + n(0; + 3.76N,) > xCO, + y/2H,0 + 0.79 = nN,

Right amount of oxidizer to burn all fuel?
1) Determine n,

2n+z2=2x+y/2 <> n=x+y/4-z/2
2) Determine mass air/mass fuel (A/F), this is the stoichiometric air fuel ratio

mass air _ nx (Mgy +3.76My,)  (x + % —z/2) * (Moz + 3.76My;)
mass fuel Mfu B Mfu
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P#1 Consider the combustion of CH4 in air, determine:

a) The stoichiometric ratio;

b) Molar fractions of combustion products with 15% excess air.
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P#2 A combustion chamber burns propane, C3H8 with excess air. Dry analysis
(excuding water) of combustion products was: 2%02, 12.4% CO2 and 85.6% N2.

Determine:

a) The excess air.
b) The coefficient of air excess.
c) The equivalence ratio.
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