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   1.1.Optimisation of air-fuel ratio
   ----------------------------------
   In furnaces, combustion chamber and other fuel-fired equipments, the
   fuel reacts with air to release the chemical energy as heat. The
   purpose of these equipments is to organise fuel combustion in such way
   to obtain the maximum efficiency and minimum pollutant emissions. The
   combustion efficiency depends on the amount of air used for the
   combustion of given amount of fuel and on the way they are mixed.
   The exact amount of air necessary to oxidize a kilogram of fuel can be
   calculated using the stoichiometric equation of the combustion
   reaction. In real combustion chambers a higher amount of air than the
   stoichiometric amount (that means air in excess) is required due to
   the imperfect mixing of fuel with air. For each fuel-fired equipment
   and fuel composition correspond a specific excess air ratio for which
   the combustion efficiency is maximum.
   The equation of stoichiometric combustion reaction is:
     * 
       for gaseous fuels:
    (1)
     * 
       for solid/liquid fuels:
    (2)
   
   where CmHn is chemical formula of gas fuel and CaHbOcNdSe is empirical
   formula of solid/liquid fuel calculated on the basis of dry, ash free
   elemental composition (C+H+O+N+S=100% mass).
   Air fuel ratio is:
     * 
       for gaseous fuels:
    [kg air/kg fuel] (3)
     * 
       for solid/liquid fuels:
    [kg air/kg fuel] (4)
   The excess air ratio is defined as the ratio of the actual air fuel
   ratio to the stoichiometric air fuel ratio:
    (5)
   The combustion efficiency of a combustion plant is given by the
   following equation:
    (6)
   where: Lchem - thermal loss by incomplete combustion;
    [%] (7)
   Lstack - thermal loss by sensible heat of flue gas:
    [%] (8)
   in which: COfg – CO content of dry flue gas, % vol. It is measured by
   using a flue gas analyser;
   LHV – lower heating value of fuel, kJ/kg fuel;
   Tstack – flue gas temperature exhausted at stack, K;
   Tair – ambient air temperature, K.
    - specific heat at constant pressure of flue gas: 
   =1.17 kJ/kg·K;
    - specific heat at constant pressure of air:  =1.004
   kJ/kg·K;
    - stoichiometric mass of flue gas:
     * 
       for gaseous fuels:
    [kg flue gas/ Nm3 fuel] (9)
     * 
       for solid/liquid fuels:
    [kg flue gas/kg fuel] (10)
    - dry flue gas volume, Nm3 flue gas/kg fuel:
     * 
       for gaseous fuels:
    [Nm3 flue gas/Nm3 fuel] (11)
    [Nm3 air/Nm3 fuel]
     * 
       for solid/liquid fuels:
    [Nm3 flue gas/kg fuel] (12)
    [Nm3 air/kg fuel]
   It can be observed from equations (7) and (8) that the loss by
   incomplete combustion increases with CO concentration in dry flue gas,
   and the loss by sensible heat of flue gas increases with excess air
   ratio. The CO concentration in dry flue gas increases drastically with
   decrease of excess air ratio.
   In Fig. 1 the variation of combustion efficiency with excess air ratio
   (λ) is shown. Unnecessary high excess air volumes besides the
   reduction of combustion temperature it increases the thermal loss with
   hot flue gas stream exhausted to the atmosphere through the stack. If
   a burner is operated with stoichiometric air or a deficiency of air,
   some combustible components of the fuel remain unburned and carbon
   monoxide (CO) and hydrogen (H2) will appear in the products of
   combustion. The unburned fuel means a thermal loss due to its chemical
   energy content and therefore reduced combustion efficiency. The soot,
   smoke and carbon monoxide exhaust create additional pollutant
   emissions and surface fouling. The surface fouling may lead to plant
   damage. So, the combustion chamber should be fed with optimal amount
   of excess air to prevent combustion problems associated with less
   excess air and to avoid decrease of combustion efficiency due to
   higher excess air.
   
   Fig. 1. Combustion efficiency versus excess air ratio (λ).
   Considering that the mixing of fuel with air is well performed, the
   amount of excess air should be controlled. A combustion control device
   should be programmed to adjust the heat production to the heat demand
   (load control) and to optimize the combustion process with respect to
   maximizing thermal efficiency and minimizing pollutant emissions.
   The typical process parameters used for process control are the CO, CxHy
   and O2 concentrations in the flue gas, the combustion chamber
   temperature and water/steam temperature. Based on measured
   concentrations of CO, and O2, the combustion quality can be modified
   by adjusting the amount of secondary air.
   In order to obtain maximum thermal efficiency and minimum pollutant
   emissions is established the excess air ratio (λ), which is equivalent
   to O2 concentration, for all expected process conditions (heat load,
   fuel composition, etc.) and the measured value for O2 is used as a
   process control parameter.
   The fuel composition and the thermal output demand can vary in
   combustion plants and therefore, a fixed set point for the excess air
   ratio can lead to increases of the heat losses and CO emissions. The
   combustion control only using CO or excess air (O2) control would not
   lead to a desired result and a combined CO/λ control is required. In
   Fig. 2 a block diagram of a combined (CO/λ) combustion control is
   shown. The excess air ratio can be varied until the minimum of the CO
   emission is achieved. If the CO emission changes due to a change in
   fuel composition and heat load, the procedure is repeated [1]. In this
   way the furnace can be adjusted to any fuel composition and load
   condition, in order to obtain maximum combustion efficiency and a
   minimised CO emission.
   To understand better the combustion optimisation the SICK MAIHAK Inc
   Company developed a Macromedia Flash animation which shows the
   operation of a combustion chamber. Varying the excess air ratio in a
   larger domain than the optimum one, it can be observed the increase of
   pollutant emission and even the destroying of combustion chamber (due
   to the surface fouling) at lower excess air ratio and money thrown
   away at higher excess air ratio. The application allows also
   calculating the cost reduction of boiler operation through the
   optimisation of combustion.
   
   Figure 2. Block diagram of combined (CO/λ) combustion control [1].
   1.2.Simulation of combustion optimisation
   -----------------------------------------
   The simulation program developed by the SICK AG Company (Fig. 3)
   demonstrates the influences of air excess ratio (λ) setting on the
   combustion efficiency, emission of pollutant and possible
   deterioration of combustion plant due to chemical reduction of
   material. The student can observe that a lower value of λ than optimum
   value leads to an increased emission of CO (the smoke changes colour
   from white to grey). An even greater decrease of air excess ratio
   leads to lower efficiency, higher CO emission and ultimately to the
   destruction of facility (Fig. 4). When the air excess ratio has a
   higher value than optimum, the efficiency decreases even the
   combustion is complete due to the increased loss by sensible heat of
   flue gas (Fig. 5).
   
   Figure 3. Optimised combustion process.
   
   Figure 4. Combustion with air deficit.
   
   Figure 5. Combustion with high excess air.
   1.3.Tasks for students
   ----------------------
   The students will draw the curve of combustion efficiency for natural
   gas to find out the optimum value of excess air ratio using the
   equations written above and the following data:
     * 
       variation of CO concentration in flue gas, which could be a
       function like this:
   
     * 
       air temperature (Tair) and flue gas temperature exhausted at stack
       (tstack).
   The resulted optimum value of excess air ratio is compared with the
   optimum value from the simulation program for natural gas.
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