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. COMBUSTION

Combustion is one of the important energy-conversation process, in which the energy in a
fuel is released by an exothermic chemical reaction.

Life and comfort needs more and more energy

Sustainable development needs large efforts

Less energy and fuel consumption for the same comfort.

Energy generation in environmental friend way, with little environment pollution.

Fuels, fuel technology

Fuel classification:

State of matter Fossil Renewable
(Result of long term (It can be produced from year to year
decomposition and accumulation) or from decade to decade)
Solid Coal Biomass: wood, cane, grass, etc.
(Energy plants or waste
materials)
Liquid Crude Oil Bio-Ethanol
Petrol, Cerosene, DieselOil Vegetable oil (biodiesel)
Gaseous Natural gas Bio-gas
Digester gas, pyrolysis-gas
These fuels can be delivered, stored and burned at different power level
According to energy demands
Energy content High Low
Delivery even for long distance only for short distance
Storage capacity small large
Other renewables: Solar, wind, tidal energy depends on weather conditions

Can not be stored

Hydro-, geothermal power depends on geographical conditions
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Most of fuels can be burned, but what is burning, or combustion?

Do you know the camp-fire, or a fire place in a dining room?

At the bottom there are laid small peaces, over it bigger ones and it is ignited by a newspaper.
The difficulty of trying to burn a single lag is well known, but a number of lags can be ignited
easily.

What do you think is the reason of this?

The right answer is, that through preheating the woodpeaces distillation of volatile matter
takes place.

What is volatile matter - gaseous hydrocarbons.
The chemical reaction requires a source of oxygen for combustion to take place and this is
usually air.

The combustion is simply said the reaction process of Carbon or Hydrogen (these are must
important fuel elements) with Oxygen

C+0,=C0O,+ Q,
2H,+0, =2H,0 + Q,
S+ 0, =80, +Q,

Q,. Q,. Q; represent the heat evoluting from the reactions.
These are called exotherm reactions because they produce heat.
Reactions which need heat are called endotherm reactions.

Although sulphur oxidation produces heat, but it causes also difficulties.
In further reactions sulphur oxides with water can produce different types of sulphur acid,
which can cause corrosion and acid rain.

SO, + H,0 = H,S0,
SO, + H,0 = H,SO,

But what is easy for a chemist, is not easy for an engineer.
The engineer has to realise the process in industrial size, but he knows, that reactions take
place only at micro level.

In practical engines and power plants the source of heat is the chemical energy of substances
called fuels. This energy is released during the chemical reaction of the fuel with oxigen. The
fuel elements combine with oxygen is an oxidation process which is rapid and is
accompanied by the evolution of heat.

Combustion technology is the science of how to burn fossil fuel under industrial
circumtances.

But to do this, it is necessary to recognize the fossil fuels.
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The chemical composition of fossil fuels (percentage by weight, average values):

C H O N S
Wood 50 6 43 0.5 0.5
Lignite 70 5 23 1 1
Anthracite 94 3 1 1 1
Crude oil 86 13 - - 1
Natural gas 75 24.5 - 0.5 -

Coal:

Coal represents the largest fossil-fuel energy resource in the world.

New combustible fuel options include the so-called synthetic fuels, or synfuels, which are
liquids and gases derived largely from coal, vil shale, and tar sands. A tiny fraction of fuels
used today are industrial by-products, industrial and domestic wastes, and biomass

There are many ways of classifying coal according to its chemical and physical properties.
Tthe most accepted system is the one used by the American Society for Testing and
Materials (ASTM)

Classification of coal:
The most general classification divides coal into lignites, bituminous and anthracite coals, , in
which the basis of classification is age.

Lignites:

It may be black or brown and earthy, with a woodlike structure. Very often it has a high
moisture and volutile matter content. It has a low calorific value about 8 - 15 MJ/kg.

In our country, in Hungary the available lignite has very low calorific value, which is only 6 -
8 MJ/kg.

Phisical properties of coal, in the assessment of different types of coal for industrial purposes:

Moisture Ash Volatile matter Calorific value
[%0] [%0] [%6] [MJ/kg]
Lignite 20-40 7-12 40 - 50 21-29
Bituminous 5-15 2-10 20 -45 32-33
Anthracite 2- 35 1- 2 7- 9 35-36

More precise classification is based upon chemical composition but in addition coal are
separated according to their size and ash content.
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Solid fuel analysis

Ultimate analysis
An accurate chemical analysis by mass of the important elements in the fuel is called
ultimate analysis.

The solid and liquid fuels consist of the following elements: carbon (C), hydrogen (H),
nitrogen (N), oxigen (O). In addition to these elements -- which form the organic matter--the
fuels contain undesirable pollutants as well. These are: the sulphur (S),ash (a) and water or
moisture (mt). The letter shown in brackets denote not only the components, but their mass
too, in percentage of the fuel.

C+H+N+O+S+a+mt=100%.

Burnable elements in the fuel are carbon, hydrogen and partly sulphur.

The amount of heat generated during burning of 1 kg fuel depends mainly on the carbon and
hydrogen content.

The burnable part of the sulphur separates in the form of gas and it is called burnable sulphur
(Sb) The non-burnable sulphur remains in the ash

Composition of the fuel is frequently given without taking into account the ash and moisture
content. The standard name of this composititon is the burnable mass, though the oxigen and
nitrogen included in this composition are non-burnable elements.

C+H+N+O+S=100%

Presence of the moisture and ash in the fuel is not desirable because these form the non-
burnable part (ballast). But a small part of moisture is good for burning process.

A certain part of the sulphur too is classified as such. The SO2 and SO3 produced during
burning of the remaining part of the sulphur are detrimental to the metal part of the boiler and
to the surroundings of the power plant. The carbon content of the various solid fuels
calculated to the burnable mass is 90-95%, the hydrogen 1-6%, and the sulphur 0-8%.

Ultimate analysis is needed for burning calculation. (stoichiometric calculation)
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Proximate analysis

Another analysis of coal, which is called the proximate analysis gives a percentages of
moisture, volatile matter, combustible solid (called fix carbon), and ash.

Basic method for this analysis is given by ANSI/ASTM Standard D 3172

- fix carbon - combustible solid

- volatile matter - Total volatile mass is the product in the state of gas and steam
except the analytical moisture-which emerges from the brown coal
during heating at 850 +/- 25°C in air-tight space.
Burnable volatile is calculated on the basis of the standard
specifications, which does not contain incombustible parts listed in
the following.
Incombustible volatile is the part of the total volatile mass which
contains the hydrate and crystal water of inorganic origin, carbonate
carbon dioxide of inorganic origin and decomposed carbon dioxide
of organic origin,

- moisture - Total moisture is the water content of the coal without the so-called
constitutional water.
Constitutional water is the crystal and hydrate water of inorganic
origin, and the decomposed water of organic origin, liberated and
occurring at a temperature over 140°C.

- ash - is the inorganic salts contained in coal.

Proximate analysis is needed for designing burners and boilers.
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Composition of solid fuels,
and analysis methods
Original substance Green coal, damp wood, waste in original state
Incombustible, ballast
General composition Combustible Mineral matter Moisture, or
Water content
Drying at ambient air Air-dry fuel
Free or
Water free fuel Hygroscopic surface
Drying at 105 °C moisture moisture,
Combustible Incombustible
Heating at 850 °C Coke residue
without air Total moisture,
Volatile matter
Complete combustion Fix Water content
at 850°C Carbon
Ash (w)
Result: (fixC)
Proximate analysis (a)
Sulfur | Nitrogen | Oxygen | Hydrogen Total
Ultimate analysis o) N) (0) (H) Carbon

©




Crude oil

The hydrocarbon components in crude oil are made up of paraffins,naphtens and aromatics.
Crude oil is broken up into fractions by distillation.

Analysis data of liquid fuels:

Symbol Unit Benzine Petroleum/ Gas oil Residual oil Residual oil Coal tar Coal tar
(standard) kerosine EL (S=23%) (S=1,0%) fuel "2 fuel "M”
Properties
Higher calorific value Hg kWh/kg 13,15 12,85 12,70 12,04 12,50 10,84 1148
Hg MJ/kg 47 33 46,27 45,73 43,33 45,00 39,03 40,15
Ho Mcal/kg 11,30 11,05 1092 10,35 10,75 9,32 9,59
Lower calorific value Hy kWh/kg 12,28 12,00 11,89 11,36 11.83 10,42 10.69
Hy MJ/kg 44 20 43,20 42,81 4091 42 60 37,70 38,50
Hu Mcal/kg 10,56 10,32 10,22 977 10,18 8.96 9.20
Density at 150C P g/ml 073 0.81 0,84 095 0,96 1.05 1.08
Flash point F oc >21 >a0 >55 >65 >65 >90 >g0
Viscosity
at 200C v mmi /s 0,7 18 5.0 — — 5 -
at 50°C v mm?2/s - - 2,6 ca. 300 ca. 300 26 ca. 30
at 100°C v mm?2/s - — - ca. 30 ca. 30 — ca. 6.5
Combustion quantities
(for A=1) "
Air requirement Vi m3/kg 11.42 11,33 11,24 10,57 10,62 9,79 10,02
Dry '
flue gas volume VA dry m3/kg 10,62 10,54 10,49 988 10.04 9,44 9,77
Wet \
flue gas volume Vaf m3/kg 1212 12,02 11.89 11,14 11,19 1017 10,55
Water content
in flue gas H,0p kg/kg 1,28 1.26 1,20 0.99 0,98 0,62 0.67
Max. carbon dioxide  CO2max Vol.-% 1494 14 99 15,25 15,83 1599 18,0 18,1
Composition
Carbon c % Wt. 856 853 863 85,2 86.6 91,0 9186
Hydrogen H % Wt. 14,35 141 134 11 1.0 6.5 7.0
Sulphur S % Wit. 0.05 02 03 2.3 1.0 [8)55) 03
Oxygen 0, % Wt. = 0.3 = 1.0 10 14 0,7
Nitrogen N2 % Wt. - 0.1 = 03 0.3 0.5 03
Water H,0 % Wi, - - - 0.1 0.1 0.1 ‘0.1
Total Z % Wt. 100 100 100 100 100 100 100
Combustion of sulphur Hg Hy Requirement Combustion products Flue gas quantity | Values for
and elementary fuels (o2} Air Np: dry wet emission
MJ MJ m3 m3 m3 m3 m3 m3 calculation
1 kg pure carbon C
— burnt to CO, 3388 3383 |186 880 703 CO3 =@ 1,85 8.89 — 2085 Vol.-% CO7 max
— burnt to CO 10.10 10,10 |0ge3 4 .45 3,62 co 1 093 445 — 1,17 kg CO
1 kg pure hydrogen H 141,80 11897 |555 2651 | 2086 H,0p: 10,47 | 2096 31.42 8.94 kg H2,0p
1 kg pure sulphur S 2195 9,25 |0.70 3.33 2,63 SO, : 0868 3.32 - 2.00 kg SO,

Fig.1.
Composition and features of different liquid fuels
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Important physical properties of liquid fuels are:

Viscosity

Viscosity of the oil is characteristic to the internal friction of the liquid, which is one of the
most important characteristics from the firing technical point of view. The viscosity is
characterized with physical and technical measuring units. Since the SI measuring unit has not
been taken over in the practice in respect of this characteristic, thus both measuring units are
introduced:

1 dynamic viscosity: [Ns/m?] lcP =10-3 Pas
v kinematic viscosity: [m?2/s] 1 ¢cSt=10-° m?/s
n=p-v

The kinematic viscosity in the technical practice may be given in arbitrarily chosen units, in
Engler degrees ( °E) and Redwood units too, and the conversions can be carried out with
empirical realtionships.

Engler viscosity:

_ running out time of 200 cm>
3

oil at t°C temperature

EO
running out time of 200 cm~ water at 20° C temperature

The viscosity of the oil depends on the temperature to a great extent, the kinematic viscosity

declines exponentially with the rise of the temperature.

For comparison of the different kinematic viscosity units some identical viscosity conditions

are shown in the enclosed diagram.
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Point of solidification

The point of solidification is understood as the temperature at which the crude oil product no
longer flows upon the effect of the gravitational force. Its value is significant first of all in
respect of transportation.

Flash point
Flash point is the temperature at which as much vapour generates from the crude oil product
under the pressure of 0.101 MPa that, mixed with the ambient air, upon approach of flame it

flashes over the whole oil surface.

Ienition point, boiling point

Burning of the oil-discussed later-occurs after transition into the vapour phase, hence
knowledge of the boiling point of the oil is essential. The oil below the temperature of the
boiling point can not burn. The ignition point is always higher than the boiling temperature.
The boiling temperature of the oils depends on the composition.

Ignition point is the temperature at which the self-ignition of th fuel vapour takes place, while
the just generated heat exceeds the amount of heat transferred to the surroundings and thereby
it maintains the burning for at least 5 s. The ignition point does not characterize unequivocally
the inflammability of the oil.

Firing point
Tiring point is the temperature at which vaporization of the liquid is of such extent, that with
the approach of the flame for a short time it is ignited and the burning will be constant on the

surface. The firing point is characteristic to the inflammability of the fuel.

Conradson number

The liquid fuel 1s heated and vaporized in an air-tight vessel , then the oil vapour is burnt up.
During heating a certain part of the hydrocarbon compounds is decomposed and retained with
other components. The retained coke part related to the initial amount of oil gives the
Conradson number. The coking is an important characteristic first of all of the evaporator type
burner, but it is characteristic to the coking of other burners too.

11
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Gasous fuels
Gasous fuels are chemically the simpliest of the three groups.

