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ME529 Combustion and Air Pollution

Topic 07a. Flame Propagation - Laminar Diffusion Flames
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In diffusion flames, fuel and oxidizer mix by molecular diffusion as well as by the gross motion of the enveloping flow.  In these flames, the burning rate is determined by the rate at which air and fuel are mixed.  Kinetics are usually much faster than these diffusion rates.

Because gradients in fuel and air exist, diffusion flames have distinct regions:
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In the flames, the HCs are “cracked” (H atoms are broken off), leaving heavier and heavier C molecules to make soot.  This makes the flame luminous.

We can learn about diffusion flame characteristics by studying a candle flame.
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 When a candle burns, the solid wax melts to a liquid that is drawn up the wick by capillary action.  There, the flame vaporizes the liquid wax and it decomposes to CH* and other radicals.  These react to form CO, CO2, soot, H2O, etc.  Soot is mostly C; “condensation” causes the soot particles to grow.  Soot that does not burn before it leaves the flame will leave as “smoke.”  

The candlewick is woven with one strand held at a greater tension than the other strands.  As the wick is freed from its wax prison, it curls in the direction of the tensioned strand.  The result is a greater surface for flame “attachment.”  Candles with perfectly straight wicks will not burn well, if at all.

Capillary action draws the molten wax to a certain height and no more (can we calculate/estimate this height?).  The evaporation process keeps the wick cooled below ignition temperature and only the portion of the wick above the maximum liquid wax travel will reach ignition temperature and burn away.  The evaporation process also creates a layer of vapors at the wick surface that are too fuel-rich to sustain combustion.

The concept of an evaporation process cooling a surface is important.  It is possible to boil water in a paper cup on a campfire - the cup will burn right to the level of the water and as water is lost by evaporation, the cup will slowly burn away.  Many solids burn this way: heat from an ignition source causes the solid to (perhaps first melt although this isn’t always true - consider coal or wood) decompose and release vapors which diffuse from the surface.  Oxygen diffuses in towards the surface.  When (and where) the fuel-air mixture is within the flammability limits, the flame will be established some distance from the surface.  A very large fraction of ordinary combustion occurs this way: gas-phase reactions that are detached from the surface and form at the correct fuel-air ratio.

Why is the flame a teardrop shape?  Gravity induced buoyancy.

Wicks are a way to burn mixtures of flammable liquids, or a mixture of flammable and non-flammable liquids, without preferential distillation.  Wicks can also be made of materials like sintered metals: it is only necessary to create capillary (or “wicking”) action.

The solid-gas reaction of glowing solid combustion is a different mechanism and will be discussed later.

In compression ignition engines (diesel), fuel and air are mixed in the cylinder.  The fuel is vaporized, mixed with air, pyrolized and burned all within milliseconds.  Very fine fuel spays are achieved with spray atomizers.  The piston head is sculpted to encourage mixing.  However, because of diffusion, a distribution of the equivalence ratio is achieved.

Several mathematical models have been developed for diffusion flames.  We'll look at just a few.

Spray Combustion

There are two general types of sprays:

1. discharging the liquid at high velocity into a relatively slow moving stream of air or gas

2. twin fluid atomization or air blast atomization – low velocity liquid is injected into a high velocity stream

Spray Characteristics

1. mean drop size

2. drop size distribution

3. patternation

4. cone angle

5. penetration

1. mean drop size – Sauter mean diameter (SMD): The diameter of a drop having the same volume/surface ratio as the entire spray.


[image: image3.wmf]å

å

=

2

3

i

i

i

i

D

n

D

n

SMD


where Di = diameter, ni = number of drops that have the diameter Di.

Mass mean diameter (MMD): The drop diameter below or above which lies 50% of the mass of the drops.

2. Drop size distribution

Rosin-Rammler function (1933)
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R = proportion of volume or mass larger than any specified size

Dm = some mean diameter

D = drop size
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Some empirical relations:

Nukiyama-Tanasawa (1940): 
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Griffith Function (1943):
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3.  Patternation:  The uniformity of the circumferential distribution of fuel in a conical spray is referred to as its patternation.

