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Thermochemistry

P#10 Following table list the results of an experiment of boiler that is used to produce 

superheated vapour. The boiler is feed by natural gas trough a conventional burner.

a) The air/fuel ratio

b) The higher heating value of the fuel

c) Heat transfer to water, assuming that heat loss trough boiler walls are 3% of the 

lower heating value.

Fuel rate 150 m3/h

Reactants temperature@ entrance 25οC

Products temperature @exit 227οC

Fuel composition by volume(%) CH4: 88

H2: 2

CO2: 3

N2: 7

Dry analysis combustion products (%) O2: 1.1

CO2: 10.8

N2: 88.1
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Thermochemistry
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• Maximum heat release, max Qout: Tout=Tin

• Maximum flame temperature, Tad: 

Hreag(Tin)=Hprod (Tad)(constant pressure, e.g. Diesel engine, gas turbine, furnace)

Hreag(Tin)=Hprod (Tad)-R(nprodTad-nreagTin) (constant volume, e.g. gasoline engine) 
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Thermochemistry
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Combustion 
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Qout 

• Ideal stoichiometric combustion

• Real stoichiometric combustion

������ + � �	 + 3.76�	 → ���	 + ��	� + 3.76��	

������ + � �	 + 3.76�	 → ���	 + ��� + ��	� + ��2+ �� +

																																																									��2+ �� + ℎ�	+iN
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Chemical Equilibrium

K is tabulated as a function of temperature for different equilibrium reactions

H2+1/2O2⇔H2O CO+1/2O2⇔CO2 CO+H2O⇔CO2+H2 OH+1/2H2⇔H2O 1/2O2+1/2N2⇔NO

2O⇔O2

2N⇔N2

2H⇔H2
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Emissions

1000 rpm= 1000 revolutions per minute

∼ 80 οCA

1000*(360οCA )= 60 seconds

80 οCA =0.2 ms

More rpm, less combustion time!!!
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Adiabatic flame temperature NOx emissions

Emissions
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ppm ☺ !!!! 

Emissions
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φ=
�

λ

Emissions
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Emissions

How to control combustion to lower at least NOx emissions?

EGR-Exhaust gas recirculation
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Emissions

Water injection

Air introduction in 2 stages
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Emissions

Air introduction in 2 stages

+fuel introduction in 2 stages

Poor pre-mixtures

“Reburning”

+Non-catalytic Selective NOx reduction
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Emissions

Coal fire power-plants – NOx control- SNCR- Selective non Catalytic Reduction

4NO+4NH3+O2→→→→4N2+6H2O
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Emissions

Adiabatic Flame Temperature

Adiabatic flame temperature

Constant  pressure or volume

Poor, stoichiometric, rich (λ influence)

Exhaust gas recirculation

0 to 30% 

Fuel 

(gasoline, diesel, hydrogen, ethanol, biodiesel) Dissociation
Water 

injection
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Emissions

No pre-mixture

Influence of ignition delay on emissions



2ºSementre 2017-2018 |  Combustão

Carla Silva camsilva@fc.ul.pt 19

Emissions

No pre-mixture

Influence of ignition delay on emissions

Visible particles
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Emissions

No pre-mixture

Influence of ignition delay on emissions CA-Crank angle (angulos de cambota)

BTDC-Before Top dead centre (antes do 

ponto morto superior)
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Emissions

No pre-mixture

Influence of injector nozzle
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Emissions

Particles and soot formation

PM1

PM2.5

PM10

Organic particles 

(includes soot)

Lead (Pb in fuel)

Sulfates (S in fuel)

Deposit in the extra 

thoracic/upper tracheo-

branchial region

Pass into the 

circulatory system
Deposit in deeper 

lung



2ºSementre 2017-2018 |  Combustão

Carla Silva camsilva@fc.ul.pt 23

Emissions

Organic particles (includes soot- carbonaceous material)

15 nm< Spherule diameters< 30 nm

Solids – dry carbon particles, commonly known as 

soot,

SOF – heavy hydrocarbons adsorbed and 

condensed on the carbon particles, called Soluble

Organic Fraction,

SO4 – sulfate fraction, hydrated sulfuric acid

H2SO4.