The natural gas is the mixture of various gases. Its composition depends on the site, but their
properties are not very different from one another.

"Natural gas" is used for gasous fuels which occurs naturally and is burned after a minimum
of treatment or processing.

Typical composition of natural gas is

CH4 85%
C2Hs 10%
Cs3Hs 3%

The major nonhydrocarbon constituents are CO,,N,,He and H,S

H2S is corrosive, toxic and has a foul odour.

Natural gas are liquefied for distribution by tanker and for use as liquid fuels.
LNG - liquid natural gas (consisting mainly methane)
LPG - liquified petroleum gas ( consisting mainly propane and butane)

Properties of different burnable gases are shown in the enclosed table. [See page 9.]

12
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Symbol Unit Natural gas Natural gas Natural gas L/ Propane / Butane / Towns gas
L H Air 1) Air 2 Air 3)
Properties
Higher calorific value Ho kWh/m3 9.78 11.46 6.14 7.49 752 5,51
Hp MJ/m3 35,21 41,26 22,10 26,95 27,08 19,82
Ho Mcal/m?3 841 9.85 5.28 6.44 - 6,47 473
Lower calorific value Hy kWh/m3 8.83 10.35 5,54 6,89 6.95 4,89
. Hy MJ/m3 31.77 37,26 19,94 2482 2501 17,89
% Hy Mcal/m?3 759 8.90 476 593 5.97 4,201
Inflammability limits '
(% Vol. gas in air, at 200C)
Lower inflammability limit Zy % Vol. B 4 7 75 T8 5
Higher inflammability limit Zo % Vol. 15 16 205 36 42 30
Wobbe Index Wg kWh/m3 12.21 14,72 6.98 698 6,82 8,74
(related to Hg) Wq MJ/m3 4397 53,00 25,14 25,14 24,54 31.46
Wo Mcal/m3 10,50 12,66 6.00 6,00 5.86 7.51
Wobbe Index Wy kWh/m3 11,02 13,29 6,30 6,43 6,29 7.75
(related to Hy) Wy MJ/m3 39,68 47 85 22,68 23,15 22,66 2791
Wy Mcal/m?3 9.48 11.43 542 5,53 - 541 6,67
Density P kg/m3 - 0,829 0,784 1.000 1,486 1.675 0513
relative density d - 0,641 0.606 0,773 1,149 1,218 0,397
Combustion values
{for A=1)
Air requirement VL m3/m3 8.45 991 , 493 5,75 5,74 4,33
Dry flue gas volume ' Vatr m3/m3 7.72 8.90 485 5,94 6,00 391
Wet flue gas volume VA f m3/m3 9,37 10,82 5,88 6,96 7,00 4,98
max. carbon dioxide CO2 max % Vol. 1185 1192 11,64 13,67 13,96 10.03
Water content of flue gas
(related to fuel gas gquantity) H;0p kg/m3 1,41 1,64 0.88 0,87 0,85 092
Dew paoint
(dry combustion air) tr °¢ 58 58 58 54 53 62
Composition
Nitrogen N7 % Vol 140 14 38.2 58.3 63.0 9.6
Oxygen 0, % Vol. - - 7.8 155 16.8 0.5
Carbon dioxide CO, % Vol. 0.8 10 0.5 - — 2.3
Hydrogen H, % Vol. - = = - = 546
Carbon monoxide CcO % Vol. - - - - - 5.5
Methane CHg % Vol. 81.8 930 51,4 - — 24 .4
" N
Ethane : CaHg % Vol. 28 ~ 30 17 - - 25
Propane C3Hg % Vol 04 1.3 03 249 g= 0.7
Butane CaHio % Vol. 02 06 0.1 13 20.2 -
Total ! z % Vol. 100 100 100 100 100 100

1) Gas62.8%, air 37.2%
2) Propane/Butane = 95/5; gas 26.2% / air 73.8%
3) Butane = 100%; gas 20.2% / air 79 8%

Fig.3.
Composition and features of different gaseous fuels

13
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Physical parameters of combustion.

Heating value
Heating value (calorific value) is the heat released by the fuel when completely burnt, and

may be determined at constant volume or constant pressure, and flue gas is cooled back to the
initial temperature (ambient temperature).

- higher ( gross) heating value (HHV ) - assumes that the water vapour in the
products condenses and thus includes the latent
heat of vapourisation of the water vapour in the
products.

- lower heating value (LHV ) - does not. contain the latent heat, the water
in flue gas remain in steam form at the initial
temperature
LHV = HHV —m, h, —9-my_-h,
m, = mass of water vapour per unit mass of fuel
h;, = latent heat of vaporization of water vapour/ at its partial
pressure in the combustion products [J/kg,o]
my, =mass of original hydrogen per unit mass of fuel.

Combustion is a process that starts from a nonequilibrium condition, but equilibrium may not
be achieved in a flame, that depends on the kinetics. A quari equilibrium, is achieved,
approximately in such cases, if combustion process are fast relative to the rate of heat loss by
convection, radiation, one can collocate the maximum temperature of combustion products.

This is the adiabatic flame temperature in the case of burning gaseous fuel under
stoichometric condition

Qo = Coe (T, =273) KT /m},]
2. g =cpr(T,—273)-L, [k /m],]

air

3. qu. =H, [/ m},.1]
All of these are increasing the enthalpy of the flue (burnt) gas.
4o g mom (T, 23V, (W m, ]
Doas = Dgas + Dair T4 it

ans + 9 uir + qfuel

Vo “Cofe

T,

theor

=273+

14
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theor

Q=0
adiabatic

v/ /S A

Remarks
For hot flames -roughly for flames hotter than 2000°K assuming simple burning to CO2 and
H20 leads to significant errors. It is the dissociation of gases, which process need heat, so the
flame temperature will be lower from the theoretical one.
The difference is at 2000 °C less than 7 % (at 1500 °C 0 %)
Reactions of dissociation:
2CO, < 2CO + O,

2H,0 < 2H, + O,
Both of these reactions can take place simultaneously in the same combustion process, and the
necessary heat for the reaction comes from the flame.
These type of reactions are called endothermic reactions.
To start the chemical reactions it is necessary to supply to the species the activation energy.
Arrhenius stated that really those molecules which possess energy greater than a certain

amount E, will react. These high energy active molecules lead to products.
Arrhenius postulate may be written as

The temperature dependence of "k" is expressed in this ecuation.

And the rate of reaction is

where ¢ 1s used to denote the concentration in a chemical reacting system. ]

The activation energy can be added to the mixture by spark, or by other heat source..

15
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Spontaneous ignition temperature

When a gaseous mixture of fuel and oxidant is maintained at ambient temperature, reaction
rates are extremly slow.

Increasing the mixture temperature, the reaction rate suddenly increases, giving rise to rapid
combustion reactions

This condition is referred to as spontaneous ignition and the minimum temperature at which
rapid conbustion reactions are initiated is called the spontaneous ignition termperature. [Tg;]
The factors influencing the spontaneous ignition temperature of a given mixture are the
balance between heat release and heat loss, as well as the supply of reactants.

Q

heat

liberation heat from chemical

reaction

heat liberation > heat loss
chemical reaction accelerate

Twall Tsit T

For liquid fuels, this parameter is determined using standarized tests, where liquid fuel is
dropped into an open-air container heated to a known temperature.

The spontaneous igniton temperature is defined as the lowest temperature at which visible or
audible evidence of combustion is observed.

16
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Minimum ignition energy

Minimum ignition energy is calculated on the assumption that sufficient energy must be
supplied from exterior to the critical volume to raise the mixture temperature to the flame
temperature Tr. The critical energy is thus

E = Ve.p-Cp:(Ts - Ti)
where:  p - density

Cp - specific heat

Tr - flame temperature

Ti - initial temperature

The theoretical minimum ignition energy is calculated on the assumption that the energy is
released from the ignition source instantaneously and homgenously throughout the critical
volume.

If the time duration of ignition is too long--> the energy will be transferred by thermal
conductivity to the outside. In the critical volume the ignition cannot be achieved when the
energy within the critical volume is insufficient to raise the mixture temperature to the flame
temperature. For minimum ignition energies of the order of several milijoule of the energy
must be released in several microseconds in order to ensure that there is no significant
transfer of energy away from the ignition source.

Emin velocity

15 m/s

\&_/ stagnant mixture

1 m

Influence of velocity variation on minimum ignition energy

17
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Combustion equations - stoichiometric calculation

To do this calculations is needed to know the result of ultimate analysis of the fuel.
Accordint to the basic elements of the fuel, we can write the combustion equatrions.
These ara chemical equations which shows:

- the reactants and the products of combustion

- the relative quantities of the reactants and products

These equations show only the beginning and the end of processes, and don't inform us about
burning processes. But it is important to know how much air (or oxidiser) is needed, how

much flue gas generate the process and which is the composition of the flue gas.

The detailed calculartion shows the manual of the problem solving lesson.

Excess air factor (A) or (m)

A stoichiometric mixture of air and fuel is one that contains just sufficient oxygen for the
complete combustion of the fuel. A mixture which has an excess of air is termed a weak
mixture, and one which has a deficiency of air is termed a rich mixture.

The excess air factor:

4= Air actually use _4
Air stoichiometrically necessary A,

Optimum value of the excess air factor depend on fuel type and burner construction.

Some usual values of the excess air factor:

fuel A

gas 1.03 - 1.06
oil 1.09 - 1.15
coal 1.3 -1.5

18
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Reaction types of burning processes

There are two types of burning process reaction, which are homogenous and heterogenous
reaction.

- homogenous reaction - when the fuel and the oxidiser (air) are in the same (gas) state

- heterogenous reaction - when the fuel and the oxidiser (air) are in different state

In case of gas fuel reactions are homogenous, because the fuel and air both are in gas state.
In case of liquid fuel also only homogenous reactions take place, because the fuel in liquid
state can't burn, it can burn only in evaporated (gas) state.

That's why we have to atomize liquid fuels for burning.

In case of solid fuel both, homogenous and heterogenous reaction take place.

Volatile matter burns in homogenous reaction, and the fix carbon (combustible solid) burns in
heterogenous reaction.

19
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Burning velocity

- velocity at which a flame propagates normally into unburned gas.

Lla.m.e_LL?t
Acw w—> S — A

The leading edge of the propagating reaction zone is called flame front.
Burning velocity under kinetic control.
What does it mean?
There are two type of flames according to the nature of premixing of the reactants.
1, premixed flame
the reactants are completly mixed to the molecular level.
2, diffusion flame
propagating is controlled by the velocity at which the reactants diffuse
toward each other.
Within these general divisions, there are imperfectly premixed flames, in which mixing may
only be at the macro level but not completed at molecular level.
Completely premixed flames are seldom used in practice.
The Bunsen burner, domestic cooker are examples for more or less partially premixed flames.
Premixed flames are kinetically controlled, and the rate of flame propagation, known as the
burning velocity is dependent upon the chemical composition and rates of chemical reaction.

line

—premixed gas flow

Characteristic of Bunsen burner flame

20
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Flame types

Flames are sorted according to two features, which are - mixing type of fuel and air
- type of stream

Mixing types are: - premixed flame - It means that fuel and air are mixed
before ignition.
- diffusion flame - It means that fuel and air flow into burning
chamber separetely, and they are mixing there
by means of diffusion.

Types of stream are: - laminar flame
- turbulent flame (according to the Reynolds number of the flow)

A typical premixed laminar flame produced by Bunsen burner.
A typical turbulent premixed flame is produced by oxy-acetylene welding.
A typical laminar diffusion flame is produced by candle.

Turbulent diffusion flames generally produced by industrial burners.

Parameters influencing the burning velocity

1, Fuel type burning velocity

Ho 280 cm/s
CHa 40 cm/s
CO 15 cm/s

It can be seen, that the hydrogen content of the fuel influences significantly the burning
velocity.

2.0Oxydizer

Instead of air using oxygen, the burning velocity increases (10x) tenfold. It's reason is that the
oxidizer doesn't count N2, so the collision with oxygen is easier.

But the burning velocity decreases in air atmosphere polluted with exhaust gas, for example in
a combustor of a gas turbine's afterburners.

21
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3.Excess air factor

Flame can propagate through gaseous mixtures only within certain limits of composition.
Limits of flammability can be determined experimentally by simply enclosing a mixture in a
reactor and igniting the mixture by spark. The flame will propagate throughout the reactor,
only within the upper and lower limits of mixture ratio.

A good definition fo flammability limits is composition limits outside which the mixture will
not permit the flame to propagate indefinitely, however powerful the source of ignition that is

applied.
N\

fuel fuel
rich lean

(m = 1 stoichiometric composition)

Combustion can occur only within the flammability limits. At the flammability limits the
chemical reaction energy became less than the heat loss rate.

4. Influence of mixture temperature

Increasing the initial mixture temperature, the burning velocities increases.

5.Type of flow

Two main types of flow can occur:
laminar
turbulent
In laminar flames the burning velocity is less than in turbulent flames.
In turbulence case the heat and mass transport processes increases the velocity.
Parameter is the Re number.

