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ME529 Combustion and Air Pollution

Topic 06b. Flame Propagation - Turbulent Premixed Flames
The spark ignition engine represents the major practical system where fuel and air are premixed before combustion.  In automobile engines, combustion occurs in a confined volume initiated by the sparkplug.  Flame spreads from this site throughout the combustion chamber.  Turbulence generated by high-velocity flows through the intake valve(s) and by piston compression creates chaotic motion.

Turbulent velocity fluctuations distort the flame and affect its propagation across the cylinder.  However, molecular-scale diffusion must still occur for molecular-scale mixing of burned and unburned gases to occur.  Diffusive propagation of the flame is governed by a balance between molecular diffusion and reaction kinetics – as was the case in laminar flame propagation.  Consequently, turbulent flame propagation is characterized by the laminar flame speed in addition to the turbulent velocity fluctuations.

A Small-Scale Review of Turbulence

Turbulent flow occurs when the boundary and initial conditions that are characteristic of the flow lead to the spontaneous growth of hydrodynamic instabilities that eventually decay to yield a random, statically fluctuating, fluid motion.  Turbulent flow production is generally associated with shear regions in wakes, boundary layers, jet edges, separated flow regions, or buoyancy driven flows. Turbulent flow is characterized by steady-state and fluctuating components.  For example, for velocity:
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Main characteristics of turbulence are:

1. Turbulence is a feature of the flow - not a property of the fluid.

2. Turbulence characteristics are NOT controlled by molecular properties of the fluid and even the smallest turbulence scales are much larger than molecular scales.

3. Turbulence always contains 3-D random motions with high levels of vorticity fluctuations.

4. Turbulence is characterized by high levels of momentum, heat and mass transport.

5. Without continued energy input, turbulent flow will decay to laminar flow.

6. Turbulence appears spontaneously in regions of high shear.

7. In transition regions from laminar to turbulent flow, turbulence is initiated by 2-D vortices that disintegrate into 3-D turbulence. 

The energy source in turbulence is due to the mean flow working against turbulent stresses, and thus turbulent motion depends for its kinetic energy on one of the quantities it diffuses: the momentum flux of the mean flow.

In the classic Kolmogorov view of turbulence, the energy in the flow is communicated through the largest eddies to smaller and smaller eddies until it is dissipated by viscous friction.  The rate of energy dissipation by smallest eddies is the same as the rate of energy transfer down this energy cascade.

Because of the size of the eddies that constitute the turbulent motion and their velocities are distributed over wide ranges - the length scales are as large as the biggest eddies for transport of momentum and mass, and as small as dimensions where fluid viscosity dissipates energy into heat (where the local Re = 1) - you can think of a spectrum of turbulence defined by a probability density function (pdf).

Kolomogorov's hypothesis says, "At sufficiently high Reynolds numbers there is a range of high wavenumbers where the turbulence is statistically in equilibrium and uniquely determined by the dissipation rate and the kinematic viscosity.  This state of equilibrium is universal."  

To describe turbulence mathematically, Reynolds averaging is used, that is, the instantaneous value of a turbulence characteristic is equal to the sum of its time averaged value and a fluctuating component, as listed above.  The time or Reynolds averages are formed at a fixed point in space:
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And by definition, the time averages of the fluctuating components are zero.

It is beyond our scope to take an in depth analysis of turbulence and the development of the governing equations of the flow in turbulence notation.   This is covered in other classes, for example ME546 Convective Heat Transfer.   What follows is a sketch of the scaling parameters needed to find key aspects of turbulent combustion.  

In the smallest eddies, the dissipation rate per unit mass ( (cm2/sec3) and the kinematic viscosity ( (cm2/sec) govern the small-scale motion.  Definitions of characteristic length, time, and velocity scales follow:
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characteristic length
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characteristic velocity

These are the Kolmogorov microscales of length, time and velocity.  Note that Re(=1 on this scale – viscous flow characterizes this scale.

Careful measurements in turbulent flames verify that the turbulent flame is simply a wrinkled laminar flame.
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Most of the viscous dissipation of energy occurs near the Kolmogorov microscale (. 

A second method for determining eddy sizes is the Eulerean (fixed in space and watch the flow go by) correlation which leads to the Taylor microscale, (.  Consequently, the Taylor microscale is related to correlations for the time-averaged velocity or composition fluctuations.  A relation between the Taylor microscale and the characteristic macroscale length L of the system is 
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 where A is a constant and is ~1.  Since the ReL based on the characteristic length of the main flow is >>1, ( is always << L.  Also, ( is larger than the Kolmogorov microscale (.

The scales that characterize the fluctuations along the turbulent flame front also characterize the distance the flame propagates by diffusion.  These smallest eddies are responsible for the transfer of momentum, heat and mass, and so we need this scale to characterize combustion.

In terms of the Taylor scale, the dissipation rate in isotropic turbulence is given by
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A time scale for burning gases is:


[image: image6.wmf]L

c

b

S

l

t

=

 

 (c is the Taylor microscale for combustion
A time scale for dissipation of concentration fluctuations in non-reacting flows is:
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 ( is the Taylor microscale for velocity

At high Re, the two Taylor microscales are related:


[image: image8.wmf]n

l

l

D

c

2

=


where D is the gas diffusivity.  Recall that (/D is the Schmidt number - the ratio of momentum and mass diffusivities.

A model for turbulent premixed flame propagation is illustrated below.   Ignition sites propagate at a velocity that is the sum of the laminar flame speed and the velocity fluctuations:
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The rate at which mass is engulfed in the flame front is expressed as:
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where me is the mass engulfed, (u is the density of the unburned gas and Ae is the flame front area.

Once unburned fuel is engulfed, a laminar flame is assumed to propagate through it.  The mean separation of the dissipation regions is (c, the characteristic time for the ignited mixture to burn is on the order of 
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 (microscale burning time).
While laminar flames are thin, turbulent flames are thick and can contain unburned fuel.  The turbulent flame thickness is on the order of:


[image: image12.wmf]L

L

c

b

turb

S

D

L

u

A

S

u

u

n

l

t

d

'

60

'

'

»

»

=


[image: image21.wmf]]'

[

]

[

]

[

A

A

A

+

=


� EMBED PBrush  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED PBrush  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED PBrush  ���








1
5

[image: image22.png]enhancement of
flame speed by
turbulent mofion

burned
1 unburned gas 4

burned gas



[image: image23.png]aaaaaaaaa



[image: image24.wmf]'

u

u

u

+

=

[image: image25.wmf]'

v

v

v

+

=

[image: image26.wmf]'

w

w

w

+

=

[image: image27.wmf]'

p

p

p

+

=

[image: image28.wmf]'

T

T

T

+

=

[image: image29.png]


[image: image30.wmf]]'

[

]

[

]

[

A

A

A

+

=

[image: image31.png]enhancement of
flame speed by
turbulent mofion

burned
1 unburned gas 4

burned gas



_1001941700

_1001943121

_1002027710.unknown

_1312278661

_1002442562.unknown

_1001944052

_1002026271

_1002026878

_1001943188

_1001943119

_1001943120

_1001943118

_1001943117

_1001941593

_1001941603

_1001941615

_1001941621

_1001941599

_1001941567

_1001941582

_1001941557

_1001785977

