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Lecture - 50
Turbulence- Chemistry Interaction (Contd.,)

Welcome back. So let us continue the discussion of this flame speed in the laminar premixed
flame so we have looked at the premixed flame diagram and then how different diagram the

length scale changes so now this is where we looked at the flame front.

(Refer Slide Time: 00:30)

Relation displacement speed - species equation

Choose monotonously INCreasing (Or decreasing ) species as progress vanable

Spedies equaton
‘ l" . . -
pl —+us-\ i) ==V . pl' Y, +®
\ ol S
MTUSION velocty
Equation for displacement speed
| [ d ) | r . :
§ =—| taeV |} ‘ | -V-pl Y +@, |
vyl or vyt —
Equation for species mass fraction
[ o < | —.
P S TEA" ‘ Y = PSs VY|
\ dr / Differential asffusion especially
1 mportant in hydrogen combustion

This is at a time instant and there are 2 more information one has to find out is the absolute
speed which is w.7n. Another is the displacement speed that means how this flame front
displaces, so this is what you get? Now one can find out the relation between the displacement
speeds in the species equation. Now for our species mass transfer equation, we will write like
this and then this is the diffusion part and this is the reaction source term. Now our equation
1

for the displacement speed one can write that el
k
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Relation flame speed — change of progress variable

Change of c following the flame front is zero:
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This you know, this particular term depends on diffusivities. So effect of different, effect is
different depending on the stretch rate and curvature and one important thing is that that the
differential diffusion now become quite important in hydrogen combustion that because
hydrogen has a fast mass diffusivity or higher mass diffusivity so that is where that unique

Lewis number assumption may not work well.
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So one has to be careful what kind of fuel is dealing with or rather what kind of flame is dealing
with and whether that is quite applicable to the particular situation or not, so now equation of
the species mass fraction, so that will now become this is the left hand side or the total



derivative of that and right hand side one can express like psﬁYk, sq IS our displacement

speed.

This is the displacement speed and the magnitude of the species mass fraction variance. So

now we can see how turbulent burning velocity actually in flamelet regime.

(Refer Slide Time: 02:26)

Turbulent burning veiocity: flamelet regime

So we take that simple example of that where we get an wrinkle Flamelet like this, so this area
one can call it Awm this is AL and this would be a St. This is unburnt side, this is burnt side and
particularly this portion if one has to look at so one can think of there is a different smaller
layer like this or this would be the S. and there will be eddy of that scale so low intensity large

scale now turbulent flame speed is important.

So which we have already seen that a different correlations exist so which actually now from

this volume we can equal the consumption rate of the unburned mixture to that.
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Turbulent burning velocity: flamelet regime
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So through which we can get in the Flamelet regime. This is the expression which works which
| have already seen and this is the, if you plot that u,/SL to ST/SL' This is what the Flamelet

theory gives but realistically it goes like that. So there is a deviation from that thing.
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Turbulent burning velocity: thin reaction zone regime
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Similarly if we go to thin reaction zone regime this is our theory says that it would be Re
and this is how the theory goes but there is a deviation, so though already we have seen there
are different kind of expression which are available, but when you actually apply to the system

they can vary.
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Propagation of instantaneous flame front

There is another wrinkle Flamelet where you can this is Si and this is the S, so one can find
out the capturing of the instantaneous flame front. So this is another very attractive technique
for premixed flame front that we capture the instantaneous flame front by an iso surface or
other solvarian equation. We will see how that is done that capture that instantaneous flame

front to get that thing.

So instantaneous flame front that will propagate and this is called the G is the iso surface which
is essentially a distance function. We will see the details when you talk about the G equation

and this is how the instantaneous flame front will propagate and if you look at the mean flame

front, so Z—f + . VG and this would be at the turbulent. So this is our main flame front.

This is our instantaneous flame front. So these two equations are slightly different because
when you look at the instantaneous flame front that right hand side you have S, the mean one
propagates with a turbulent flame speed, so when you take into consideration all of this into

the equation system and solution for the computational approaches.
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Computational approaches
for turbulent combustion

Saolving turbulent flow field numerically is extremely demanding,
let alone in the presence of chemical reacting fronts

We look for s-mphﬂcauon_ by:

1. using reduced chemistry
~algebraic or tabulated relations < less independent variables

2. assuming universal local structures (flamelets):
= less independent variables

3. using a statistical approach : asking only for the mean value,
in stead of the full signal including all fluctuations

and combinations of these three methods

So we have to actually solve this in a quick turnaround time with chemical reactions so one
can look for simplifications and what kind of simplifications which are possible you can have
reduced chemistry that means you use either algebraic or tabulated reactions, so less
independent variable or you can assume the Flamelet kind of assumption local universal
structure, so that is also less independent variable or one may use statistical approach and then

include the other fluctuations or combination of something like this.
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Unclosed terms in
RANS or LES equations
based on displacement speed
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So now when you again go back to the governing equations, whether it is a RANS based and
when you look at this equation, these are again density weighted your continuity equation and
then momentum equation scalar transport equation so there would be terms like Reynold stress



or Subgrid stress Reynold stress, which is so these RANS the color corresponds to the RANS

framework or LES framework.