4.  Cone angle: will influence ignition, stability limit and exhaust smoke characterized and is of generally two types:

a) plain-orifice atomizer: narrow cone angle

b) swirl atomizer: hollow cone with wide angle

5.  Penetration: Maximum distance that the spray reaches when injected into stagnant air

i) kinetic energy of the initial fuel jet

ii) the aerodynamic resistance of the surrounding gas
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Single Droplet Evaporation Rate 

It is possible to develop an analytical model for single droplet combustion.  The model starts with droplet evaporation and can include the molecular transport of mass and energy in the gas phase, within the droplet, and at the liquid-gas interface.  The chemical reaction rates are typically much faster than diffusion and thus diffusion determines the time for droplet combustion.

Key model assumptions that permit the simplifications necessary for an analytical solution include:

· spherical symmetry (model becomes 1-D in r)

· steady (neglect initial transients) and fast kinetics

· Le = 1 ==> mass transfer and heat transfer are the same

· Constant thermal properties (no variation in temperature) for thermal conductivity and specific heat

· Quiescent atmosphere (gross fluid motion can be superimposed)

Once a model of droplet evaporation is established, combustion is added by adding a spherical diffusion flame.

The steady-state solution outlined below underpredicts droplet lifetime.  If this model were used to design a burner, the combustion chamber would be too short since a longer residence time is actually needed.  Nonetheless, looking at droplet combustion closely through the details of the model permits physical understanding.

Nomenclature
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mass fraction of the ith species 

subscript
[image: image16.wmf]¥

 = in the free stream

subscript w = gas phase adjacent to the gas-liquid interface

subscript R = reservoir (inside the drop; below the surface)

subscript F or f = fuel vapors
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there is heat transfer to the liquid
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there is diffusion of fuel vapor away from the surface

The mass flow normal to the surface
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is the evaporation rate per unit area (g/cm2s)
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: latent and sensible heat required to transfer a unit mass of liquid into the free stream.

Energy equation at the interface: convection in the liquid = conduction to the surface
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Non-dimensionalize by defining 
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.  Then, 
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.  The 'T' stands for thermal, or temperature. 
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 is a non-dimensional temperature difference.  We have one equation and two unknowns: the evaporation rate, and the value of the temperature gradient at the droplet surface.

We need more relationships.

Look at a species balance:

The amount of a species that evaporates = species convected away by the fluid flow and the species diffused away due to a concentration gradient (Fick's Law).
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Non-dimensionalize (D for diffusion): 
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 .  Note that
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the mass fraction of non-fuel vapors. 
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 is a non-dimensional concentration difference. 
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This gives us another equation … and another unknown, bD.

We need an assumption – ‘steady-state.’  Write out the conservation equations in spherical coordinates at the interface (wall) between the liquid and gas phases:

Energy: 
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Species: 
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Nondimsionalize with bT and bD:
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Note that at this stage we can solve these differential equations, with the BCs given below, because we have not yet introduced combustion that would involve chemical species.

Boundary Conditions:

At the interface, i.e., at r = R:
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In the free stream, i.e., as r ( infinity
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Note we have two 2nd order differential equations with two BCs each but these equations still have 
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 as an unknown.

From the two earlier equations, we have:
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That is, 
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is a function of the gradient of bD/bT at a given location (in this case, at the wall).

If we consider the Lewis number Le=1=
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 (which is reasonable for most combustion problems), we can arrive at a solution.  Set D = ( (we are assuming that temperature and species diffuse identically):
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Integrate:
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At the wall, 
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.  Therefore, 
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, and, therefore, the integration
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We can integrate again by separating variables:
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As we move away from the droplet surface into the free stream, 
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Hence, 
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(A)

At the edge of the droplet, that is, at r = R,
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(B)

Note that 
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 - the larger the drop size, the smaller is the mass flux of vapors from its surface.  We still don't know 
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from (B) into (A).
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Define
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= mass transfer driving force, or the mass transfer number.  This is called the Spalding B number.  By definition, 
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The droplet evaporation rate:

[image: image69.wmf](

)

(

)

1

ln

1

ln

+

=

+

-

=

¢

¢

¥

B

R

b

b

R

w

g

g

w

g

g

w

a

r

a

r

&


Look at convection:
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The average Nusselt number correlation for laminar flow around a sphere is:
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Because of the small drop diameter and the small relative velocity, the second term is negligible and
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Basically, there are two problems: heat transfer (finding 
[image: image74.wmf]__
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) and thermodynamics (finding B).