6.Influence of pressure

The most combustion processes take place at athmospheric pressure but the burning velocity
varies with pressure
A~ p"
where n = -0.3 + 0.3
negative values are valid for small burning velocities (< 80 cm/s )
positive values " " " higher " " (> 100 cm/s)
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Quenching

The presence of walls in a combustion system generally results in heat losses from the flame
and hot gases to walls which are usually at lower temperatures than the gases.
(Solid surfaces provide a means for breaking the chain propagation.)
Generally the quenching diameter can be determined in the following matter. A flame is
established on a burner port and the gas mixture flow is suddenly stopped. If the flame
propagate down the tube, a smaller tube is substituted until propagation stops. The diameter of
the tube which prevents flashback is the quenching distance or diameter.
Using a grid with a mesh distance less than the quenching distance, than flame cannot
propagate through the grid. Such solution is useful as a flame pitfall preventing flame
propagation back in the supply tube.
Quenching distance is: 0,7 mm for hydrogene

2,0 mm for methane

1,8 mm for propane

Dew point

At low temperatures the dew point of fuel gas is reached and a liquid film of sulfuric acid
forms on the metal surfaces of the air heater, greatly hastening metal failure.

150°C T
dew point \_if 5% 503 is formed
temperature in flue gas
50°C _L

sulfur content of fuel %
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Cracking process

Different types of hydrocarbons are cracked at first and not directly oxidized.

cracked ~ C + 02 =C0O2

heat=> H/C
4H + 02 = 2H20

Cracking breaks the H/C into carbon and hydrogen, which burn to carbondioxide and water.
The incandescent ( lighting if heated ) carbon gives a yellow flame, and this type of flames
(generally the diffusion flames ) are forming soot and smoke.

The solid carbon particles formed in flames , are known as soot. Soot can be formed from
purely gaseous fuel, but is more commonly formed when liquid fuels are used, but also only
after evaporating in the gas phase.

The presence of solid carbon plays an important role in the luminosity of flames and for
flame, that rely on radiative heat transfer, the formation of soot particles is promoted. In
automobile engines and other systems with watercooled surfaces, coking, due to the
deposition of hard carbon deposits, can readily arise when fuel is allowed to come into direct
contact with the cooled surface. The formation of soot particles in flames is due to the thermal
decomposition of the hydrocarbons.

In gas turbine combustion chambers formation of solid particles is not promoted so as to
minimize radiative heat transfer from the flame to the combustor-can wall and reduce the
requirement for additional air cooling. Particles cause damage to gas turbine blades, deposit
on it.

In industrial furnaces, flames are separated into two main regions:
1, luminous region, where particles are present
2, less luminous region, further downstream, where sufficical oxygen is
supplied to allow reaction to be completed before the products leave the
combustion chamber.

Summarized:

if the furnace is small and cold areas ( boiler tubes and the line )
are badly located carbon cannot possibly burn to completion.
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Soot formation

Soot is elementary carbon which derives from gas phase, as the result of burning gases decay.
Soot wasn't in the burning gas.

Chemical bond between carbon atoms is stronger than between carbon and hydrogen atom,
that 1s why hydrogen atoms burn to water first and then the carbon atoms to COz.

Pure carbone molecules in the flue gas are called soot.

Small amount of soot in the flame is advantageous, because it increase radiation of the flame.
Bigger radiation increase the heat-exchange from flue gas to water or steam.

But when the reaction is freezing before soot can burn to COz, it reamains in the flue gas,
which's disadvantages (cause pollution).

Coke formation

Mainly fuel oil has different forms of aromatic chain compounds.

Aromatic rings with free valence can link together. This cause the increasing of C/H ratio.
Above a certain level of C/H ratio this appears in solid form which is called coke.

These coke is disadvantages, because it makes a layer on heating surfaces and reduces heat
transfer.
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Stability of flames

Investigating the flame stability means searching stability limits where the flame flashes back
or blows off.
The essence of the matter that the ignition originate always from the burner mouth.

We use by this investigatioin the "speed limit gradient"
4-u,

g=
r

where u, is the average speed

in the burner mouth

Investigation of the flame stability spread over distribution of velocity along the wall of the
burner mouth. In this boundary layer the distribution of velocity is linear that's why we can use
the initial tangent of the parabolic distribution of velocity.

We are investigating what is the relation of the flor velocity and the burning velocity in the
boundary layer.

The picture shows the three possible cases:

N\ /]

/

a. b. C.

In case of "a" there are flash back, because there are some point of the line where burning
velocity is bigger than flow velocity.

In case of "b" shows a stabile flame because at the tangent point burning velocity is equal with
flow velocity.

In case of "c" there are blow off because the flow velocity is bigger everywhere than the
burning velocity.
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According to "Lewis & Elbe" we can show "g"(speed limit gradient) in a diagram

against "c" (concentration).

blow off

stability region

flash black

premixed region | diffusion region c -
c=1(stoichiometric)

Flame stabilization

For burning stabilization are generally used inner and outer recirculation.
Inner recirculation can be reached by two means, mechanically and aerodinamically.

When we put a bluff body in front of the burner mouth, into the flame, behind the bluff body
inner recirculation will take place.

we can reach inner recirculation using blades in burner mouth which cause recirculation
aerodinamically.

The other stabilization method is the outer recirculation. It only in burniung chamber takes
place. (by free jet flames can't be)

Every types of recirculation deliver hot flue gas back to the burner mouth for helping the
ignition.
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STOICHIOMETRIC CALCULATIONS

COMBUSTION

Stoichiometric calculations are needed because in that way can determine features

of flue gas, which can be various at different fuels, and firing methods.

Results of this calculations are needed for further calculations or decisions.

1. Input data

In case of solid or liquid fuels input data are the result of ultimate analizis by mass.

Input data:

C (Carbon)
H (Hidrogen)
S (Sulfur)

O (Oxygen)
N (Nitrogen)
w (Water)

a (Ash)

[kg/kg fuel]
[kg/kg fuel]
[kg/kg fuel]
[kg/kg fuel]
[kg/kg fuel]
[kg/kg fuel]
[kg/kg fuel]

1.00

In case of gaseous fuels input data are the result of molecule analizis by volume.

Input data:

CH,; (Methane)
C,Hg (Ethane)
C;Hg (Propane)
C4H10 (Buthane)

C,H, (further hydro-
carbon components)

CO (Carbon monoxide)
H, (Hydrogene)

CO, (Carbon dioxide)

N, (Nitrogene)

0O, (Oxigene)

H,S (Hydrogen sulfid)
H,O (water vapor)

[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]

[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]
[m3/m3 fuel]

1.00

Furthermore humidity content of air can be taken into account: x [kg water / kg air]

Value of excess air faktor (A - depends on firing method) is necessary for the

calculation too.
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2. Determination of specific quantities in case of solid or liquid fuels

Specific quantity means that it gives the quantity of different materials which are
needed for burning, or produced by burning, in case of a unit (mass, or volume) fuel
fireing.

The calculation gives the result in mass unit and in volume unit as well.

For further calculations generally mass unit is used.

But flue gas analyzers generally give the result in volume composition.

The calculation at first step is valid for perfect combustion

and without excess air (A=1).

Excess air will be taken into account in second step.

Products of imperfect combustion at normal operation take very small part in flue gas
(less than 0.1 %), that is why these components do not make affect to the flue gas
behaviour.

Calculations based on chemical equations, and on molar- or mass-ratios given by these
equations. (See detailed in problem solving section.)

Specific quantities are the following:
(volume units are related to "normal state", p =1 bar, t =0 °C)

Oxigen and air demand:

Specific oxigen demand: Ho, [kg/kg fuel]
0, [m3/kg fuel]
Specific air demand: Mo [kg/kg fuel]
Ly [m3/kg fuel]

Flue gas composition:

Specific carbon dioxide quantity: Hco, [kg/kg fuel]
Vo, [m3/kg fuel]
Specific sulfur dioxide quantity: Hs0, [kg/kg fuel]
Vso, [m3/kg fuel]
Specific nitrogene quantity: VN [kg/kg fuel]
Vi, [m3/kg fuel]
Specific water vapor quantity: M 0 [kg/kg fuel]
Vim0 [m3/kg fuel]
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COMBUSTION

The input data vector (results of ultimate analizis) has to be scalar multiplied with the

apropriate constant vector from the following tables.

Constant vectors for specific quantities by mass:

Ho, Mo Hco, Mso, MN, M. 0
C 2.664 11.484 3.664 0 8.820 0
H 7.936 34.209 0 0 26.273 8.936
S 0.998 4.301 0 1.998 3.303 0
O - 1.000 -4.301 0 0 -3.310 0
N 0 0 0 0 1.000 0
w 0 0 0 0 0 1.000
a 0 0 0 0 0 0
Constant vectors for specific quantities by volume:
O, Ly Veo, Vso o Vo
C 1.864 8.876 1.8535 0 7.012 0
H 5.560 26.476 0 0 20.916 11.120
S 0.698 3.324 0 0.683 2.635 0
O - 0.700 -3.322 0 0 -2.622 0
N 0 0 0 0 0.800 0
w 0 0 0 0 0 1.240
a 0 0 0 0 0
Considering humidity of air: Mioh = Mo (1 +x) [kg/kg fuel]
Mp0n = Mo X Mg [kg/kg fuel]
Specific flue gas quantities:
Specific dry flue gas quantity: Mved = Hcos  Hso, T Mo [kg/kg fuel]
Voa =Vcot Vso: T VN [m3/kg fuel]
Specific wet flue gas quantity: My = Hved T HH0h [kg/kg fuel]
V., =V.4 * Vino [m3/kg fuel]

Calculation of lower heating value:
(It gives only approximate result, because of the different molecule composition of
different fuels.)

Hi =338.22+1195.9-(H -0/8)+92.51-S-25.1-w

[kJ/kg]
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3. Determination of specific quantities in case of gaseous fuel

Input data are the result of molecule analizis by volume.
For mass quantity calculation first has to be determined the composition by mass.
It can be done for example in case of methane:

_ VCH4 "Pcra

Meyy =— [kg/kg gas]

gas

where density of gaseous fuel can be determined according to the following.
The input data vector (results of molecular analizis by volume) has to scalar multiply
with the constant vector of density vector belonging to each component.

pgas = sz 'pi [kg/ms]

Specific quantities are the following:
(volume units are related to "normal state", p =1 bar, t =0 °C)

Oxigen and air demand:

Specific oxigen demand: Ho, [kg/kg fuel]
0,' [m3/m3 fuel]
Specific air demand: ML, [kg/kg fuel]
Ly [m3/m3 fuel]

Flue gas composition:

Specific carbon dioxide quantity: Hco, [kg/kg fuel]
Vco, [m3/m3 fuel]
Specific sulfur dioxide quantity: Hso, [kg/kg fuel]
Vso, [m3/m3 fuel]
Specific nitrogene quantity: VNS [kg/kg fuel]
VN, [m3/m3 fuel]
Specific water vapor quantity: M, o [kg/kg fuel]
Vim0 [m3/m3 fuel]
Heating value of gas: H; [kJ/kg fuel]
Hy; [kJ/m3 fuel]
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Calculation of these quatities flows according to the following. Both input data vector
has to scalar multiply with the apropriate constant vector from the following tables.

Constant vectors for specific quantities by mass:

Pgas Ho, ' Hco, Hso. MN, MH. 0 H;
mcey, | 0.716 | 3.990 | 17.196 | 2.743 0 13.207 | 1.246 | 50103
me,ge | 1.342 | 3.725 | 16.056 | 2.927 0 12.331 | 1.798 | 48005
Me,ge | 1.967 | 3.628 | 15.640 | 2.994 0 12.012 | 1.634 | 47222
My, | 2.593 | 3.579 | 15.426 | 3.029 0 11.847 | 1.550 | 47687
My, | 2.503 | 3.423 | 14.751 | 3.183 0 11.328 | 1.285 | 46174
Mco 1.25 0.571 | 2.461 1.571 0 1.890 0 10098
my, 0.09 7.937 | 34.206 0 0 26.271 | 8.935 | 119766
mco, | 1.977 0 0 1.000 0 0 0 0
my, 1.251 0 0 0 0 1.000 0 0
mg, 1.428 | -1.000 | -4.310 0 0 -3.310 0 0
my,s | 1.5384 | 1.409 | 6.071 0 1.880 4.662 0 386
my,o | 0.804 0 0 0 0 0 1.000 0
Constant vectors for specific quantities by volume:
0, Ly Vo, Vso, VN Vi 0 Hy;
VcH 2.0 9.524 1.0 0 7.524 2.0 35874
VoHe 3.5 16.666 2.0 0 13.166 3.0 64423
V c1Hs 5.0 23.810 3.0 0 18.810 4.0 92887
VaHio 6.5 30.952 4.0 0 24.452 5.0 123654
VoHa 6.0 28.571 4.0 0 22.571 4.0 115575
Vo 0.5 2.381 1.0 0 1.881 0 12623
Vi, 0.5 2.381 0 0 1.881 1.0 10779
Vo, 0 0 1.0 0 0 0 0
VN, 0 0 0 0 1.000 0 0
Vo, - 1.0 -4.762 0 0 -3.762 0 0
Vs 1.5 7.143 0 1.0 5.643 1.0 594
Vino 0 0 0 0 0 0 0
Considering humidity of air: Mioh = Mo (1 +x) [kg/kg fuel]
Mp0n = Mo X Mg [kg/kg fuel]
Specific flue gas quantities:
Specific dry flue gas quantity: Mvoed = Hcos T Hso, + M [kg/kg fuel]
Vod =Vco:t Vso: T VN, [m3/m3 fuel]
Specific wet flue gas quantity: My = Hved T HH0h [kg/kg fuel]

Vo' = Vo‘d + VHzO

[m3/m3 fuel]
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4. Determination of RO, .«

Knowing RO,,.« value can help the evaluation of the results of flue gas analisis.

Veor V.

