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Safety Aspects of Combustion

1. Premixed Reactants

Self-Heating and Ignition:

Combustion: fast, rapid highly exothermic gas phase chemical reaction.

Rate of reaction increases exponentially with temperature according to Arrhenius law:
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k = rate constant



A = frequency factor



E = activation energy (J)



R = universal gas constant (kJ/kg.K)



T = temperature (K)

Consider premixed fuel and air in a closed vessel of volume V. Assume uniform temperature of the gas within vessel.
Rate of heat release:
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Heat loss to walls:
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h = heat transfer coefficient (W/m2.K)



S = surface area (m2)
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TW = wall temperature (K)

Tst​ = stable temperature

Tign = ignition temperature

Tc = critical temperature

Wall temperature (
Rate of heat loss (
Tc – minimum condition for self-ignition

Exam conditions at critical temperature Tc by equating equations (1) and (2):
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Also, since tangential at Tc their gradients are equal:
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Through algebraic manipulation we arrive at:
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The critical concentration at which explosion will occur can be obtained by substituting equation (5) into (3) and assuming Tc ( TW:
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If heat transfer to the wall is primarily by conduction, then:
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Now examine three shapes:

The slab:
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The infinite cylinder:
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The sphere (BEST):
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Laminar Flame Propagation in Premixed Reactants:

Open tube:

Consider vessel to be an open-ended circular tube containing stationary gas. Allow flame to propagate at a speed Su into the cold stationary gas.

Burning velocity (Su) ( velocity of the flame front with respect to the cold unburned reactants in a direction normal to its surface.
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Assume flame is stationary so that gas flows through it with speed Su. Then rate at which heat flow into the non-burning gas is:
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Since 
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To find ( we note that in the distance between the ignition temperature and the final burned state all the fuel must be consumed. Thus, if the average reaction rate is 
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 then:
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It follows that:
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Also, 
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 the thermal diffusivity. Hence:
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When temperature reaches Tb, the final flame temperature, all reactants have been consumed and the rate of reaction falls to zero.

Dominant variable in the determination of Su is Tb.

Limits when combustion cannot occur – gas not sufficiently heated to overcome heat losses and combustion cannot be sustained:

Rich limit
( small quantities of air

Lean limit
( small quantities of fuel

Between these limits, Tb rises to a maximum approximately where the fuel and air are in stoichiometric proportion

Equivalence ratio:
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Volume fraction of fuel:
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Influence of pressure on burning velocity is complex:
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Where:
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Influence of pressure is slight and temperature effects dominate
Mixtures of gases:
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Where:
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If gas is stationary:
Burning velocity (Su) = flame speed (Vf)

If unburned gas is moving toward flame at speed Vg:



[image: image29.wmf]g

u

f

V

S

V

-

=


















(21)

If unburned gas is moving in same direction as flame:
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Closed tube:

Consider a tube closed at one end. The tube is filled with a stationary mixture of fuel and air and ignition occurs at the closed end. A flame propagates towards the open end:


Gas heated from Tu to Tb
Volumetric flow rate at Tb = 
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Volumetric flow rate at Tu = 
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Increase in flow rate:
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Assumptions:

· Constant pressure

· Flame treated as flat plane

Gas velocity towards the open end:
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Flame speed:
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Flame shape affects propagation in a tube. Flame propagates normal to itself at Su.

Flame speed given by:
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If unburned gas is moving:
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Limits of Flammability:

Need to explore what is the minimum concentration of fuel in air or the minimum concentration of air in fuel that will sustain combustion. Measured limits of flammability vary with experimental conditions.

