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Welcome back and let us continue the discussion of this averaged equation in transfer mode.
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Average of products

oL

So we are looking at this average of the product and this is what we looked at when you take this,

pu, and pu,u, and we can see some terms contribute to density, fluctuation. So if you keep those
things that would create suffering. So the idea is that to avoid these terms, so that is what we go
for density-weighted average.
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So how you do that now density-weighted average, let us say density-weighted mean if we say
then f would be sometimes we call it also Favre averaged. Okay, then the fluctuation related to the
density-weighted mean would be a f"* which is

f'=f-f
where f is < f >, which is ensemble average of this is n samples summation over 1 to samples F
n, now what it allows you that it allows you to that now

=,
and pu,u; that will become

puy; = p(i iy + u'w’

S0 you can avoid the term which is like density, fluctuations in these terms. So that is one of the
advantages when you have a reacting system. It is a good idea to go for density-weighted average
or we call it also Favre average.
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Mean properties & unclosed terms
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Now we can see this mean property and the terms. So the whole idea is that now my governing
equation would be again based on this Reynolds averaging or Fevre averaging or density-weighted
averaging the set of governing equations would be now again transformed. So, once we do that,
this is my continuity equation. Now instead of u this would be using the momentum equation will

get back an extra term, which is called the Reynolds stress term and my scalar transport equation.

We will have one term which is a mean source term this could be a source term due to chemical
reaction. This could be anything and there will be an additional term which is called the turbulence
scalar flux. So these 3 terms in terms like term 1 Reynolds stress, term 2 turbulence scalar flux.
terms 3 the mean Source term, if you look at the complete governing equation, these 3 terms are
not actually closure term. So we need some sort of a closure approximation for this term and this
is one of the challenging ways one encounter while closing this term.
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Unclosed terms

Reynolds stress tensor Tutonlona pudtdd (- RANS
P : ) ; - W - Two-equation models (k- )
\ J X, =uu - Reynolds stress models

Turbulent scalar flux
a4k - = - Gradient diffusion assumption
W L =ou - Second moment closure

(" - Laminar reaction rates
e Mean source term Eddy breask up model
'./ \, - Eddy dissipation concept model
(R 23S, = - Flamelet methods
_._/ PDF methads
B Conditional Moment Closure (CMC)

. Multiple Mapping Conditioning (MMC)

AN INSTITUT 1 NOLOGY KANPUR shoks De 67

Now we can see and correlate how so now when you try to close this Reynolds stress term, this is
where you need to invoke your turbulence model. So your turbulence model will allow you to so
either you can use a different kind of RANS model LES model or whatever it is. So it is a variant
of the turbulence model in the RANS framework, so we are not talking about anything on LES

because the equation system would look different, so that is what we know.

So any RANS based equation like 2 equation model Standard k-¢ turbulence model, k-omega
model or RSM that would close down this and how and it will only deep rise to your edification
and all these things that we have already seen as a part of our discussion in turbulence model. Now,
this is why the importance of turbulence modeling or the discussion on turbulence was required.
(Refer Slide Time: 05:14)



Mean properties & unclosed terms
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Because now this should be much easier to see when this enclosed term actually appears in the
governing equation how we close it now, the second term is turbulence scalar flux, so which is
written in this fashion. So typically we use the gradient diffusion assumption though it is widely
accepted in only a few specific cases this may lead to some spurious results or one may use second-
moment closure. Now, that means source term that is what is the point of interest that is the
chemical source term.
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Now you require all short of turbulence chemistry interaction model or one can call it in. All range
of this is combustion model, so you need these models which will allow you to close down that
mean source term. So it could be laminar reaction rate, Eddy breakup model, EDC model, flamelet



method, PDF method, CMC or MMC the so this is with the order of increasing expenses in the

sense competition expenses at the same time the complexity also so this increases the complexity.

So at the same time cost but at the same time, it increases quite a bit of accuracy also. So all these
things increase as you go from top to bottom.
(Refer Slide Time: 06:47)

Classification of models

Different models of combustion exist, depending on how the fuel
and oxidizer approach the flame zone (non-premixed, premixed, partially premixed)

Based on this, models can be subdivided in several classes:
« Models applicable to any mode of combustion

(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) | ¢+, niad

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

Notes : ‘applicable’ does not mean 'accurate’.

