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Lecture - 51
Turbulence-Chemistry Interaction (Contd...)
Welcome back. So, let us continue the discussion on turbulent premixed flame. And we have
look at the fundamentals like turbulent speed, displacement speed and all these. Now we are
discussing the BML model and we have seen turbulent scalar flux closure and now we are

looking at the source term.
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BML- Closure of Chemical Source Term
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So, this is how the’ source term one can close it. So, | mean the source term can be represented
like in local mass conservation and the in terms of flame surface density. And once you write
in terms of flame surface density, either one can use algebraic model like this, which is quite
simple or transport equation like this. Where the transport equation of the flame surface density

contents look convective term, local change, turbulent transport.
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Then, production due to stretch or flames stretch or annihilation. So, now, there is one thing

there is no chemical time scale involved. So, the turbulent time which is 7, k/e is the
determining time scale. So, as we can see k/e comes into the production of that, so there is a
limit of infinitely fast chemistry. Now, using the transport equation, we can model for chemical

source term which is independent of S.. So that is what we can find it out.
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So that means when you use these source term closure, either use the simple algebraic

expression or you can use the transport equation to close it. So, that is how we talk about the
BML model.
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Turbulent Combustion Models
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Now, we move to the level set approach or D equation approach. No
instantaneous flame front. This is our instantaneous flame front and there are so many points,
where you can show the kinematics of the flame front can be examined by examining the
movement of single flame front particles. So, these movements which are influenced by local
flow velocity which is u; 1, 2, 3 and then burning velocity. So, this movement of these particles

they are essentially.

So, in one side is your flame front, you can assume to have so many particles and using that
you can basically the kinematics means essentially in this is called level set up approach that

means, you try to capture these. | mean propagating flame front. So, by capturing the flame
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w here you have an



front, you want to model this particular way. So, once we say that the local velocity and all

these this will lead to the kinematics equation of the flame front:

Which is nothing but the normal vector.
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So, then we can have the same flame front where G < 0 and G > 0. So, this could be our burnt

side, this could be unburnt side, and this is G(xi,t) is 0. So, another way one can look at, instead
of observing a lot of particles, one can examine a scalar field like G. So, the iso surface is
defined like, G(xi,t) is Go is 0. So that is the definition of the iso surface. Now, we can find out

the total derivative of G. This is on the flame front.

So which we can write:

DG _dG  dxy; 3G _

Dt dt dt 0dx;
Which is 0. So, this is what you get the total derivative of the G on the flame front. So, now
once we look at the kinematic equation. So, that will now this is our instantaneous flame front,

which is G(xi,t) equal to 0.
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G-Equation for Premixed Combustion
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This is our burnt side, this is unburnt side and this is the normal. So, the normal vector can be

aG

é’gl and now the kinematics of the individual particle can be retained at u; + Scni

calculated as

I
and this would be 0. So, using these 2 it leads to:

G

aG

0x;

w6l < |26.96
B axl- axi

So, this is a well-known G equation for premixed combustion where you track the flame front

Where |VG| is:

of this turbulent propagating flame.
(Refer Slide Time: 08:21)
G-Equation for Corrugated Flamelet Regime
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So, now, for this flame front like, where this is G <0, G > 0 and this is G(xi,t) which is 0. You
say:

G G

PTG S.IVG]
So, this is our local change, this is the convective change and this is the progress of flame front
by burning velocity. So, there is no diffusion term involved there and this particular equation
is applicable for thin flames and well defined burning velocity and also it can be applied to
corrugated flamelets where your flamelets is delta and which is eta is that. So, this particular

zone also you can use it.

(Refer Slide Time: 10:24)
G-Equation for Corrugated Flamelet Regime
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Now, if you look at that flame front, this is my equation from the previous slide. So kinematics,

now kinematic equation is no more a function of density. So, this is valid for flame position,
where:

G=G,=0
Now, to solve this G needs to be defined everywhere in the flow field. So, there are different
possibilities which are available to define G, For example, one is the very common that is used

signed distance function which used VG equals to 1.
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G-Equation for Corrugated Flamelet Regime
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Now, we see the other thing like what is the influence of the chemistry by S.. Now, S is not
necessarily constant, but it is influenced by strain, curvature, which is k and Lewis number. So,
then one can write down these modified burning velocity using this impact. So, modified
burning velocity is written as:
S, =8°—82Lk — LS
Where, this is the influence of curvature, this is influence of strain. So now, the k is defined as:
aG
_on; 0 dx;

T 0% " ox\ 1G]
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Laminar Burning Velocity
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So if you look at this, which is G > 0 and G < 0, this is a position where one needs to this
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position « is 0, this is curvature where « is high because « is defined as:



%
_ i _ axl-

So for Sy, there are 2 terms, S — S Lk — LS. This is how the kappa is modelled and these 2
terms one can think about these are uncorrelated laminar burning velocity. So, one can think in

that way.