Limits depend on:

· Pressure

· Temperature

· Addition of compounds to the gas mixture

Pressure (methane in air):

· Reducing the pressure narrows the limits

· Below some pressure the mixture is never flammable

· Pressure effects do NOT universally show this behaviour

Temperature (methane in air):

· Limits almost linear function of temperature

· Lower limit is about 1300 (C

At lean limit
( gas mixture predominantly air





( enthalpy at given temperature almost independent of fuel type





( specific heat assumed constant up to 1300 (C
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L = volume fraction of fuel in mixture at lean limit

Consider mixture of fuels, average heat of combustion:
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fv = total volume fraction of fuel in mixture

Since:
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(Le Chatelier’s mixing rule – lean limit)
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Empirical ( NOT universally applicable 

At rich limit
( assumption of specific heat independent of the mixture not valid




U = volume fraction of fuel in mixture at rich limit

(
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(Le Chatelier’s mixing rule – rich limit)
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Addition of certain compounds:

Two types:
( Thermal





( Chemical

Inert added:
( more fuel required
( lean limit increases





( more air needed
( rich limit decreases

At lean limit:
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nf = number of moles of fuel


na = number of moles of air

nd = number of moles of diluent

At rich limit:
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( = fraction of fuel burnt


nd ( ( nf ( ( ( ( ( U (
Quenching:

The presence of the wall can remove sufficient heat from a flame which is already burning to prevent further combustion. This is known as “quenching”.

Consider flame propagating along a pipe. As pipe diameter is reduced, more heat is lost to the wall and at some diameter the flame is extinguished. This is the quenching diameter, dQ.

At stoichiometric composition:
( much more difficult to extinguish flame










( minimum quenching distance, dQ,min
Minimum quenching distance = f ((, Su):
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Consider forcing a flame to propagate between flat plates:
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Quenching
( effectively prevent ignition

(
minimum flame size below which the ignition will not be successful

(
minimum energy associated with this

Energy available ( flame area (since flame thickness ( equal in all cases)
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Where:
Emin = mJ


dQ = mm

Also note:
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It follows that:
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Effects of Turbulence:

Gas may be turbulent:
( if flows through outlet with large Reynolds number







( if flowing gas encounters obstacles

In a spherical flame:
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In the tube there is an extra expansion:
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Turbulent flow:
( gas considered to consist of small elements (eddies)






( eddies behave much like molecules






( have mean velocity and fluctuating velocity

At any instant:
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Fluctuating velocity is random:



[image: image58.wmf]2

2

2

fl

u

u

u

+

=
















(44)

In reality there is a spectrum of eddy sizes.

For scales much smaller than the flame thickness (generally not the case):
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( = eddy diffusivity for heat transfer

For scales much larger than the flame thickness (“wrinkled flame front hypothesis”):

· Turbulent motion does not affect heat transfer

· Burns locally as laminar flame, but eddies distort its shape
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Where:
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l = eddy size, taken as about the same as the dimensions of the flame system



( = (/( = kinematic viscosity

Propagation in Closed Vessels and Venting:

Consider fire occurring inside a tank or closed vessel. T (
P (
Relief

( bursting discs

Damage
( hydrocarbons in air 
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( hydrocarbons in oxygen 
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Consider two connected vessels:



Pressure Piling:
( explosion in A
( pressure rise in A pushes gas into B and raises pressure there






( new raised value is starting point for combustion in B





( combustion in B achieves a much higher pressure

Vents:

· Bursting pressure Pb about half the final pressure Pf achieved by combustion

· Necessary to have a vent to prevent pressure reaching Pb
· Slow reaction times

· Bursting discs are dictated

Vent set to open at Pv
( pressure in the vessel should never exceed this

Gas speed:
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Volumetric flow rate, where Ac = area of container wall:
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Flow through an orifice depends upon the critical pressure ratio:
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Volumetric flow rate:
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Where:
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 – the speed of sound in the burned gas

Thus require:
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But Su,v is not known. Define two dimensionless numbers:
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Empirical results suggest:
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Where NS,0 is NS for original conditions, where c0 is the speed of sound at P = P0:
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Detonation:

Presence of turbulence:

· Strong self-acceleration of the combustion wave

· Molecules collide and temperature is raised

· Pressure increase

· When gas velocity exceeds local speed of sound, shock wave is formed

Mixture limits:

· Normally lie within those for flammability

· Outside the limits, combustion may occur, but not sufficient to produce detonation

Detonations:

· More likely in tubes ( long run for it to build up and shock wave does not diverge