Determination: RO, . =(=52+-392).100 [%]
Via 0d

At different fuel types this value: coal: 183-195 %
wood 20.0-21.0 %
heavy oil: 159-16.1 %
light oil: 154-156 %
natural gas: 11.5-121 %
city gas: 108-11.7 %

5. Considering excess air

Generally firing happens with excess air, so as to reach the perfect combustion.
Calculation of real quantities are follows:

Inducted air:
My =A - Hpo [kg/kg fuel]
L'=x-L; [m3/m3 or kg
fuel]

Specific dry flue gas quantity:
Hyig = Hyoa + (1) - pig+a- (1) [ke/k fuel]
Vy=V/ 'y + (A1) L, [m3/m3 or kg fuel]
Specific flue gas quantity:
My = pyg + (D) Mg +a- (1-s)  [ke/kg fuel]
V=V, + (A-1) L] [m3/m3 or kg fuel]

where: s - shows the remaining part of ash in the fire chamber
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Calculation the actual flue gas composition:

Specific carbon dioxide quantity: Prco, = Hco, / By
Vrco. = Veo, /' V'
Hrso, = Hso, / Ky
Vrso. = Vso, / V'
HrN, = Hie / Ky

Vine =V, / V!
HrH.0 = M0 / Hy:
V0= Vo / V'
Mrair = (}\"1) * Mo / My
VI‘air = (}\"1) ) Lo' %
Hpa=a- (1-s)/py
Vip=a- (1-s)/ V'

Specific sulfur dioxide quantity:
Specific nitrogene quantity:
Specific water vapor quantity:
Specific air quantity:

Specific flying ash quantity:
(only at solid fuels)

Excess air calculation from measured data:

From the equations:

v, =V, + (A-1)-L. ,and

COMBUSTION

[kg/kg flue gas]
[m3/m3 flue gas]
[kg/kg flue gas]
[m3/m3 flue gas]
[kg/kg flue gas]
[m3/m3 flue gas]
[kg/kg flue gas]
[m3/m3 flue gas]
[kg/kg flue gas]
[m3/m3 flue gas]
[kg/kg flue gas]
[kg/m3 flue gas]

R02max ’ Vo‘sz = Ro2measured ’ V‘sz

can derived the following equation: 2O

taking into consideration that V', ~ L' can get: A=

Or from oxigen content:

From the equations:

ﬂ - 1+( ROZmax

2measured

v, =V, + (A-1)-L. ,and

_ 1) Ve
L

RO
RO

2max

2measured

R02max ’ Vo‘sz = Ro2measured ’ V‘sz

0.21 - (7\"1) : Lo‘ = O2measured ) (Vo'sz

taking into consideration that V', = L' can get: A

+ (A-1)-L)")

21

" 21-0

2measured
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ATOMIZATION:

1. Why does atomization play an important role in combustion of liquid fuels?

The processes of liquid atomization and evaporation are of fundamental importance to the
behaviour of combustion system. Normal fuels are not sufficiently volatile to produce
vapour in the amounts required for ignition and combustion unless they are atomized into
a large number of drops with corresponding vastly increased surface area.

The smaller the drop size, the faster the rate of evaporation. The influence of drop size
on ignition performance is of special importance, since large increase in ignition energy
are needed to overcome even a slight deterioration in atomization quality. Spray quality
also affects stability, combustion efficiency, and the emission levels of smoke, carbon
monoxide, and unburned hydrocarbons.

An example on combustion efficiency can show the importance of atomization on
combustion [1].

Combustion efficiency is defined as the ratio of the mass of fuel evaporated within the
combustion zone to the mass of fuel supplied:

me- tres

MNe :V—
pg‘ %Lo

where

mr  : mass flow rate of fuel, [kg/s]
t : residence time of fuel in combustion zone, [sec]

Py : gas density (air), [kg/m3]
\Y - volume of combustion zone, [m’]
M;, :air-fuel ratio by mass, [-]

Applying theory and practice in case when evaporation rate governs combustion the
combustion efficiency is inversely proportional with the initial drop size as follows.

1
D3

0

Ne ~

It means that if we reduce the initial mean drop size by half we can increase the
combustion efficiency up to /8 = 2.8 times of its initial value.

1

Ref.: ATOM1A.DOC + ATOM1B.DOC
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2. What does atomization mean and how does the final fuel spray look like (spray
characteristics)?

Atomization is the process whereby a volume of liquid is converted into a multiplicity of
small drops. Its principal aim is to produce a high ratio of surface to mass in the liquid
phase, resulting in very high evaporation rate.

For most liquids, all that is needed is the existence of a high relative velocity between the
liquid to be atomized and the surrounding air or gas.

With some atomizers this is accomplished by discharging the liquid at high velocity
into a relatively slow moving stream of air or gas.

!
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Fig. 1. Spray produced by Fig. 2. Schematic layout of
swirl-pressure atomizer rotary cup atomizer
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Fig. 3. Air blast atomization process

Notable examples include the various forms of pressure atomizer (Fig. 1.) and rotary
atomizers (Fig. 2.), which eject the liquid at high velocity from the periphery of a rotating
cup or disk.

An alternative approach is to expose the relatively slow-moving liquid to a high-
velocity air-stream (Fig. 3.). This method is generally known as twin-fluid, air-assist, or
air blast atomization.
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Spray characteristics
The important spray characteristics are:
a. Drop Size Distribution

Only under certain special condition can a fairly homogeneous spray be produced (e.g.
rotary cup atomizer operating within a limited range of fuel flow rates and rotational
speeds). Thus the resulting main drops and satellite drops vary in size.

The drop sizes normally range in diameter 10 to 400 pum depending on
atomization characteristics and surrounding conditions.

Histogram, frequency distribution, and cumulative-distribution curve are used to
represent the drop size distribution in sprays.

Histogram of drop size

320}

240

Number of drops

160

T

(0] 34 68 102 136 170 204
Drop diameter, um

Fig. 4. Histogram of drop size shows the number of drops whose dimensions

. AX AX
fall between the limits X — 7 and X + 7

As AX is made smaller, the histogram assumes the form of a frequency curve that may
be regarded as a characteristic of the spray, provided it is based on sufficiently large
samples.
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Frequency distribution curve

fix) or £(x3)

number of
drops volume of
Fix) drops

£(x3)

Drop size, X

Fig. 5. Frequency distribution curve

Cumulative-distribution curve

COMBUSTION

This is a plot of the integral of the frequency curve, and it may represent the
percentage of the total number of drops in the spray below a given size, or it may
express the percentage of the total surface or volume of spray contained in drops below

a given size.

Percentage of fotal volume of drops less than x

100

o X x

i MEDIAN
:/ DIAMETER
i

Drops of diameter less . x - ~m
than zero are impossible. Drop diameter, x Finite mex. drop size

Fig. 6. Cumulative-distribution curve

Expressions to replace experimental drop size distribution

Developed by Rosin and Rammler (1933)
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1—v =™

where
v:  fraction of the total volume contained in drops of diameter less than
X

b,q: constants representing the spray characteristics
e.g. q shows the uniformity of the spray, the higher the value of q,
the more uniform is the spray; q = oo drops have the same size

For most fuel sprays the value of q lies between 2 and 4, however for air blast atomizer
q = 2.59 (measurement) and for rotary atomizer q = 7.

b. Mean Drop Size

To facilitate the calculation of evaporation rates and to compare the atomization
qualities of various sprays, the term mean diameter has been introduced.

The general idea being to replace a given spray with a fictitious one in which all
the drops have the same diameter while retaining certain characteristics of the original

spray.
Sauter Mean Diameter (SMD)

The most widely used SMD is the diameter of a drop having the same volume/surface
ratio as the entire spray:

Zni ‘Di3
SMD = —Zi:n- D [m]

Mass Mean Diameter (MMD)

Diameter of drop below or above which lies 50 percent of the mass of the drops.

Zn,. -D’
MMD =| -

Z"i
i

0.33
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C.

Penetration

The penetration of a spray may be defined as the maximum distance it reaches when
injected into stagnant air. It is governed by the relative magnitudes of two opposing
forces:

1.) the kinetic energy of the initial fuel jet
2.) the aerodynamic resistance of the surrounding gas.

The initial jet velocity is high, but as atomization proceeds and the surface area of the
spray increases, the kinetic energy of the fuel is gradually dissipated by frictional
losses of the gas. When drops have finally exhausted their kinetic energy, their
subsequent trajectory is dictated mainly by gravity and the movement of the
surrounding gas.

In general, a compact, narrow spray (e.g. produced by Diesel injector) will have high
penetration, while a well-atomized spray of high cone angle, including more air
resistance, will tend to have low penetration.

Spray penetration is greater than that of a single drop due to the action of first
droplets on the air in the spray.

Paternation

Paternation of a conical spray represents the uniformity of the circumferential
distribution of fuel in it. Poor paternation adversely affects many important aspects of
combustion performance by creating local pockets of mixture in the combustion zone
that are either appreciably richer or weaker than the design fuel-air ratio.

Cone Angle
The spray angle has a strong influence on ignition, stability limits, and exhaust smoke.

e.g.: With pressure-swirl atomizer (described later, now see Fig. 1.) the hollow conical
structure of the spray incurs appreciable exposure to the influence of the surrounding
air. This leads to an improved atomization.

An increase in spray-cone angle (e.g. in case of higher load/mass flow rate of fuel)
increases the extend of the above exposure resulting better atomization if other factors
are not impair it.
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3. What are the basic mechanisms of atomization process?

Diesel engine

fuel ] Plunger
Diesel engines employ a plain-orifice [
atomizer in which fuel is forced under
pressure through a small hole and is
discharged in the form of a jet that
rapidly disintegrates into a well-
atomized spray of narrow cone angle.
N
N
N
N &0
\
§ i
\
£
QL
Gas Turbine _'I 140
In gas turbine atomization is normally
accomplished by transforming the bulk Fig. 7. Bosch pintle Diesel
fuel into fine jets or thin conical sheets plain-orifice injector

in order to induce instability and
promote disintegration into drops.

Thin sheets may be obtained by discharging the fuel through orifices with specially
shaped approach passages, by forcing it through narrow slots, by feeding it to the centre of
a rotating disc or cup.

Disintegration of the fuel jets or sheets into ligaments and then drops is induced by
interaction with the surrounding air or gas (see Fig. 8.).

A certain difference exists between the velocity of the film and the ambient air or gas ,
when the liquid passes off either into the stagnant air or into the air stream. The existing
small disturbances generate sine-shaped wave motion with increasing amplitude. The
greater is the velocity difference, the shorter is the wave length (A) and the greater is the
amplitude. The wave motion is caused by the depression, that is produced by the local
higher air velocity, while over-pressure develops in the wave through.
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Fig. 8. lllustration of liquid break up into drops

The consequence of the increasing amplitude is that the film reaches the wave crest
where a thin ligament is detached and further it breaks up into droplets.

An alternative method of atomization is to expose the fuel jets or sheets to a high-velocity
air, which also serves to convey the resulting drops into the combustion zone.

Oil-fired furnaces

They use both pressure and air (or steam) atomization, and sometimes a combination of
the two.

4. Two dimensionless numbers indicating the quality and the nature of the atomization
process.

The drop sizes obtained during liquid jet disintegration, due to the influence of the
surrounding air, are governed by the ratio of the disruptive aerodynamic force -Ufel)

to the consolidating surface tension force (a/ do). This dimensionless ratio is known as

the Weber number,

2
We = Poair * Urel
0}
%,
where

P, : air density, [kg/m3 ]
U, air relative to liquid velocity, [m/s]
G :surface tension, [kg/sz]
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d, :liquid orifice or initial jet diameter, [m]

The break-up mechanism of the jet is found to be dependent on the so-called "Z number",
which is obtained as the ratio of the square root of the Weber number to the Reynolds

number:
Z _ WeO.S _ ﬂL
Re \/ c-p,-d,

M, :dynamic viscosity of liquid, [kg/m sec]

where
p, :liquid density, [kg/m®]

For any given atomizer, where d, and the relevant air and liquid properties are known, the
relevant values of Weber and Z number provide a useful indication of both the quality and
the nature of the atomization process.

For instance the higher the Weber number of an atomizer the bigger the deformation of
drops due to the opposing disruptive and consolidating forces. At limit case the surface
tension is equal with the dynamic pressure:

(6} 2
—=0.. -l
d p air rel

[}

Above the critical Weber number the drop break-up into two drops and the atomization
quality is so increased. The critical Weber number depends on the Z number and on
whether the air or gas moves or not.

[1] Lefebvre, A. H.: "Fuel Atomization, Droplet Evaporation, and Spray Combustion" in
Fossil Fuel Combustion, ed. by Bartok, W. and Sarofim A. F., Wiley 1991.
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5. Different types of atomizers

a. Pressure - Swirl Atomizers —é—
p
Operation: Liquid fuel is introduced f
tangentially at high pressure into a swirl
chamber and passes through a diffuser to a
circular orifice exit. The liquid is attached to
the walls of the diffuser and leaves the
atomizer in the form of an annular film with a ]
central air core, generated by the pressure
differences within the mixing chamber.
If now we examine frictionless flow and 29/>\

apply the vortex law which say that,

r-c = const.

tang

r : radius
Crang: tangential velocity of liquid

the tangential velocity distribution at r = 0 is
found infinite.

This annular film spreads out to form a i)

hollow conical spray, which becomes
unstable and disintegrates into ligament and Fi
large drops and, finally, into spray.

Various types of simple swirl atomizers have
been designed, they differ mainly in the method
used to impart swirl to the issuing jet.