This would be sub listed on it is RANS framework mean source term or it isa LES it is a filter
source term when you go to turbulence scalar flux in RANS it is a subgrid scalar flux, so the
equation system when you do RANS or LES filter. They apparently look similar but the terms
which you get the closure of those terms would be different because like this in momentum
this is the Reynolds stress term, which is using Boussinesq hypothesis one can close it or using

different kind of turbulence model but here it says our mistake.

So it requires a different kind of closure, similarly for source term here and subgrid scalar flux
also. Now if you use the displacement speed into this governing equation, so these 2 set of
equations want change but when you come to the scalar transport equation, so this is ina RANS
framework. This would be mean term which is based on diffusion plus source term or in LES
is a filtered so that would be again diffusion plus source term and the last term which will
remain is turbulence scalar flux which one has to physically close it whether it is in RANS

framework or LES framework.
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Classification of models

Different modeds of combustion exist, depending on how the fuel
and oxidizer approach the flame rone (non-premixed, premixed, partially premixed
Basad on this, modeis can be subdivided in several classes:

dels a3 Wile 1

(e.g. laminar rates, Eddy Dissipation Concept, Transported PDF)

» Models applicable to non-premixed regime only
(e.g. mixture fraction / fast chemistry models
non-premixed flamelet models)

(e.g. flame speed closure models, premixed flamelet models)

Notes - | applcable’ does not mean “accurate
. Subvanarts of modeds appicable to ary mode can be appicable to speafic modes only

Now, one can classify these models, so the classifications already we have seen the modes of
applicant into any mode which is laminar Eddy this is already seen it models which are
applicable mixture fraction fast chemistry base model or non premixed combustion on these
things.
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Turbulent Combustion Models

* Methods for reactive scalars :
* Simple Models : EBU,EDM, FRCM, EDM/FRCM |
« Statistical Methods: PDF, CDF,... /
* Transported PDF Model J
* Modeling Turbulent Premixed Combustion

v BML-Model

v Level Set Approach/G-equation

¥ Thickened Flame/Progress Variable ’

* Modeling Turbulent Non-Premixed Combustion
v Conserved Scalar Based Models
v Flamelet-Model |
Y CMC model /
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So that is what we talked about these things which is applicable to any mode of combustion.
These are very specific to the premixed combustion and these are specific to the non premixed
combustion so now we will talk about one start with the BML model which is known as Bray-

Moss-Libby model.
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Which is one of the popular model which is a I mean initial days, which was proposed by the
scientist and so the concept which is used here is the Flamelet, so that is the concept behind
this kind of model in the BML model, so here we solve for a progress variable which is known

as c. So either c is defined like in terms of temperature as:



_T-T,
_Tb_Tu

Or c can be defined in terms of product mass fraction, which is like this. So it scales between

c

0 to 1, now the Favre averaged transport equation when you neglect the molecular transport,

what we will get:
o¢c __0¢ 0o ,_ _
Pt Pﬁla—xi = " om (pu’c”) + @,
So these two terms on the right hand side as we can see they are not closes term, so one need
closure for that, now this is the turbulent transport or turbulent flux and this is the chemical

source term. So you get these set of equations.
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Now you defined a flame front like this, then this is an Eddy size of I; then this would be S.
and this side it is unburnt, so c is 0 this is unburnt and the side c is 1, which is burnt side, so
the assumption which remain there is very fast chemistry that means the flame size this is the
I+ the flame size Is is less than It and less than n also. Now another thing is that fuel conversion
only in the area of the thin flame front so that could be in the flow field burnt mixture or unburnt

mixture or intermediate states are very unlikely.

So that is another assumption which is there you can define a flame front. So in this thin flame

front, only the fuel conversion actually takes place.
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Now what we say that that progress variable would be 0 and 1 this is a case which is unburnt
this is a case which is burnt this is solely expected to behave between 0 and 1 so the probability
density function f(c) would be:

fle) =ad(c) +B6(1—-c)
So if you put that thin. This is 0 this is 1 this is 8 and this is how you get « if ¢ is 1 this is c. So
this a and S these are the probabilities to encounters or to encounter burnt or unburnt mixture

in the flow field.