· Open systems are spherically diverging ( pressure falls

· Combination of high pressure and high velocity can be very damaging

2. Explosions

Very fast release of energy 
( fraction of this used to generate a shock wave









( determines the pressure in the wave









( higher the pressure, greater the damage

Variation of pressure with time in a typical explosion

· Initial shock wave produces an overpressure P0 that causes damage by compression

· Followed by underpressure, which causes suction

Wind associated with the shock wave, since gas must expand through it. Velocity of this wind, or particle velocity, is given by:
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P = absolute ambient pressure


c0 = speed of sound in air

With ( = 1.4 and c0 = 340 m s-1 then:
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Thus:
P ( 105 Pa and P0 ( 6,200 Pa ( u = 14.7 m s-1 (90% glass breakage)



P ( 105 Pa and P0 ( 20,700 Pa ( u = 46.3 m s-1 (hurricane strength)

The wind can be a very important contributor to damage
Spherically diverging blast wave
( energy distributed over an ever increasing area










( blast wave decays










( Assume all energy goes into the blast wave

Peak overpressure vs. scaled distance for a blast wave from an explosion of TNT, used to calculate value of P0. X-axis corresponding to a scaled distance:
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w = mass of TNT (kg)


r = distance from the explosion centre (m)

For materials other than TNT, a “TNT equivalent” must be calculated

Explosive energy of TNT = 1,120 cal/g = 4.68 x 106 J/kg

Example of calculations:

Explode 5 kg of substance with explosive energy of 500 cal/g
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At 20 m, z = 15.4 ( P0 ( 4.2 kPa

Two forms of explosion:

· BLEVE (Boiling Liquid Expanding Vapour Explosion)

· Does not involve combustion

· Tank containing boiling liquid, possibly under pressure, ruptures

· Large quantities of vapour are formed as the liquid flashes

· Sudden expansion generates a shock wave

· Considerable damage caused even when the liquid is not flammable

· UVCE (Unconfined Vapour Cloud Explosion)

· Large cloud of flammable vapour released and ignition occurs. Two events:

· If cloud contains very little air, large fireball will ensue ( most of the damage caused by heating

· If cloud contains large quantities of air (turbulent release), premixed flame results ( explosion

In a combustion explosion over a considerable volume, very large amount of heat goes into heating the gas.

· Estimated between 1%-10% used to form the blast ( 3% assumed.

· Estimate at what distance expect severe structural damage ( r ( 134 m

From conservation of momentum, pressure drop in a blast wave ( square of the velocity

Two mechanisms proposed:

· Hot pockets of gas exist in the turbulent cloud:

· Less dense ( accelerated by pressure gradient across flame front

· Pass ahead into the unburned gas ( new ignitions

· Flame “jumps” along at improved rate

· Particles of dust or organic matter:

· Heated to high temperature by radiation from fireball

· Propagation mechanism in dust explosions

· Reason for spread of forest fires

3. Diffusion Flames and Fires

Consider non-premixed flames. Fuel forms a cloud ( oxygen enters by diffusion

Rate determined by:

· Diffusion coefficient D for laminar flow

· Eddy diffusivity ( for turbulent flow

Combustion occurs in the gas phase ( reaction rates extremely fast

For gaseous releases & burning liquids:

· Rate of production of fuel gas NOT a limiting factor

· Rate of combustion limited by the rate of diffusion of oxidant into the fuel

For burning solid:

· Fuel gas produced by chemical reaction at the surface ( can be slow

· Rate of combustion limited either by rate of diffusion or rate of reaction

Simplest model of diffusion flame:

· Rate of reaction in the gas phase assumed infinite

· Reaction zone is infinitely thin

· Fuel and oxygen concentration fall to zero at the reaction zone

· Reaction assumed to occur where reactants are in stoichiometric proportion

Length of diffusion flame:

· Important parameter from safety point of view

· Length L corresponds to where mixture is stoichiometric on the central axis

Concentration on the axis:
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At c = cs (stoichiometric concentration), z = L and so:
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If c/c0 is small (as is normally the case), then:
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Mass flow rate of fuel is 
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(Laminar case)
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For turbulent flow:

· D replaced by the eddy diffusivity (
· Roughly proportional to the Reynolds number ( ( ( vd