A major drawback of the simplex atomizer is
that its flow rate varies as the square root of the
injection pressure differential (see Fig. 11/a,b.):

Ihfuel ~ \/IP

LIQUID— 2,

LIQUID— —7/

Fig. 10. Different types
of simplex atomizers

44



HEAT ENGINES -45 - COMBUSTION

Flow rate, percentage of maximum

0 i 1 1 ]
0 20 40 60 80 100

Injection pressure, percentage of maximum

Fig. 11/a. Flow characteristics of simplex
and duplex atomizers.

a)
=
-
<
b)
=3
— X
== I
—IEEEN
:__:_: - ’_‘//////
I =22
-— I
=== ¢)

Fig. 11/b. Various stages of fuel atomization
a) At low fuel pressures a continous film of fuel is formed known as a 'bubble’
b) At intermediate fuel pressures the film breaks up at the edges to form a 'tulip’
c) At high fuel pressures the tulip shortens toward the orifice and forms a finely

atomized spray

Thus doubling the flow rate demands a fourfold increase in fuel injection pressure. If
the burner orifice is made small enough to ensure good atomization at a low fuel flow,
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then the pressure required at high flows is excessive. On the other hand, if the orifice is
made larger, the fuel will not atomize satisfactorily at the low flows.

This basic drawback of the simple atomizer has led to the development of various
"wide-range" atomizers such as duplex, dual-orifice, and spill-return atomizers (see
Fig. 12.).

The principal advantage of pressure-swirl atomizers are good mechanical reliability
and an ability to sustain combustion at very weak mixture strengths.

Their drawback include potential plugging of the small passages and orifices by
contaminants in the fuel and an innate tendency toward high soot formation at high
combustion pressure (gas turbine application) when the injected fuel is only able to
penetrate a short distance from the atomizer and thus a fuel-rich region is created.

. / h Inlet ///
Main fuel —_——
Spil Y777
PiIot_fu'e;I 1 I . 7/ ;! ?
c.) \ d.)

Fig. 12. Trends in atomizer design to overcome
poor part load behaviour of simplex atomizer
a.) Simplex ; b.) Duplex ;

c.) Dual-orifice (duple) ; d.) Spill-return

It is interesting to examine the axial and radial drop size distribution / separation in the
spray.

Considering that air stream has higher tangential velocity than fuel the smaller
diameter drops can be accelerated easier by the swirling air than heavier, bigger drops.
The result of it is that the centrifugal force acting on each drop separates small drops
from bigger drops so that fine droplets are located on a higher radius than big drops
which are closer to the centre line.

Axially the situation is the opposite. The bigger drops are heavier and they have
smaller surface to volume ratio which represents smaller aerodynamic resistance. The
result is that bigger drops penetrate deeper into the combustion zone than small drops.
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b. Rotary atomizers

In the rotary atomizer, liquid is fed onto a rotating surface where it spreads out fairly
uniformly under the action of centrifugal force (see Fig. 14.). The rotating surface may
take the form of a flat disc, top, vaned disc, cup, or slotted wheel. Diameters vary from
25 to 450 mm, the small discs rotating up to 60.000 rpm whereas larger discs rotate up
to 12.000 rpm with atomizing capacities up to 1.4 kg/s. When coaxial air blast is used
to assist atomization, lower speeds of the order of 3000 rpm may be used.

%
®
Q
o}
-]
o}
©
<
o.
=

3
AN I \
e e
o
&
/ o
Rotary cup | Fuel inlet

% Primary air
g .
RS0, Air blast fan
|~ ‘»\?

Fig. 14. Industrial burner equipped with rotary cup atomizer.

The system has extreme versatility and has been shown to atomize successfully liquids
varying widely in viscosity. An important asset is that the thickness and uniformity of
the liquid sheet can be readily controlled by regulating the liquid flow rate and the
rotational speed.

Here again it is worth to examine the radial and axial droplet size distribution in the
spray.
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In this case the tangential velocity of liquid is proportional to the radius and so the

tangential velocity is equal zero at the centre (ctan , = const - r).

The radial penetration proportionally depends only on the initial tangential
velocity, and aerodynamic fly-velocity of drops. Because the latter is the function of
the initial drop size, bigger drops locate on the outer ring of air stream, and smaller
drops are in the centre.

¢. Twin-fluid atomization

The term twin-fluid atomization is used for systems in which a high-velocity gas
stream is used to atomize fuel in a relatively low-velocity liquid fuel stream. The
atomizing fluid is generally high pressure air, in gas turbine application, and high
pressure steam in land-based and marine systems where steam is readily available from
a boiler. From the point of view of combustion efficiency, air is preferable to steam,
but the selection is based upon its availability and cost.

The specific terms "air blast", "steam blast" and "air-assist" are used in literature
but the more general term is "twin-fluid atomization".

Air blast atomizer

This atomizer employs a simple concept in which the low pressure fuel is caused to
flow over a plate located in a high velocity air stream. As the fuel flows over the edge
of the plate (see Fig. 15.) it is atomized by the high velocity of air which then enters
the combustion zone carrying the atomized fuel along with it.

As the fuel droplets are completely airborne, their distribution throughout the
combustion zone is dictated by the air flow pattern.

LIQUIDl
PREFILMING

SURFACE

7777777 e

/
S
AIR C/////_\

vw

/-PINTLE

WEIR

Fig. 15. Prefilming type of air blast atomizer
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Advantages

« The fuel distribution pattern, which controls the combustion pattern remains fairly
constant under all operating conditions.

« Absence of high fuel pressure required.

« Because the fuel enters the combustion zone premixed with air, the ensuing
combustion is characterised by a blue flame of low luminosity (advantage in gas
turbine application where we do not want the flame to lose energy by radiation)
resulting a minimum exhaust smoke.

Drawbacks

» Incapable of stable operation at weak mixture strengths corresponding to low fuel
flows.

« Poor atomization quality at start-up, when the chamber velocity is low, resulting
unsatisfactory combustion performance.

Air-assist atomizer

This type of atomizer is essentially a pressure-swirl nozzle in which high velocity air
is used to augment atomization at low fuel pressure.

Fuel

Air ///// Z I:J—gl’ | i
L ir - )

a) b)

Fig. 16. Internal (a) and external (b) mixing air-assist atomizers.

When operating in the air-assist mode, it is basically the same as an air-blast atomizer.
Its main difference stems from the fact that it uses air intermittently (usually only
during start up), as opposed to the continuous air use of the air-blast atomizer.
Furthermore, the air-assist nozzle uses a much higher air velocity which necessitates
an external supply of air (major drawback in gas turbine application) or steam in case
of industrial application (see Fig. 17).
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D e . ——
[ D

W >

- steam — - : j/// —
N\

Fig. 17/a. Y-jet steam blast industrial atomizer

AIR VENTURI

AIR SWIRLER

FUEL .—1
STEAM—~—:;

FUEL NOZZLE

AIR

Fig. 17/b. Typical installation of Y-jet steam-blast
fuel nozzle in burners
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1.

STOICHIOMETRY

(PROBLEM SOLVING)?

Determine the stoichiometric air/fuel ratio for a petrol approximating to hexane (CcHy4).
Hence deduce the chemical equation if the petrol is burnt in 20 per cent excess air (A=
1.2), and the wet volumetric analysis of the products (a) if all the water vapour is present,
and (b) if the products are cooled to an atmospheric pressure and temperature of 1 bar and
15 °C. Determine also dry volumetric analysis.

Finally estimate the chemical equation if only 80 per cent of air required for
stoichiometric combustion is provided (A= 0.8).

Solution

In case of stoichiometric combustion we assume that all the fuel molecules meet the
required oxygen and reactions are complete and there is no intermediate species in the
product gas.

Products of complete combustion:

C02 ; H20 ; N2 brought in the air

The determination of the molar (volume) analysis of the combustion products for the
burning of hydrocarbon fuel in air is simple if the following rules are followed.

a.) Find the number of kmoles of oxygen required to burn all the hydrogen in the fuel to
H,O and all the carbon to CO,.

e.g.
Stoichiometric burning of hydrogen.

2 H2 + 02 - 2H20
2 kmol H2 + 1 kmol 02 - 2 kmol H20

or if mass balance is written using molecular weight of hydrogen and oxygen (Mp=
1.008 kg/kmol ~ 1 kg/kmol ; M= 16.000 kg/kmol)

4kgH, + 32kg O, - 36 kg H,0O
Stoichiometric burning of carbon.

C + 02 - C02
1 kmol C + 1 kmol 02 - 1 kmol C02

and considering masses (MC= 12.011 kg/kmol = 12 kg/kmol)

ref. GA\ROHALY\TXT\STOICH1.DOC
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12 kg C + 32kg O, - 44 kg CO,

Summarising the above reactions:

Fuel O, required HAO produced CO, produced
H, | 1kmol 0.5 kmol 1 kmol -

1 kg 8 kg 9 kg -
C 1 kmol 1 kmol - 1 kmol

1 kg 32/12=2.67 kg - 44/12 =3.667 kg

b.) Add nitrogen to both sides of the reaction equation, in the amount of 3.762 kmoles of
nitrogen for each kmol of oxygen added.

In stoichiometric combustion calculations we assume the following air compositions.

0y Ny
Volumetric analysis (m3): 21.0 % 79.0 %
Gravimetric analysis (kg): 233 % 76.6 %

The volumetric analysis can be considered as molar analysis as well3. It means that 1
kmol of air contains 0.21 kmol of O, and 0.79 kmol of N,. It means that in air 79/21
kmol N, is added to 1 kmol of O,. (79/21 =3.76190 ~ 3.762)

Molar mass of nitrogen: Mp= 14.008 kg/kmol ~ 14 kg/kmol
The mean molecular weight of air:

23.3-32.0+76.6-28.016
M =
a 100

=28.92 ~29 kg / kmol

c.) Add excess air (oxygen and nitrogen in the above proportions) to both sides of the
equation to the amount specified.

In this problem we have hexane (C¢H | 4) as fuel. One kmole of hexane contains 6 carbon
14 oxygen atoms. Following the a.) rule above we need 6 kmol O, to burn all the carbons
and 3.5 kmol O, to burn all the hydrogen in the fuel. Similarly, we can have the CO, and
H,O kmoles.

The stoichiometric (A) reaction equation for burning 1 kmol of hexane.

p,-V=n,-R ‘T and p-V=n-R -T give Xi=£:&:
p

i

<|=<

n
3 1 species (e.g. CO, ), p;: partial pressure of species 1;
V.: partial volume of species 1, X,: volume / mole fraction
of species 1
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CgHyy, + 950, -  6CO, + THYO
86kgCeH;, + 304kgO, — 264kgCO, + 126kgH,0

304 kg (9.5 kmol) oxygen is needed which is only 23.3 % (21.0 %) of the total requested
air.

The total amount of air needed.

304 kg (9.5 kmol) 02 23.3 % (21.0 %) of air
needed air 100.0 % of air

Needed air for stoichiometric combustion:

100~ﬁ =1304.7 kg 100~£ =45.2 kmol
23.3 21.0

Stoichiometric air/fuel ratio:

J7 13;)2'7 =15.17 kg air/ kg fuel

If there is 20 per cent excess air, the reaction equation, including the nitrogen, becomes...

C.H, +1.2-(9.5-02 +%-9.5-sz —

6-CO, +7-H,0+(0.2)-9.5-0, +1.2~(;—?j-9.5~1v2

As you can see the excess air doesn't participate in any chemical reaction and can be found
unchanged in the product gas. It means that we considered only stoichiometric reaction of
hexane and oxygen.

The product composition gives the total kmole of the product.

- carbon-monoxide (COy) Ny = 6.00 kmol
- water vapour (H,0) : Ny, = 7.00 kmol
- oxygen 0,) : n, = 1.90 kmol
- nitrogen (N,) - n, = 42.89 kmol
- TOTAL n = 57.79 kmol

The wet volumetric analysis if all the water is present:

n
a)  Xeo =100- 20 =100. 290 10,38 %
: n 57.79
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7.00 _
o = 7o
n
—100 > =100- ﬂ—329%
n 57.79
—100 = =100- @—7422%
n 57.79

It is worth noting that more than 70 per cent of the product is nitrogen. It means that in
most cases we can assume flue gas as nitrogen (e.g. when we use the specific heats of flue

gas).

If the products are cooled to an atmospheric pressure and temperature of 1 bar and 15 °C,
the volume/mole fraction of water vapour in the flue gas can be determined by the ratio of
the partial pressure (this is the saturated pressure) of water at the given temperature and of
the atmospheric/total pressure.

15°C
15 °C pg{o )

X =100-
HOlbar p

—100-%504:1.704 %

If "y" is the total number of kilo moles of water vapour remaining in the products after
cooling, the total amount of substance becomes n’ = (n Ny o ) +y kmol.

Xl =100 —2—=1704% — y=0.88kmol

b _
“ n—nyo)ty

The total amount of substance of products at 1 bar and 15 °C is

n'=ln=ny,), +y=(5779-7)+0388=51.67 kmol

in the vapour state, and the volumetric analysis becomes:

b.) X'CO = =100- ﬂ—11 61 %
. n 51.67
X'HO =1.70 %
2 =100- ﬂ—3 68 %
n 51.67
‘100 =100- w—% 01 %
n 51.67
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If all the vapour is assumed to be removed, say by a drying agent, the total amount of
substance is 50.79 kmol, and the dry analysis is

X& =1181% X, =0.0% X =374 % X =84.45 %

When insufficient air is supplied for combustion, some of the carbon will burn to
carbon monoxide, and there may also be some free hydrogen. Hydrogen, however, has
greater affinity for oxygen than has carbon, and if the mixture is not too rich in fuel it is
reasonable to assume that all the hydrogen will be burnt.

