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Fuel types

SOLID LIQUID GAS
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Natural gas network

The European natural gas network. 
The existing network is shown in 
blue; planned pipelines in red. 
Population density is represented in 
dark green; larger urban areas are 
coloured light blue. 
(Image: ETH Zurich)
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Natural gas

Tcf- trillion cubic feet

Bcm- bilion cubic meter
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Natural gas

Visual comparison of the volumetric equivalence between diesel, CNG, and LNG 

for a given energy content.  (NGVA Europe).

Addition of odorants to help 
identify NG in case of a leak.
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Gas fuel
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Gas fuel

Correlation for natural gas heat capacity 
developed
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Natural gas network

Biogas
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Gas fuel

Methane combustion essentials

CH4 2O2

Stoichiometry
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Gas fuel

Natural gas interchangeability

Appliances
Boilers
Burners
Power plants
Turbines

Wobbe Index (WI) 

ℎ𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑏𝑢𝑟𝑛𝑒𝑟 = 𝑘𝑑20 ∆𝑝
𝐻𝑉𝜌𝑓𝑢
𝜌𝑓𝑢
𝜌𝑎𝑖𝑟

Hole diameter
of the burner

Heat release 
throughout the hole

Dimensionless
constant
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Gas fuel

Natural gas interchangeability

Appliances
Boilers
Burners
Power plants
Turbines

MJ/Nm3
e.g. biogas
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Gas fuel

MJ/Nm3
e.g. biogas

10.1016/j.egypro.2017.10.056
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Gas fuel

Flame speed
Laminar

Turbulent

Pre-mixture

Difusion
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Gas fuel
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Gas fuel

Laminar Flame Speed 𝑆𝐿 ∝ 𝑇𝑚

𝑆𝐿𝐶𝐻4
𝑐𝑚

𝑠
= 10 + 3.71𝑥10−4T2

Reactants initial 
temperature
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Gas fuel

Laminar Flame Speed

𝑆𝐿𝐶𝐻4
𝑐𝑚

𝑠
= 43p−0.5

p em atm
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Gas fuel

1/
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Gas fuel
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Gas fuel

Metghalchi & Keck (1982)
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Gas fuel

1/

Metghalchi & Keck (1982)
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Gas fuel

Turbulence effect
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Gas fuel

Laminar Flame Speed and reactants flow
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Gas fuel

P#18 Imagine you are using LPG in a 4 cylinder, 1.4 liter internal combustion engine, 
compression ratio 12, bore=stroke, equipped with an exhaust aftertreatment system, a three-
way catalytic converter, TWC. Assume a spherical centered flame front, cold start and hot 
regime. 

a) LPG has a high octane number. Identify the type of combustion constant volume or 
constant pressure?

b) Estimate the dimensions of the combustion chamber (assume bore=stroke).
c) How much time do you estimate will be the combustion duration?. 
d) Discuss HC ( non-methane volatile organic compounds) formation near the oil rings where 

the temperature is 100C. What would be the function of the TWC
e) Repeat for a natural gas with high content of methane.
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Gas fuel

Point 1 -1 atm
Point 3 -1000 kPa
Point 4 -2750 kPa

e.g. pg 385 Internal 
combustion engine 
fundamentals
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Emissions

P#19 A mixture of methane gas and air at 25C 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  C and approximately 1 atm and is subjected to 
exhaust aftertreatment. The volumetric flow rate of cold water (at 22  C) to the heater is 4 
L/min. Flue gas is equipped with a TWC. 

(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

P#20 The following sentences are true or false?

a) The molar mass of an ideal mixture is equal to the sum of each species molar mass 
weighted by its molar fractions.

b) In a rich mixture >1.

c) The adiabatic flame temperature, at constant pressure, increases with the increase 
in the reactants temperature.

d) At 3000 K H2 is more likely to dissociate to its monoatomic form, than N2.

e) In 2 adiabatic recipients, different dimensions, it was introduced the same mass of 
air and fuel at Tamb. After ignition, and once reached the equilibrium, the 
dissociation is higher in the smallest recipient. 
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