SOF-Polynuclear Aromatic Hydrocarbons (PAH) are 

hydrocarbons containing two or more benzene rings

H, C, O
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Emissions

2012

RENAULT Clio 1.2 16V 75 M5 1149 Petrol CO                    HC           NOx

269 49 28

RENAULT Clio 1.5 dCi 88 M5 1461 Diesel 298 23 155        0.1
HC                NOx      PMCO

[all in mg/km]
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Emissions-Outdoor

low emission zones and the raising of 

air-quality target

particulate matter (PM)

ozone (O3)

nitrogen dioxide (NO2) 

sulfur dioxide (SO2)

Ambient (outdoor air pollution) in both cities and rural areas was 

estimated to cause 3 million premature deaths worldwide in 2012
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Emissions-Outdoor sources
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Emissions-Outdoor

low emission zones and the raising of 

air-quality target
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Emissions-Outdoor

low emission zones and the raising 

of air-quality target

Universal Time Coordinated
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Emissions-Outdoor

Air-quality av. Liberdade

1-1-2015 

(Thursday)

3-1-2015 

(Saturday)
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Emissions-Outdoor

low emission zones and the raising 

of air-quality target
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Emissions-Outdoor

low emission zones and the raising 

of air-quality target
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Emissions-Outdoor sources

Stationary combustion

(limits in mg/m3)

Mobile combustion

(limits in g/km)
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Emissions

mg/Nm3
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Emissions

mg/Nm3

N=normal /standard 

pressure and 

temperature

Conversion NO/NO2

=(14+16)/(14+32)∼1.53
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Emissions

NO2@6%O2

Convert for the same %O2:

���% = �� ∗
�

��%

nxO2=4.76*
�"(�"�$	)

&

'

�().*��$	
+
�

)

Fuel CxHy

nxO2=4.76*
�"(�(�$	)

&

'

�().*��$	
−
�

)
(dry)

(wet)
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Emissions

Convert kmol/kmol in mg/Nm3

NO2@6%O2

,
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./

0
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1.23'
45
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9
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Emissions

Truck/bus engines

Passenger cars
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Emissions

low emission zones and the raising of air-quality target

Combustion alteration not enough!!!!!
Exhaust gas 

aftertreatment

CO2

H2O

N2

CO2

H2O

N2

CO

HC

NO

NO2

PM
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Emissions

Exhaust gas 

aftertreatment
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Emissions

low emission zones and the 

raising of air-quality target

Exhaust gas 

aftertreatment
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Emissions

Exhaust gas aftertreatment gasoline

Assure λ∼λ∼λ∼λ∼1

Gasoline engines (spark-ignition) TWC-Three Way catalytic converter
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Emissions

Exhaust gas aftertreatment

Cleaning rate or catalytic converter efficiency, 

e.g.,

A$�TU(A$�7VW

A$�TU
x100%
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Emissions

Exhaust gas aftertreatment Diesel

Rudolf Diesel engines (compression-ignition)
Oxidation catalyst

Particle filter

Selective catalytic reduction

https://www.youtube.com/watch?v=fO1AzO7-bj8

https://www.youtube.com/watch?v=4VHXnlYUFxc
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Emissions

Exhaust gas aftertreatment (with SCR)

Exhaust gas 

aftertreatment

CO2

H2O

N2

NH3 slip

CO2

H2O

N2

CO

HC

NO

NO2

PM (NH2)2CO + H2O ⇒2NH3 + CO2

Urea solution (∼ 5% fuel consumption)

Urea 32.5% wt (±0.7%), density of 1.09 g/cm3

4NO+4NH3+O2→→→→4N2+6H2O



2ºSementre 2017-2018 |  Combustão

Carla Silva camsilva@fc.ul.pt 45

Emissions

Exhaust gas aftertreatment (with SCR)

Central Coal Sines >= 2011
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Exercice

P#11 Consider the molar composition (kmol) of flue gas of a coal furnace with a coal 

consumption of 90 tonne/h. (power plant with installed power > 500 MW).

CO2=0.052769348

H2O=0.028669893

N2=0.271015989

NO=8.20116x10^-5

O2=0.015955756

a) Calculate the NO emissions and compare with the limit value imposed by legislation.

b) If you use SNCR (selective non catalytic reduction, 80% conversion efficiency), how 

much NH3 would you add, and what would be your new NO emissions? Compare 

with the limit.

c) If you use SCR (selective catalytic reduction, 80% conversion efficiency), how much 

urea would you add, and what would be your new NO emissions? Compare with the 

limit.

d) Discuss on weather to use SNCR or SCR.

SNCR 4NO+4NH3+O2 �4N2+6H2O

SCR     

(NH2)2CO+H2O � 2NH3+CO2

4NO+4NH3+O2 �4N2+6H2O
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Emissions

P#12 A mixture of methane gas and air at 25οC and 1 atm is burned in a water heater at 

100% theoretical air. The mass flow rate of methane is 1.15 kg/h. The exhaust gas 

temperature was measured to be 500 ο C and approximately 1 atm and is subjected to 

exhaust aftertreatment. The volumetric flow rate of cold water (at 22 ο C) to the heater 

is 4 L/min. 

(a) Determine the combustion efficiency.

(b) Calculate the temperature of the hot water if the heat exchanger were to have an 

efficiency of 1.0, i.e., perfect heat transfer. 

(c) Consider the following concentrations of emissions at the combustion products: 

5000 ppm NO. Estimate the NO exhaust gas emissions in g/h.
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Emissions



Obrigado