C.H,, +O.8~(9.5~02 +;—?~9.5~sz -

a-C02+b-CO+7-H20+0.8-(%j-9.5-N2

"a" and "b" is determined from element conservation law.

from the carbon balance, 6 =a+b

b 7
from the oxygen balance, 0.8-9.5=a + 5 + 5

a= 2.2 kmol b= 3.8 kmol

2. A gaseous fuel has the following percentage composition by volume:

- methane CHy 26.6 %
- ethane CoHg 0.0 %
- propane CyHg 0.0 %
- Butane C4Hyp - 0.0 %
- others CpH, : 0.0 %
- carbon monoxide CO : 12.6 %
- hydrogen H, 41.6 %
- carbon dioxide CO, : 2.6 %
- nitrogen Ny 14.7 %
- oxygen 0, : 1.9 %
- hydrogen sulphide H,S 0.0 %
- water vapour H,0 0.0 %

Find the wet volumetric and gravimetric (mass) analyses of the products of combustion
when 10 per cent excess air is provided.
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Solution
Reac- | kmol per Stoichiometric reactions kmol O, kmol CO, | kmol H,O
tants | kmol fuel required produced | produced
CHy 0.266 CHy +2.0, — CO, +2-H,0 2-0.266=0.532 0.266 0.532
CO 0.126 2-CO + 0, — 2:.CO, 0.126/2=0.063 0.126 —
H, 0.416 2-H, + 05 = 2-H,0 0.416/2=0.208 — 0.416
CO, 0.026 - — 0.026 —
N, 0.147 _ — — _
0, 0.019 - -0.0194 _ _
1.000 0.784 0.418 1.248

Since 10 per cent excess air is provided, 0.0784 kmol of oxygen is additionally present
and remains unchanged throughout the combustion process.

The total amount of nitrogen in the products is

1.1- (;—?j -0.784 +0.147 = 3.3913 kmol/kmolfuel

The wet analyses of the products by volume and by mass>:

Products | kmol per % by molecular weight | kg per % by
kmol fuel volume kg/kmol kmol fuel mass
) (n;) (V,/V=n./n) M) (m:=n;"M.)| (m;)/m
CO, 0.4180 8.64 44 18.392 13.84
H,0 0.9480 19.60 18 17.064 12.84
0, 0.0784 1.62 32 2.5088 1.89
N, 3.3913 70.14 28 94.956 71.43
4.8357 100.0 132.92 100.0

3. The analysis, by mass (gravimetric) of an anthracite fuel is 90 % carbon, 3 % hydrogen, 2
% oxygen, 1 % nitrogen and 4 % ash. Calculate the stoichiometric air-fuel ratio (kg/kg).
Given that the analysis of the dry combustion products, by volume, is 16.2 % CO,, 3.5
% 02, 80.3 % N2, calculate the excess air factor used.

4 The oxygen in the fuel is assumed to be utilised totally during combustion and so the required amount of
oxygen is decreased by this amount.

5 Mass fraction of species "i":
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Also calculate the % CO, in the dry stoichiometric products, and hence the ratio

dry
e

)S dry 4\ » which is an approximate formula for the excess air factor.
X co, T Xco 4

Solution
Reac- Molecular kg per mol/kg fuel mol O, mol CO, mol H,O
tants weight Mi kg fuel v.! required produced produced
kg/kmol 1 per kg fuel || per kg fuel | per kg fuel
C 12.011 0.90 74.931 74.931 74.931 —
H, 2.016 0.03 14.881 7.441 — 14.881
0, 32.000 0.02 0.625 -0.625 — —
N, 28.016 0.01 0.357 — — —
81.747 74.931 14.881

kg O, required for stoichiometric burning of 1 kg fuel:
m,, =81.747-10°-M, =81.747-107-32=2.616 kg O, / kg fuel
Amount of air required:

m, _ 2.616

m. = =
“0.233  0.233

=11.23 kg air / kg fuel

Because we calculated everything on the basis of one kg fuel the above amount of air is
the air-fuel ratio as well.

Air-fuel ratio
My o= 11.23 kgair/kg fuel

The combustion equation for non-stoichiometric case is

ve-CHvy -H,+v, -N2+/1-(V'02 -0, +v, -;—?-sz%

Veo, CO, vy -CO+vy - H,O+v, -0, +v, -N,
In the problem there is no CO in the products, therefore VZ:o =0.

ve =74.931 mol/kg fuel véoz =74.931 mol/kg
vy, =14.881mol/kgfuel v, , =14.881 molkg

79

Vi, =0357 molkgfuel vy, =vi, 2V, >

v, =81.747 molkgfuel v}, =(A—1)-v,,
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Writing the definition of volume fraction on e.g. CO, we can get the excess air factor
directly.

o
X8 (=0162)= =
: VCOZ + Voz + VNZ
Véoz
véo2 "'(’1_1)""02 +V]'Vz +1'V'02 ;?
hence
_ . + -
5= 74.931-0.162-(74.931+0.357-81.747) _

0.162-81.747(;?+1]

. iy . . .
1= Veo, — X co, (Vco2 Ty, — Voz)

X v, - (;? + 1)

Now, we can check the above result with calculating the O, and N, volume fractions in
the products, which are given.

Vi, SV, t Ao, -;—91)=O.357+1.2OS-81.747;—?=37O.92 mol / kg

vy, =(4-1)-v, =(1.205-1)-81.747 = 16.76 mol/kg

The total mol number of the dry products:
74.931+370.920+16.760 =462.611 mol / kg

Dry volume fraction of O, and N, in the products

v
X§Y =100 —" =100 279 _3 60
: n™ 462.611
¥
X& =100-— =100. 21222 ~g0.2 %
: n™ 462.611

which compares favourably with the given values.
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The volume fraction of CO, in the stoichiometric products:

(vio ) (veo,),

(xe) =100-4= =100-
Veo, Vi, (véoz vy, tvg, - 79)

21
100- 74931 =19.6%

74.931+0.356 +81.747 - ;?

(x ) 196 _
Co%(?éi)l =1 =1210

As we can see this formula is generally a good approximation (0.4 % rel. error), although
the difference is greater with gaseous fuels.

4. The gravimetric analysis of a low rank lignite coal is 47.0 % C, 3.4 % H,, 3.1 % S, 1.0 %
N2, 8.1 % 02, 13.0 % H20 (moisture), 24.4 % ash. Calculate the stoichiometric air fuel
ratio (M, kg air/kg coal), the stoichiometric flue gas amount produced by one kg of coal

and draw the enthalpy - temperature diagram of the flue gas if the excess air in the furnace
1s 20 %.
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Solution
kg per | Stoichio- kg O, required kg air required kg wet flue gas
Coal | kg fuel metric per kg fuel per kg fuel per kg fuel
(i) reactions (,u(’)”z) (,UZ"O) ( %’W)
M, _ 32.000 _ 1.252 M, 76.7
C C+0,—> -—==0.470- =1.252 - L0 g I =
0.470 2 [€] M, 0.470- 57~ 122 | =—====5.373 | IC] v THoc gy T84
0.233 c .
CO,
M, 32.000
21,0 : 0.233
Mo, _ 32.000 _ 0.031 M 76.6
S S+0, > L9 = e = - S0, m —
0.031 b} [S] M, 0.031 32,064 0.031 =0.133 || [S]- y +Hp -5—0.164
0.233 s :
SO,
N2 | o.010 _ _ _ 0.010
—-0.081
02 | 0.081 — -0.081 =-0.348 -0.348-0.767=-0.267
0.233
H0 1 0.130 _ _ _ 0.130
ash | 244 _ _ _ _
1.000 1.472 6.317 7.072

The above calculations can be simplified by using constants which include the parameters
of stoichiometric equations (e.g. Mcoz / M_). In the following table you can find the

relevant constants, and then the use of them is showed.
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M; Co, Gl Ceo, Cso, Cx, Cy” Ciio Cyo
kg/kmol kg/kg fuel kg/kg fuel kg/kg fuel kg/kg fuel kg/kg fuel kg/kg fuel kg/kg fuel kg/kg fuel
Molecular || kg oxygen kg air kg carbon- kg sulphur- kg nitrogen kg dry flue kg water kg wet
weight |frequired per kg|  required dioxide dioxide gas vapour flue gas
species per kg species
Mo, /M, | €5 /0.233 | Mo, /M | Mgy /M| 0.767-C, | Closo, *CR | Mio /My, | C™ +Cii
Carbon [C] | 12.011 2.664 11.434 3.664 — 8.770 12.434 — 12.434
Hydrogen [Hy] | 2.016 7.937 34.062 — — 26.126 26.126 8.937 35.063
Sulphur [S] | 32.064 0.998 4.283 — 1.998 3.285 5.283 — 5.283
Oxygen [0,] | 32.000 1 4292 — — 3292 3292 — 3292
Nitrogen [N,] | 28.016 — — — — 1 1 — 1
Moisture — — — — — — — 1 1
Ash — — — — — — — — —

Constants in stoichiometrical calculation
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« Stoichiometrically required oxygen per one kg of the specified fuel

s, =Ya,Cy, [
a; : ith species of the fuel based on ultimate analysis [kg/kg]

In our case...
Uglz =[C]: ng,c + [Hz] ) Cglz,Hz +[S]- ng,s + [Oz] ’ ng,oz =
0.470-2.664 +0.034-7.937+0.031-0.998 +0.081-(—1) =

1.472 kg O, / kg coal

Certainly, this value is equal with the calculated required oxygen amount in the table
above.

 Stoichiometrically required air per one kg of the specified fuel
(air-fuel ratio)

m — m m — 100 m air
U'Lo - Zi:ai : CLo,i or I“lLo - 233 (%) ) uoz I:Ii(ggfueljl

In our case...
uino = [C] ’ Clr_no,C + [HZ] ’ (:Ir_no,H2 + [S] ’ Clr_no,S + [02] ’ Cino,Oz =
0.470-11.434+0.034-34.062 +0.031-4.283+0.081-(—4.292) =

6.317 kg air / kg coal

or

VHs -_100 1.472 =6.318 kgair / kg coal

23.3 (%)

« Stoichiometrically required Aumid air per one kg of the specified fuel

The above amount of air doesn't include the moisture content of air (humid air). It is
possible with the following equation.

My = 1y (L4 X ) [ietomid|
Xi,0" absolute water content of air [kg/kg]
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«  Specific amount of carbon-dioxide produced
m kg CO
HCO Z a, CC02 [ kg fu; ]

uo, =[C]-C, . =0.47-3.664 =1.722 kg CO, / kg coal

CO,,C

«  Specific amount of sulphur-dioxide produced
m kg SO
Hso, = Z a,-Cg,; I:kggfuezl]

o =[S]-Ch  =0.031-1.998=0.062 kg SO, / kg coal

S0O,.S

«  Specific nitrogen content of the flue gas
Z a [ kgN, ]
N, kg fuel

[C]'Canz,c +[H2].CEZ,HZ +[S]'CEZ,5 +[Oz]'cgz, [ 2] CN2 N2 -

e, =
0.47-8.770+0.034-26.126 +0.031-3.285+0.081 - (— 3.292) +0.01-1=

4.855 kg N, / kg coal

Specific amount of dry flue gas
M = Heo, + MG, FHT, - or WGP =D a, - CUY 1ot
wiy = 1,722 +0.062 +4.855=6.639 kg flue gas/ kg coal

or

W3, =[C]-CUe +[H,1-C3T, +[S]-CL¢ +[0,]-C35 +[N,]-CLR, =

0.470-12.434+0.034-26.126 +0.031-5.283 +0.081- (— 3.292) +0.010-1=

6.639 kg dry flue gas / kg coal

Specific water content of flue gas
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Wno=Da,-Cpo, [mrorer]
p'szo = [Hz] ) (j;lzo,H2 + [Hzo] ’ CEzo,Hzo =

0.034-8.937+0.13-1=0.434 kg water vapour / kg coal

In more accurate calculation air humidity is taken into consideration as follows.

m,H m m m
= + X . kg water vapour
quo uHZO H,0 uLo kg fuel

« Specific amount of wet flue gas

m,wet — ;, m,dry + m(,H) m,wet — Z m,wet kg exhaust
p‘Vo - p‘Vo p‘H20 or p‘Vo - a, CVo,i kg fuel
i

Mo =6.639+0.434=7.073 kg exhaust/ kg coal
or
NG S[CT-C3c +[H,]-C35 +S]-Cos +[0,1-Cls +

Vo,S Vo,0,

[Nz] . Cm,wet + [HZO] . Cm,wet -

Vo,N, Vo,H,0

0.470-12.434+0.034-35.063+0.031-5.283+0.081- (— 3.292) +

0.010-1+0.130-1=7.073 kg exhaust/ kg coal

Enthalpy - temperature diagram of flue gas

Usually, enthalpy of working fluid is specified in terms of the unit mass of the given fluid.
Here, due to practical reasons we specify enthalpy on the unit mass of fuel, in our case
coal. It is more convenient because the input data of a furnace is its fuel consumption.
Differentiation is useful and so we denote such an enthalpy by I; ("i" species of flue gas).

«  Specific enthalpy of stoichiometrically required air; 7, , (t)

Iair,o (t) = ILII’Z ’ J‘Ot Cp,air (t) ’ d[ = ILII’Z ’ Cz,ai" (t) 'l [ " ]

kg fuel

where the mean specific heat capacity of air is calculated by
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Y 1
Cp,air(t)_[_‘ .([Cpazr kgK]

and is given in a table shown bellow.