· Length independent of mass flow rate
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(Turbulent case)
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Behaviour of diffusion flame with increasing flow velocity:

1. Flame is laminar ( height increases with velocity

2. At some flow velocity, turbulent mixing starts to occur near the tip

3. As velocity increases, break point moves down

4. Eventually the whole flame becomes turbulent ( height of flame is constant

Jet issuing from an orifice:

· Turbulent flame will tend to lift off

· Stable over a region where it will burn as a lifted flame

· Eventually will blow off ( combustion cannot be sustained

· Correlations are required to account for entrainment

For pure fuel issuing from a nozzle, Delichatsios (1993) gives:
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Where Fr is the Froude number:
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L = flame length


S = air to fuel stoichiometric ratio of masses


ds = nozzle diameter


(s = fuel density at nozzle 


(0 = ambient air density


us = fuel flow velocity at nozzle


g = acceleration due to gravity


(Tf = mean peak temperature rise


T0 = ambient temperature

Further:
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(Hc = heat of combustion per unit mass of fuel


(A = efficiency of combustion


(R = fraction of chemical heat release rate lost by radiation


(T = mixing factor depending upon the turbulent fluctuations = 0.4/0.6

Radiation from Pool Fires:

· Radiation from each zone treated separately

· Necessary to know the mass flow rate of fuel to calculate the flame height

· Done by balancing latent heat of evaporation against the transfer of heat to liquid by radiation

Mass flux (kg m-2 s-1) given by:
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D = flame diameter


K1 = absorption coefficient (fuel dependent)

m( is the maximum rate:
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Ap = surface area of the pool


( = Stefan-Boltzmann constant = 5.67 x 10-8 W m-2 K-4

Tf = suitable flame temperature


(Hv = latent heat of evaporation

Correlations from Pritchard and Binding (1992):
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C/H = carbon to hydrogen atomic ratio in the fuel


m* = dimensionless mass flux
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u9* = dimensionless wind speed
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(a = ambient air density


u9 = wind speed measured at a height of 9 metres

Equations for pool fire can be used for a fire on a tank, provided the flame sag is allowed for.

Burning solid:

· Actual fuel is still a gas

· Formed from pyrolysis reaction at surface ( slow

· Much more difficult situation to deal with

Fire in pipes caused by flash back:

· Generally avoided by ensuring that the stack exit velocity exceeds the burning velocity (usually turbulent)

· Depends on stack diameter

Thermal Radiation:

· Main hazard from fire is thermal radiation

· Presence of soot makes flame emissivity very high

· Heavier hydrocarbon ( more sooty flame

· Bulk of the flame not at the maximum flame temperature

· Actual reaction zone:

· Burns at stoichiometric composition ( temperature is high

· Forms only a small part of the total volume

Total power radiated by a flame:
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Sf = surface area of the flame


(f = flame emissivity


Tf = flame temperature

Power arriving at target:
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( = transmissivity between flame and target


Fft = direct view factor


Ht = flux incident on the target


At = cross-sectional area of the target

Using reciprocity rule 
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Simplest approximation to the view factor is to treat target as a point:
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For a pool fire, the total flux incident on the target is:
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L = lower portion (clear part)


U = upper portion (flame blumes + smoke)

For the lower portion:
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Note: K2 ( K1 because of differences in geometry

In the upper part, the flame is partially obscured by smoke:
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UR = unobscured fraction (typically ( 30%)

Note: Assumed that the smoke radiates like a black body

Effects of Radiation:

Flux at the top of the atmosphere due to the sun is about 400 W m-2.

Measurements:
3,700 W m-2
( first degree burns in 45 s






100 W m-2

( first degree burns in 46 min

Possibility of death from exposure to thermal radiation expressed as a probit equation:
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Y = probit


t = time (s)


Ht = heat flux (W m-2)

Assume flame is a black body: 
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For first degree burns:
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Effect on buildings and equipment indicated from the time required to ignite wood:
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In a chemical plant, ignition is note necessarily the only problem. If a fire occurs near to a tank containing a material under pressure a danger occurs of the wall is heated sufficiently to weaken it.
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