Heat transfer:
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where L is a characteristic length.  For example, for a circular flat plate with laminar flow across its surface, the characteristic length is the plate diameter.
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Thermodynamics:
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When Le = 1, bT = bD.  The unknowns are 
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.  We still need a 2nd relation for vapor-liquid phase equilibrium.  The Clausius-Clapeyron equation implies that if partial pressure is known at one temperature, it can be calculated at a different temperature using the relationship:
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Where 
[image: image82.wmf]f

P

 is the vapor pressure, and T is temperature.   Data for pure liquid fuels is listed below.

	Fuel
	Tref (K)
	Pref (atm)
	hfg (kcal/mol)

	Methanol
	337.9 
	1
	8.43

	Ethanol
	351.7
	1
	9.22


For a mixture of fuel vapor and air, 
[image: image83.wmf]g

f

T

m

m

m

+

=



[image: image84.wmf]v

m

v

m

v

m

g

f

T

+

=



[image: image85.wmf]g

f

T

r

r

r

+

=



[image: image86.wmf]T

R

P

u

r

=



[image: image87.wmf]T

R

m

P

T

R

m

P

T

R

Pm

u

g

g

u

f

f

u

T

+

=


The mass fraction 
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where we substituted 
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 and the above equation relates the mass fraction of fuel vapors to the partial pressure of fuel vapors:
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We have three unknowns (xfw, Tw, and pf) and three equations: the Clausius-Clapeyron equation, the relation between mass fraction and vapor pressure, and, if Le = 1, BT = BD. a relation between the mass fraction of fuel and its temperature.
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Droplet Vaporization Time 

To calculate the time it takes for a droplet to completely vaporize, we start with the rate of vaporization.  The droplet evaporation time is important because the lifetime of the largest droplet in the spray is the minimum residence time of the spray in a combustion chamber.  Residence time is related to air stream velocity, velocity of spray injection, angle of injection, and the combustion chamber geometry.
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d = diameter; d(d) = change in diameter.  Hence, 
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Define the evaporation constant:
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If d = 0 (droplet completely vaporized), then the evaporation time is


[image: image104.wmf]vap

o

vap

d

t

b

2

=


[image: image182.png]


Single Droplet Combustion
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Assumptions:

1. The droplet and flame form concentric spheres.

2. Fuel vapor diffuses from the droplet surface to the flame front and oxygen diffuses from the boundary in the ambient gas to the flame surface.  The resulting combustion products diffuse from the flame to the surrounding gas.

3. Exothermic chemical reactions between the fuel vapors and oxygen occur at the surface of stoichiometric composition.

4. Combustion occurs under isobaric, quasi-steady state conditions.

5. Chemical reaction occurs instantaneously and hence the reaction zone is infinitely thin.  This implies that the partial pressures of both fuel vapor and oxygen are zero at the reaction surface.

6. Chemical reaction goes to completion.

7. A sufficient proportion of the energy produced by combustion is transmitted by conduction to the droplet to provide latent heat of vaporization of the fuel while the rest enters the gas stream beyond the stagnant film.