«  Specific enthalpy of stoichiometrically produced CO,, SO,, H,O and N,

1. () :uco C;coz() °cl |.kgkf{1elJ

]Soz() Hso, - C;Soz() Logy l&]

IHZO ( ) /qu p HzO (t) ' t[”C] |.kgkf{1elJ

]Nz (t) = ﬂﬁz : CZ,NZ (t) ) t[vc] lkgkf{lelJ

« Specific enthalpy of stoichiometrically produced flue gas

Ifg,o (t) = ICOZ (t) + 1502 (t) + IHZO (t) + INZ (t) lkgkf{leIJ

« Specific enthalpy of flue gas including information on real combustion conditions (e.g.
excess air - A, flying ash content of flue gas)

(0= 1,0+ A=D1, (0)+ 1,,(0) [2]

The specific enthalpy of ash in the flue gas assumes that ash temperature is equal with the
gas temperature. The other needed information is the per cent of ash join the flue gas flow
from the originally given ash content of the coal. We can consider the following per cents
as empirical constants.

Flying ash in the flue gas of the original ash content of the fuel:
- Pulverised/dust coal and fluidised bed combustion: (1-b)=0.80 ... 0.85

1,,(0) = (=b)-[ash]- 2 (1) 1 | 2]
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Main specific heats at constant pressure
C,,)
t air C02 SOz H20 N2 02 ash
[°C] [kJ/kgK] | [kJ/kgK] | [kJ/kgK] | [kI/kgK] | [k)/kgK] | [kJ/kgK] | [kJ/kgK]
0 1.004 0.815 0.607 1.859 1.039 0915
100 1.006 0.866 0.636 1.873 1.040 0.923 0.796
200 1.012 0.910 0.662 1.894 1.043 0.935 0.837
300 1.019 0.949 0.687 1.919 1.049 0.950 0.867
400 1.028 0.983 0.708 1.948 1.057 0.965 0.892
500 1.039 1.013 0.724 1.978 1.066 0.979 0.921
600 1.050 1.040 0.737 2.009 1.076 0.993 0.942
700 1.061 1.064 0.754 2.042 1.087 1.005 0.950
800 1.071 1.085 0.762 2.075 1.097 1.016 0.963
900 1.081 1.104 0.775 2.110 1.108 1.026 0.980
1000 1.091 1.122 0.783 2.144 1.118 1.035 1.005
1100 1.100 1.138 0.791 2.177 1.127 1.043 1.026
1200 1.108 1.153 0.795 2.211 1.136 1.051 1.051
1300 1.117 1.166 0.800 2.243 1.145 1.058 1.097
1400 1.124 1.178 -U- 2.274 1.153 1.065 1.130
1500 1.131 1.189 2.305 1.160 1.071 1.185
1600 1.138 1.200 2.335 1.167 1.077 1.223
1700 1.144 1.209 2.363 1.174 1.083 1.298
1800 1.150 1.218 2.391 1.180 1.089 1.340
1900 1.156 1.226 2.417 1.186 1.094 1.382
2000 1.161 1.233 2.442 1.191 1.099 1.424
2100 1.166 1.241 2.466 1.197 1.104 1.466
2200 1.171 1.247 2.489 1.201 1.109 1.508
2500 1.184 1.264 2.554 1.214 1.123 1.550

66



HEAT ENGINES

-67 -

COMBUSTION

The following table and graph show the results of the calculation of specific flue gas
enthalpy versus temperature.

t Iair,o Ifg,o Lash Ifg
[°C] [kJ/kg] [kJ/kg] [kJ/kg] [kJ/kg]
0 0 0 0 0
200 1278.56 1498.77 32.68 2810.01
500 3281.68 3911.58 89.89 7283.15
900 6145.81 7419.80 172.17 13737.78
1400 9940.43 12127.99 308.81 22377.23
1800 | 13076.19 16044.46 470.82 29591.47
2200 | 16273.86 20037.63 647.60 36959.09

40

35

307

— M M
o ] o
1 1 1

{Thousands)
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COMBUSTION

(Problem Solving®)

1. Determine the laminar burning velocity of a premixed fresh mixture containing 10 %
methane and 90 % air by volume, if the half flame front cone angle on a Bunsen burner is

measured as Y = 30°. The main velocity of the unburnt mixture is U, =0.84 m/s, and
its temperature is T =21.1 °C. The estimated pressure drop through the flame is
(p, - p,)=1/100 Hgmm.

Calculate the velocity, density and temperature of the burnt gases, as well.

A
\\W_,/ streamline
Bunsen / I/’(particle track)
1
B

flame
cone

o Bunsen pipe
mixing chamber

| ___— premixing region

N N
air -1 t~l. air

72
2% /

< L

fuel orifice //

needle // 1 Qf - _ *} fsl:JeF:Pflr;m

7

M 2] T

orifice adjustment!screw

6 ref. G\ROHALY\TXT\HEATENG.DOC\COMBUST1.DOC
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Solution

Laminar flame front on a Bunsen burner:

U N T 1)
b/’/ | \\\
\\

/

velocity
unburnt

Since the tangential forces are balanced the gases can accelerate only in direction normal
to the flame front. It means, that stream lines remain parallel after the flame front.

Since the flame propagates normal to itself into the unburnt mixture, the burning
velocity S, is with respect to the unburnt mixture is defined as

S, =U

un

in this steady state configuration. Since the Bunsen flame angle is denoted by y it
follows that

Ubll’l = UM : Sin(w)
and hence

S, =U, -sin(y)?

Derivation of the required equation through the mass and momentum balance equations.

Continuity equation on a stream tube

m=p,-U, -dl=p, U, -dl

Since stream lines are parallel

A particular phenomenon occurs at the flame tip. In case of close tip (general hydrocarbon flames) the burning velocity at the tip is
normal and therefore equal to the flow velocity. It means that here the burning velocity is by a factor 1/sin(y) larger than the burning
velocity through the oblique part of the cone. This can be explained by the strong curvature of the flame front at the tip leading to a
preheating by the lateral parts of the flame front and thereby to an increase in burning velocity.

Close to the rim of the burner the flame is detached. This is due to conductive heat loss to the burner tube which leads, in regions
very close to the rim, to temperatures at which combustion can not be sustained.
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pu 'Uun :pb 'Ubn

Because the flow accelerates through the flame front (U, < U, ) due to the thermal
expansion ...

pb<pu

It can be showed that the bending of stream lines can be calculated from the density
change.

dy, _

i cos(a) u,=U, ~sin(a)

m=p,-U,-dy,

’h =py-U,-dy, %:COS(IB) U, =0, 'Sin(ﬁ)

dl

Since U , = Uy, ...
igla) _ p,
g ) Ps

Pressure drop due to momentum change

The balance equation in x direction (neglecting viscosious effects):

.U.d_U:_d_p
dx dx
p-U-dU=-dp

p U‘X direction —Pu- Uun = const.

Upn Py
jpu .Uun dl/l = _J.dp
Uin Pu
pu .Uun .(Ubn _Uun):pu _pb

pu _pb :pu .UHH .(&.UHH _Uunj:pu.an(&_l)
Ps Ps

P, — Dy :pu an(pu _lj

Ps
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Ubn :Uun + pu _pb
Pu-U

un

Solution of the problem

The laminar burning velocity...
S, =U,, =U, -sin(y)=0.84-sin(30) = 0.42 |7]
The stoichiometric reaction equation of methane and air...

CH, +2~(02 +%-N2j—>C02 +2-H20+2-§~N2

The main molecular weight of fresh mixture...

M, =[CH,]- Mg, +[air] M, =0.1-16+09-29=27.7 [ ¢ |

kmol

The density of unburnt mixture...

puZI;{’? R,=83143 [ 1 ]

Py = Pun +(p, — p,)=10° +1.334 [Pa]

3

5
- (0 +1.334)-277 . [ig]
“ 8314.3-(21.1+273)

The velocity of burnt gases...

U, =U,, +PuTPy _ gy 4 i&zz [m]
P, U 1.133-0.42 s
The density of burnt gases...
U 0.42
=p, —+=1133-——0.1476 [kg]
Po=Puy 3.22 m’
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Temperature of burnt gases...

oM, _[10°-1334)277
= -

R -p,  83143-0.1476

~ 2257 [K]=1984 [°C]
The change of stream lines direction...
p=a-f
a=90°—y =90° —30° =60°

p= arctg[gl::|
U, =U,, =U, -cos(y) = 0.84-cos(30°) =0.7275 |7

5 = arerg] 97275
& 732

} =12.73°

¢ =60°—-12.73° =47.27°
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TECHNICAL UNIVERSITY OF BUDAPEST
Department of Heat Engines

PRACTICAL ANALYSIS OF COMBUSTION PRODUCTS

(laboratory measurement)®

1. The main objectives of measurement

When investigating the effectiveness of combustion plant it is often necessary to analyse
the products experimentally. By taking samples at different stages of a reaction the
combustion process can be studied, and the analyses can be used to discover lack of
uniformity in fuel-air distribution. A products analysis (mainly CO, and O,) also enables
the excess air factor (air/fuel ratio) to be computed in cases where direct measurement of
the rate of air flow is not easilly accomplished.

During the measurement we get acquainted with instruments and equipments capable
to analyse combustion products of heat engines exhaust.

2. Principles of gas analysis

The constituents of interest in case of combustion are carbon dioxide (CO,), carbon
monoxide (CO), oxygen (O,), nitric oxides (NOy), hydrocarbons (CyHy, CHy), sulphur
dioxide (SO,), hydrochloric acid (HCI), soot and dust.

Instruments usually measure the concentration of the above gases in volume per cent,
which doesn't depend on pressure and temgerature if water is condensed before. We can
convert this measure to other units, e.g. g/m”.

Usually, volumes (m3 ) are based on phisical normal state which is T,= 273.15 K and
po=1.01325 bar.

Very often the concentration given in volume per cent is too small, therefore parts per
million is used instead of volume per cent.

The following table shows the conversion factors between different units (M; : molecular
weight of the measured species i; p is in bar; T is in K of the sample gas)®

Ref.: G:\ROHALY\TXT\EMISSION.DOC
Derivation of the conversion constants
- Mass of gas - at pressure p and temperature T - having its density m=p-V [kg]

as p [kg/m?] and volume as V [m?] is ...
- Density of gas can be calculated from the physical normal state as

(subscript o denotes the physical normal state) ... p= Po Ty P
p, T
- Density of gas at physical normal state is ... _ M, [kg/kmol] :[ kg }
Po =00 414 [m® [ kmol] | m’

- Combining these equations gives ...
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1v.% 1 ppm 1 mg/m3
1v. % 1 10* 1'203'105'Mi'%
1 ppm 1074 1 12.03 - M; %
T T
3]831:10°—— | 831-107 ——
1 mg/m M. -p M. -p 1

Conversion between wet and dry exhaust

The measurement are considered "dry" when the water content of the gas sample has been
condensed out; otherwise, it is considered "wet". The water content represents the
different between the "wet" and the "dry" results and is obtained by calculation or
measurement to be agreed upon by the interested parties.

The conversion is carried out by using the following equation:

1
Pidary = Piwet
Y t l_q)HzO

Conversion to the particular exhaust gas oxyeen level

To relate measurements to a standardized exhaust gas the following correction can be
applied to give reference to a particular exhaust gas oxygen level.

The emission values as volumetric concentration of the component "i" related to oxygen
volumetric concentration of e.g. 15 % in dry exhaust gas will be:

o 20.95% 15 %
P9 20,95 % — o gy

(')

Theoretically this correction can be applied to other oxygen levels and for "wet" and "dry"
gases.

M, T, p 273.15

m= 1 .. V=" .
22,414 p, T 22.414-1.01325

M, ~$~V:12.03~M« V [kg]

P
12.03-Mi-p
- If one wants to change volume per cent (¢) to [mg/m?] the following equation should be used ...

0
X, =12.03- M, L BV 66 21 203107 M, L.y [ﬂﬂ
T 100 T m

10020.95 % is the oxygen content of the dry ambient air.
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3. Suitable sample handling system

Emission measurement system is usually capable for simultanious measurement of
constituents. Setting up a system we have to consider

« sampling conditions and the transmission of sampling to the instruments,
« the placing of analysing instruments,
- calibration capabilities.
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+ NOy needs to be measured
either wet or dry

end

probe

oas Inlet for system check

sample line

filter

sample pump

back pressure regulator

NOﬁNO converter

gas Inlet for instrument calibration

e

o=

WO 0 =20 U= WO D —

chiller /separator operating < 3°C
analyser
heated section

)z

—X

12 dump pump to vent, If required
13 50,750, converter
14 water trap or permeation tube dryer

]
—_

Fig. 1. Measurement system design for gaseous constituents
Gas turbines exhaust gas emission measurement and evaulation
ISO/TC 192/WG 2 No. 47

The composition of sample gas is not allowed to change during transmission and has to
represent the gas flow we want to analyse. The task of sample preparation is to make the
sample free of disturbing constituents, such as particles, water vapour, disturbing gases.
The gas and solid phase constituents are sampled separatelly. A principal system,
containing the important components is shown in Fig. 1. First the sample is passed
through a heated filter. At this moment the water vapour in the sample is not allowed to
condensate, so the tube is heated as well.
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Selection of sampling tube material is also important, because it can not cause any
chemical transformation and can not behave as a catalysator. Using stainless steel (or
equivalent) tubes only is not practical and instead of it tubes with ceramic lining is built
into the system. PTF (teflon) can be used, as well, if the temperature allows it.

The water vapour is condensed in an electronic cooler, where the gas cooled down to 2
- 4 °C temperature. It is necessary because most instruments are sensitive to water and on
the other hand the presence of water vapour falsifies the results. It is worth noting that
carbon dioxide, sulphur dioxide and a part of nitrix oxides are soluble in water.