(Refer Slide Time: 14:46)
Laminar Burning Velocity
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Now, the other terms which you have an S, equals to:
S, =8 —S2Lk — LS
This L which is known as Markstein length. So that, L can be the determined by experiment or

by asymptotic analysis. So the correlation which one can use is that:

y/l—y
L, 1 1 Ze(Le—1)(1—vy) In(1 + x;)
—= —ln( ) + d
y \l-vy 2y . X;

lp

So, this guy is nothing but density ratio and this is Zeldovich number which is:

E T,—-T,
/e = —
RT, T,
It is Lewis number which is:
e — A _ Sc
©=pC,D Pr

So, these are the different terms which contain air. So, now using this, so we got:

S, =82 —SLk — LS
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So these 2 terms are uncorrelated, these are maximum length, this is curvature and S, which is
strain, which is defined as:

aul-

S= Mgy
]

n;

Now using this expression the extended G equation one can write, which will look like:

oG oG

FTARE (S — S2Lk — LS)|VG|
So, this is what your extended looks like because we use an expression of modified burning
velocity. So, this is slowly if you see, we start with that simple expression for S., then we
incorporate the effect of curvature and strain and all these and then slowly so, that goes to the
more like and realistic situation, where due to turbulence, you will have all these effect. Now
look at corrugated flamelet in thin reaction zone. Now, so the previous examination which was

limited to corrugated flamelets.
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So, that means in the corruga
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ted flamelets you have thin flame structure

o 244

whichisn > [z > ls

and laminar burning velocity well defined. So, what we get the regime of thin reaction zone,

which is like where your small scale eddies penetrate the preheating zone. You will have

transient flow and burning velocity is not well defined. So, that means these things are no

longer valid.

So, the problem that one encounter does that means this level set approach is valid in the thin

reaction zone regime. So, that is a bigger question to answer. So what happens we can see if

we go to thin reaction zone regime. So this is is ignition point, reaction zone, heat zone, that is

typical.
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-E iON: Thin Reaction Zones
G=0 inher CLACK M Tens
Yoy Db B!
_ G <& o
1) =T - -
T \4@r
: 2 Poa'n) e
7”1' ?’)T PN 2{ = ( 3
7! i
1go-~ §v~y1““ T(’u“) = To DESRSTIIS
e
T;/T{ z ?,/T T drigp
1 .
e Vo 2 M)

De 245



So, here the Go is the surface which is represented by inner reaction zone. We do that in the
inner reaction zone, what we have, which is thin compared to small scale eddies that means my
Is will be smaller than 7 so that we can describe our temperature as T°. So our temperature
equation will take the shape of:

6T+ oT 0 ( DOT)_I_
Pat TP ax, T ax, \P Bx,) T T

Now one can look at the iso surface of temperature which is:

T(x;,t) =T°
Then we can write:
DT _aT Lo aT |dx; _
Dtlp_po 0t ' 0x;|dt p_po
So, which essentially is sort of an, what can think about:
G L 96 0G dx; _
dx 0x; dt

It is a similar kind of expression one can look at it like what we obtained earlier.
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-E iON: Thin Reaction Zones
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Now we write the equation of motion. So the equation of motion for T°:
dxl-
dt

Which was in similar expression, which is written for level set approach equals to u; + s;n;.

. = ul-’o + n;Sq
T=T

Here, we bring in the displacement speed. Now, this displacement speed which is defined as:



d oT
a_JCipDa_JC'i+WT

S =
¢ p|VT|

T=T,
Now similarly you can find out the normal vector. So, that is defined as:
aT
S
l |VT|
T=T,
G

I:;il' This is how we define it for that

So, which is a similarity one can see that n; equals to —

thing.
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G-Egggtign: Thin Reaction Zones
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So, now we can use this G, = T?, we write that:

0 aT
oG, G _ x; PP 9x; T VT vl
ot b ox; p|VT|

0
And this guy is nothing but our displacement speed. Now, the diffusion term, which is a normal

diffusion and curvature term, will be invoked. So, we will have diffusion term which is normal
diffusion that is Sy and curvature term which is order of k. So, there we get:

0 oT 0 aoT on;

6_xi<pD a—xl> =n; 6_xj<pri a_xl) — pD|VT| B_xl

So, this is nothing but my « and this is the term which is nothing but my normal diffusion.

Now, if I put everything together and write down the equation for this, so, the G equation for

this thin reaction zone, we get:



oG G

T + uia—xi = (S, + S, — D)|VG|

This collectively you can think about is a less than this. One can write:
oG oG
FTA +u; o, = S1.5|VG| — Dy |VG|

So, that is the equation you get here S, is wr . So, this is what you get for the G equation
p|VT|

in the thin reaction zone. Now, we will stop here today. And we will see how we can come up
with a 1 G equation, which can be applied to both the regime. We will continue the discussion
in the next lecture.