8. The surrounding environment is quiescent.

Find: the droplet burning time, temperature profile, burning rate

Governing Equations

1. energy conservation

2. fuel mass conservation

3. oxygen mass conservation

4. products mass conservation

Energy conservation:
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conduction + advection + generation = 0

Fuel mass conservation:
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diffusion + advection + reaction rate = 0

Oxygen mass conservation:
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diffusion + advection + reaction rate = 0

Products mass conservation:
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diffusion + advection + reaction rate = 0

Overall mass balance:
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Nomenclature:
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evaporation rate per unit area
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energy released due to reaction in a unit volume in a unit time
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mass of i consumed or released in a unit volume in a unit time

(H


heat of combustion (cal/g of fuel)

FO


the mass fuel/oxidizer ratio at stoichiometry

FO gms of fuel (f) + 1 gm of oxygen (O) ==> 1+FO gms of products + FO((H cals. of energy

where (H is the heat of reaction/combustion (cal/gm of fuel)

FO is the fuel/oxygen ratio.  The mass balance becomes:
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Derivation:

Substitute 
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 into the energy equation.  Multiply the fuel mass equation by (H and add it to the equation for conservation of energy:
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Note that the rightmost term is zero.  Assume the Lewis number = 1 (D = ().  Then,
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Divide the above equation by a constant, 
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Define
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with bOT and bPT analogous definitions for coupling conservation of energy with conservation of oxygen and products, respectively.
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For this second order ODE in r, we need two BCs:
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Use the first plus (H times the second:
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Now, combine the energy equation and the conservation of oxygen mass, and let Le = 1, that is (g = Do and 
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For fuel and oxygen, 
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For all of the b’s,
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With the BC: 
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This is, again, the same problem solved before for droplet evaporation:
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At r = R, b = bw, then the mass transfer rate is:
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Calculation of the burning rate:

We have the same 
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The key assumption is that 
[image: image138.wmf]T

T

w

BP

»

, the boiling temperature.


[image: image139.wmf](

)

(

)

R

BP

pl

fg

O

BP

pg

OTw

OT

OT

T

T

C

h

x

FO

H

T

T

C

b

b

B

-

+

×

×

D

+

-

=

-

=

¥

¥

¥


Set 
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 and solve for B.  Note that you need the vapor pressure of the liquid.

Flame location:

At the flame, 
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, where C= flame location.


[image: image142.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

-

+

×

¢

¢

=

1

1

ln

1

2

fOw

fO

fO

g

g

w

C

b

b

B

R

w

r

a

r

&



[image: image143.wmf](

)

(

)

(

)

(

)

fR

fw

O

Ow

f

fw

fR

fw

O

OC

f

fC

fOw

fO

x

x

x

x

FO

x

x

x

x

x

x

FO

x

x

b

b

-

-

-

-

-

-

-

-

-

=

+

-

¥

¥

¥

¥

1



[image: image144.wmf]fR

fw

fR

fR

fw

O

Ow

f

fw

O

OC

f

fC

fOw

fO

x

x

x

x

x

x

FO

x

FO

x

x

x

FO

x

FO

x

x

b

b

-

-

=

-

×

+

×

-

+

-

×

+

×

-

-

=

+

-

¥

¥

¥

¥

1



[image: image145.wmf]fw

fR

O

fR

fw

fR

fw

fC

fw

O

fO

x

x

x

FO

x

x

x

x

x

x

x

FO

B

-

×

+

=

-

-

+

+

×

=

+

¥

¥

1



[image: image146.wmf]1

1

1

+

×

=

-

-

-

+

×

=

+

-

+

Þ

¥

¥

fR

O

fw

fR

fR

fw

fR

fR

O

fOw

fO

fO

x

x

FO

x

x

x

x

x

x

x

FO

b

b

B



[image: image147.wmf](

)

fR

O

g

g

w

C

x

x

FO

R

w

r

¥

×

+

×

¢

¢

=

1

ln

1

2

a

r

&


Substitute
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Temperature profile:

In the region, 
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In the region, 
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Flame temperature: 
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Fuel and oxygen mass fraction profiles:
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Droplet Burning Time 
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Note that everything is essentially the same as the drop vaporization problem - except B.  We're using TBP instead of Tw, and we have added (H FO xo( .

The mass transfer number (B number) in air

	Fuel
	B

	Iso-octane

(2,2,4 trimethyl pentane)
	6.41

	n-heptane
	5.82

	Toluene
	5.69

	Gasoline
	5.3 - 5.5

	Kerosene
	~ 3.4

	Heavy fuel oil
	1.7

	Carbon
	0.12
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