The pipe lines have to be as short as possible to avoid ad- and absorption. PTFE (Poly-
Tetra-Fluor-Ethylane) is the best material to transmit sample gas because its wall is inert.

gas analysator

‘——-ﬂj distributor &
. stabilisator

~ 220V

regulatory  display
valve

sample probe

_j"’ :

e

recording instrument

Fig. 2. Industrial gas analyser system

Generallly, a membrane pump and a fine filter can be found after the cooling equipment.
Before the sample reaches the analysing instruments it passes a volume flow rate
measuring equipment. If it is possible the analysers are connected serially and the sample
pases the instruments each after each other which ensures to determine belonging species.

The instruments have to be protected against weather and the best is to place them in a
space where the temperature is constant.

The instruments have to be calibrated with a known composition gas before, during and
after the measurement in order to set and/or check them.

4. Gas analysers
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Instruments for each constituents can analyse the sample by continous or repeated way.
The analysis can be done by chemical means, by physical means and both.

Instruments based on absorption of the constituents

Instruments based on chemical processes and physical behaviours

Chemical reactions taking place before measuring any physical behaviour of the system
allow us to determine very low concentrations of combustible gases in the sample. The
physical parameter to be measured is the temperature change of the system which is
proportional with the combustible content of sample.

The ELKON S105 instrument is capable to determine the CO content of spark ignition
internal combustion engine exhaust gases. The combustible gases in the sample burn
passing through the high temperature (450 - 500 °C) platinum catalyser. The released heat
increases the temperature of the catalyser which is measured as the resistance change of
the sample arm in an out-of-balance Wheatstone bridge, Fig.5. The reference resistance is
also a platinum wire sorrounding by air. Ry and R, are constant resistances, insensible to
temperature change.

sample\
gas

k Pt

450-500 °C

U
—iji-

Fig. 5. Combustible analyser based on measuring released heat

CO, measurement by the thermal conductivity variations

When a heated wire is placed in a gaseous atmosphere it loses heat by radiation,
convection and conduction. If the losses by radiation and convection are kept constant, the
total heat loss is dependent on the heat loss by conduction, which varies with the
constituents of the gas since each has a different and characterisic thermal conductivity.

If a constant heat input is supplied to the wire (100 - 150 °C) there is an equilibrium
temperature for each mixture, and if CO, content alone is varied then its concentration
will be indicated by a measurement of the temperature of the wire.
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In an actual instrument the heat loss from the wire is mainly by conduction, the other
means'! account for about 1 % each of the total loss. The convection loss is reduced by
mounting the wire vertically. The instrument is calibrated against mixtures of known
composition.

The schematic layout on Fig. 6 shows the operation of such instrument. The sample of
gas is passed over an electrically heated platinum wire in a cell which forms one arm of a
Wheatstone bridge. In another arm of the bridge is a similar cell containing air. A
difference in CO, content between the two cells causes a difference in temperature
between the two wires and hence a difference in resistance. The higher the CO, content of
the sample the lower its heat conductivity which results less cooling of the wire. The out-
of-balance potential of the bridge is measured by a recording potentiometer, calibrated to
give CO, content directly.

il
Fig. 6. CO, analyser by the thermal conductivity variations

Combined CO,, CO+H, analyser

The above two instruments can be linked together to determine CO-+H, (by
measuremement of heat release during burning of CO+H,) and CO, concentrations (by
thermal conductivity variations). Fig. 7 shows the schematic layout of such system,
namely instrument TZ 2.

The sample is sucked by the pump and reaches the three way valve through the
sampling probe and the rough filter. From time to time air is induced through the three
way valve to calibrate the system. SO, has to extract from the sample because it falsifies
the measurement (1 % SO, is equal with ~2 % CO,). Iron turnings are used for this
purpose. The cleannes of the sample can be checked manually through the glass window
after the gas cooler (condensing water vapour and/or ensuring required temperature).

11

e.g. convection, radiation, end cooling, diffusion
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furnace

CO+H,
analyser
(released heat)

CO,analyser

(heat conduction)

regulatory filter
flow meter
observing . our
: j saturating [y pump
window vessels _?JE
ling _ \l/
cooling
water gas cooler
w—

SO, rough filter
(iron turnings)

gas sample inlet

Fig 7. Combined CO,, CO+H, analyser system

The required mass flow rate is adjusted by the controll valve. After the flow-meter the
sample is drawn into the above explained CO+H, analyser. It catalytically burns the
CO+H, content of the sample and the released heat is measured by the resistance change
of a platinum wire causing out-of-balance potential of a Wheatstone bridge. The
susequent part of the system is a furnace where the other combustibles (CyHy) are burnt.
Then the sample is cooled down and saturated by water in a saturating vessel and
introduced into the CO, analyser. It measures the total CO, content of the sample,
including CO, formed in the CO+H, analyser, by thermal conductivity variations which
causes an out-of-balane potential of the Wheatstone bridge.

The amount of CO, in the original sample can be calculated from its measured CO+H,
content.

Colorimetric instruments

Gases can react with other materials so that the colour of the product is different compared
to the original colour of the material. The change can be sudden or proportional to the gas
concentration. In both cases the discolouration is measured and determined to be
proportional to the relevan constituents.

Drdiger probe

The sample gas is sucked through a thin tube (7-8 mm diameter; 10-12 cm length) filled
with a solid phase, cristal or dust form material depending on the constituent to be
analysed (See Fig. 8.). The length of discolouration of the reagent gives the concentration
of the relevant species in the sample. The scale on the tube gives the concentration.
Certainly, the amount of sucked gas is well determined. To ensure this the cartridge is
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fitted to a constant volume, manual pump, with which the prescribed volume is sucked
through the probe once or more times.

Considering the required conditions the error of measurement is around 5...30 % based
on the readable value on the tube. One probe can be used only once.

sample
——= - @%\\\w\%\\\% =

filter reagent

0

¥

<§L \‘ﬁ‘?[ %?Jl ?‘ ¥ = %‘ &I >

Fig. 8. Dréger probe

Gas analysis by infra-red spectra

For the most part gases are transparent to electromagnetic radiation. However, at certain
frequencies, the energy associated with a photon coincides with that required to change a
molecule from one quantized energy level to another. At those frequencies a gas will
absorb radiation.

Combustion products absorb radiation in the infrared portion of the spectrum (See Fig.
9). The transmittance of CO, and of CO over the range of 3.5 <A <5 microns. Notice that
CO, absorbs at about 4.2 microns; whereas CO absorbs at about 4.6 microns. Thus by
using a radiation detector with a sensitivity as shown, one can detect CO, in a sample
without interference from any carbon monoxide that may also be present!2.

12 This method is suitable for carbon monoxide, carbon dioxide, sulphur and nitrogen compounds, methane
and other hydro carbons, and organic vapours.
Oxygen, hydrogen, nitrogen, argon, chlorine, and helium, do not absorb infra-red radiation and so will
not be detected by this type of instrument.
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TRANSMITTANCE (%)

100 2000 2500
/ —/
80 [CO.TRANSMISSION W /
7
VoW
60 ,’
| co /
40 \ TRf\I,\ISMlIBSION
l‘ 14
\\ ’1 /
20 -
CO,DETECTOR J U v o
SENSITIVITY \
—
MICRONS 4 5

Fig. 9. Per cent transmittance of CO, and CO in the
infrared portion of the spectrum

Referring to fig. 10, the gas being analysed is continuously passed through a sample cell
(M/). A reference cell (M,) containing a non absorbing background gas, e.g. nitrogen.
The detector chambers (Er;, Ery) contain pure samples of the constituent to be detected.
Radiation from infrared source (broad band) is passed through the two cells (M, M,) and
then to the detector chambers (Er;, Ery) where it is absorbed. The subsequent heating of
the gases in Er; and Er, causes an increase in pressure in the two chambers. Detector
chambers are separated by a thin metal diaphragm which, together with an insulated,
perforated plate, forms a capacitor.

The detector, Er; will absorb less radiation than Er, because of the attenuation in the
sample cell, M| causing a diaphragm to deflect in proportion to the difference in the rates
of energy absorption due to greater pressure in Erp. The displacement of the diaphragm
produces a change in capacitance of the condenser and a current is produced which is
amplified to give a reading on a micro-ammeter. The micro-ammeter scale is calibrated to
give the corresponding concentration of the constituent in the gas being analysed.

To avoid zero errors the radiation is cut off from both tubes simultaneously and
allowed to fall on them simultaneously, by means of a vane (B) which rotates at a low
frequency. The pressure changes are then related to the temperature changes produced by
the differential absorption in detector Er| and Er,.

Interferences from gases with overlapping absorption bands may be minimized by gas
absorption filters and/or optical filters.

The instrument is calibrated against accurately prepared samples of gas mixture.

The following lower limits are quoted in parts per million for the most common
applications:

CO, : 3 ppm; CO, and C,Hy4 : 10 ppm; CHy4, C,H,, and CyHg : 20 ppm
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Fig. 10. Infra-red gas analyser

Oxygen measurement by magnetic means
(Annulus-chamber oxygen analyser)

Gases may be classified in two groups:
(a) Diamagnetic gases which seek the weakest part of a magnetic field.
(b) Paramagnetic gases which seek the strongest part of magnetic field.

Most gases are diamagnetic, but oxygen is paramagnetic, and this property of oxygen can
be utilised in measuring the oxygen content of gas mixtures. The magnetic susceptibility
of oxygen is reversally proportional with absolute temperature, and this behaviour is
utilised in the following instrument.

Referring to Fig. 11. the gas sample is introduced into the analysis cell and passes through
the annulus as shown. The two sides of the annulus is connected with a horizontal cross-
tube. At one side (left in this case) of the cross-tube is located between a large permanent
magnet having a high intensity magnetic field. Two electrically heated identical platinum
resistance are coiled around the cross-tube and they are connected in adjacent arms of a
Wheatstone bridge.
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Fig. 11. Magnetic oxygen analyser

When the gas sample, introduced into the annulus, contains paramagnetic constituent,
like oxygen, it is drawn into the cross-tube. The paramagnetic susceptibility of oxygen
decreases because it is heated by coil "1", which means that fresh and cold gases, which
have higher magnetic susceptibility, push the gas content of the cross-tube forward and
hence continuos flow is established (sometimes called the "magnetic breeze"). The gas
heated by coil "1" gives this heat energy to coil "2". It means that coil "1" gets cool and
coil "2" become warmer which results that their electric resistance change and the
Wheatstone bridge goes out of balance. The resulting electro-motoring-force is measured
by a potentiometer, and since this is proportional to the oxygen content, the reading gives
the oxygen content of the mixture.

Hydrocarbon detection by flame ionization

The preferred technique for hydrocarbon detection is the flame ionization method.
Introduction of hydrocarbons into a hydrogen air flame produces, an a complex process,
electrons and positive ions. By burning the sample in an electric field it is possible to
count these ions which are indicative of the number of carbon atoms introduced into the
flame.

An example of such a burner is shown in Fig. 12. The sample is mixed with the hydrogen-
diluent fuel and burned in a diffusion flame. The combustion products pass between
electrode. An ion current is established and detected to indicate hydrocarbon
concentration.
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Fig. 12. Sectional view of a burner in a Beckman
flame ionization hydrocarbon detector.

The magnitude of the current depends slightly on the molecular structure of the
hydrocarbon being detected. The instrument counts carbon; and the following

concentrations would all read approximately 1 % on the meter:

1.000 % of CHy, methane
0.100 % of CioHyp, decane
0.132 % of CgH;¢, octane
0.385 % of C,H,, acetylene
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The flame ionization detector gives no information about the types of hydrocarbons in
the sample gas or their average hydrogen to carbon ratio. In recognition of this it is
preferred to report measurements as ppmC (parts per million Carbon) rather than as ppm
CHy or C3Hg or CyHy equivalent.

Gas chromatography, mass spectrometry, or combinations of the two is used when the
appearing hydrocarbon types are studied.

Nitric oxide detection by chemiluminescence

Some gases when react with other materials at low temperatures (e.g. atmospheric) emits
light. This process is called chemiluminescence. The emitted light is proportional to the
concentration of sample constituent, which participate in such reaction.

An ideal model to illustrate the principle on NO, measurement is shown in Fig. 13. The
reactor is assumed to be perfectly stirred, that is, homogeneous. To measure nitric oxides

we calculate the rate at which photons flow out the window for detection by the
photomultiplier.

/'T"\Photomultipner
A :Window
Sample in J—_|P:

hotons
: Products out
Fan to mix -
o . reactants r
zone in _]
Reactor
volume V

Fig. 13. Schematic layout of the reactor in a
chemiluminescent nitric oxide analyser
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PROBLEM SOLVING

1.

A fuel of effective formula CyHy when burned in air yielded an Orsat analysis of 11.5 %
CO,, 0.7 % CO, and 2.7 % O,. What is y/x ?

(Answer: y/x = 2.649)

A sample of flue gas had the dry volumetric analysis CO,, 12 %; O,, 5 %; N», 83%. When
the sample of wet gas was cooled at 1 bar, its water content just began to condensate at 46
°C. (a) Determine the partial pressures of the constituents at 1 bar and 46 °C. (b) If the
fuel is assumed to consist entirely of C and H, and the water in the flue gas is produced

entirely by combustion of H in the fuel, estimate the mass ratio between C and H in the
fuel.

(Pco. =0.10789 bar ; p, =0.04495 bar ; py =0.74662 bar , Me - 6.37)
2 2 2 mH
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