So there is no intermediate states which means « + 8 would be 1 and then § function which is

defined as 6 (¢ — c¢,) which could be infinity for ¢ equals to co or 0 for constant which gives:

j 5(0)8(c — ¢o) de = g(co)

So this is how we define this but one thing here this probability distribution function the
definition here is that this functions are applied. We assumed or presumed that is why this
flamelet kind of approach is also known as presumed PDF approach. Okay? But what did we
discuss which is in hybrid combination like lagrangian and ordinance that said transported PDF
approach where you have a transport equation for the probability distribution function here.
We solve for a different transport equation, but assuming the distribution with apriori shape of
that PDF and that is why it is known as presumed PDF method.
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So now if your instantaneous flame front go like this then I can draw some line here where you
can have this one position like this is my mean flame front, this is how my S is going to
behave. This is an instantaneous flame front and this side is unburnt obviously and this side
would be burnt so there could be one state here and there could be one state there. Now this

state if you look at the c, this will go between 1 and 0.

So this is how it behaves, so that means this would be completely 1 now if I look at this stage
where it goes between 1 and 0, so this is what it is and this is 1, here along the mean flame
front position you can define that this is ;c,a and somewhere 1 that is rfc. So you can have

these which is 0, ¢ goes to 1, so you goes like that it goes like that, and that is i.

So you can see that when you look at the instantaneous flame front at different situation this is
completely at the unburnt state and how this function is behaving the product distribution
function. This is somewhere within the reaction zone is at the mean flame front. This is at the

burnt state completely.
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BML-closure of Turbulent Transport
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Now we can use favre filtering for favre averaging. One can write this is:

_ 1 Cmax [Umax
Q =5 fc j pQu, c)fy,c(u, c)dudc

min " Umin
Now therefore the unclosed term we can correlate like using the, this is the unclosed term which

we can correlate this u’’ ¢’ using either joint PDF for u and ¢ which is:

fu,c(uf c) = f(c)fu/c(u/c)
Which is the Bayes theorem or introducing the BML approach for:

fu,c(uf c) = a5(c)fu/c (% = O)

So this is an conditional PDF and we also got :
u

BS(1 = O)fue (= =1)

C
And this is our delta function. So this is what you can close or write using BML.
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So now this quantity you can write:

_ 1 Cmax [Umax
Q =5 fc j pQu, c)fy,c(u, c)dudc

You allow to close this as:

min " Umin

—_—
s

——, _ PUC
u''c’ = —
D
Which is:
—7 p(u—ﬁ)(c—E)
u'’c’ = —
D
Which is:

— 1™
e == || plu=we = )fyclus)dude
0 —00

Which will give you finally that:
u’c” = ¢(1 - &) (W — W)
So this is a closure for that term using this BML approach you get this simplified expression,

which can be used.

Now another thing is that one can use the counter gradient diffusion. So let us say.



(Refer Slide Time: 22:28)

- - i - . b N
diffusion™
- 0
. Y ty [ua~te 4
e plas ot
- ' —C /f Ve 7
we i<
E S > a
—
. . L |
ren ( 3 s (l‘
TN Ha .flhl _‘:‘_l p (4] [ /
A |
v
& i & el % 40
(e h»!’}- < D = ( -
ni L = “e
ﬂ |
Pe ™

If we have a flame front like that which is uy, up, pu, and pp. This is ¢ and this is my flame front,
now since py equals to constant through flame front I mean py, constant through flame front if
u increases so p decreases that means my up - uy would be positive now because c greater than
equals to 0. So this term I can write:

1=y —up) 20
Now this is in flame front within the flame zone. If you look at it % which is greater than 0.

Now if I use our gradient transport assumption, I can write:

T AT DaE<0
uc’ = Ox =

So there is a conflict with the counter gradient diffusion in BML model.
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BML- Closure of Chemical Source Term
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Now chemical source term we can using our f¢ leads to that wc is 0. Now that is why we close
it by flame surface density model or w. is written as p,,SP[,r. So this is quantum this is another
term this is our local mass conservation this is flame surface area per volume lo is our strain
factor which actually, so the strain factor. So there is always a local increase in burning velocity
by strain now the flame surface density r there is an algebraic model 1 mean there could be so

this is a local mass conservation.

So if you let us say | have a flame font like this | mean this is our mean let us say this is our

flame crossing length which let us say Ly then the film surface density. We need a closure

because this term in the source term is the local mass conservation so which is available and

this is another term which is required so 1 option is that one can use algebraic model which is
c(1-0)

closing this term as —
y

So this is a simple expression one can use for this or one can use the transport equation. So that

is another option one can use to closure this model.
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BML- CI f Chemical rce Term
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So the transport equation would be in terms of r one can write:

6r+6ﬁ“lr_6D6r+Ce s €?
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So this is our local change, this is convective change of the flame surface, this is the transport
equation. This is turbulent transport, this is production due to stretching of the flame and this

is flame and illusion.

So when you look at this transport equation, this is transport equation of r flame surface density,
so the left hand side looks like any other transport equation. Then right hand side you have the
diffusivity production term due to flame state and the other terms and the detailed analysis we

will continue in the next lecture. So we will stop here today.