1
2. Subvariants of models applicable to any mode can be applicable to specific modes only

- 68

Now the different models which one may like to use for what we are talking about this kind of
combustion. So the models which are applicable to any mode of combustion could be laminar
finite rate kind of model, EDC kind of model, or transported PDF kind of model. So theoretically
when we look at the theoretical description, these models ideally can be adapted for any kind of

mode of combustion whether it is premixed, non-premixed, or partially premixed.

Now some models are applicable to non-premixed regime only that is mixer fraction or fast
chemistry model then the flamelet based model, CMC, MMC. These are primarily used for the
non-premixed regime rather they are quite good enough for this regime. When you move to the
premixes, it requires a lot of theoretical modification and which is applicable to premix them which
is a flame surface closure model or flame speed closure model is premixed flamelet model G

equation models and other models like that.



So there are essentially you try to | mean sort of that capture the flame topology and this now when
you say the applicability that does not mean the accuracy so there are some variants of models
applicable to any mode can be applied to specific modes only. So this is what one has to be very
careful when talking about these combustion models because they can be applied to anywhere, but
that does not mean this will provide you accurate results.

(Refer Slide Time: 08:44)

Turbulent Combustion Models

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

v BML-Model

v Level Set Approach/G-equation

v Thickened Flame/Progress Variable
= Modeling Turbulent Non-Premixed Combustion
v" Conserved Scalar Based Models
v Flamelet-Model
v CMC model

Now, what we will do now, these are the set of models that one can see there are simple models.
There are statistical based models transport PDF models, then the models which are very specific
to premixed combustion. There are model which is specific to non-premixed combustion. So this
should give you an idea of how we are going to span our discussion around this. Okay. So first we
start with the method of reactive scalars.
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So you have a transport equation of any reactive scalars, so the reactive scalars could be species
mass fraction. Let us say Y, or Y; and they could be temperature like that. Now I can put that thing
in a functional form, which is Y3, Y, to Y,, and temperature, so the balanced equation where this y;

which goes for i equals to 1 to N + 1 because of N number of species and then temperature.

So the balanced equation would look like

Y; ay; 0 Y,

Pt TP ax, T o \P i ax; ) TP
It is just like another scalar transport equation where D; is your mass diffusivity and it could be
thermal diffusivity and then S; is the source term whether it could be chemical source term or
temperature source term.

(Refer Slide Time: 11:02)



Methods for Reactive Scalars
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Now for the high Reynolds number, we can neglect the molecular transport so that if we neglect
then the gradient transport assumption of the turbulence transport can be used to close this term
like u j double prime. So this term we can use the gradient hypothesis and we can close this term
where Dt would be v;/Sc; then the average transport equation would take the form
oY, oY, ad o, ~
0— + pi, — = —— | pD; =— | + pS
Poor TP e T Tox \Piax ) TP

these are obvious when you talk about average, these are all density-weighted average or have the
average.

So again this theorem, still if you see this term, this is not closured. So this requires some closing.
So we need to approach like our turbulence models expression for some mean values and
something.
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Now we can write our heat release. So the heat released term one can write that

wr = pSt(T) = pp(Tp — T) exp (— %)
Here B is the frequency factor of the heat of reaction Tj is the adiabatic flame temperature and is
the activation energy now we need chemical source term, which has to be also closure or require
some modeling so that we can say that it is a function of temperature. Now this temperature has

been widely accepted we can decompose into 2 components T as T fluctuation.
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So we can use our Taylor series expansion or Taylor expansion. So if | use Taylor expansion then



T~T T=T+T".T"«T)

So then we can write

57 (T) = B(T, — T) exp (—If—T)

Pre-exponential term:
(Ty = Dlr=z =T =T —T"
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Now because of Favre mean what we get that this is equivalent to

57 (T) = B(T, — T) exp (—RE—T)
U

S =5®(1-—— £
F (1) = T(E)< —Tb_T>eXp<RTZ)

now the typical value this term |T?| actually lies between 0.1 to 0.3. These are some typical values.

But not necessarily it is going to be this is in the reaction zone of flame.

Now if you have intense fluctuation of the chemical source term around the mean value this
moment method that we are describing here is quite inappropriate due to the strong nonlinear effect
of the chemical source term. So if the fluctuations are too high, this is not quite accurate because
of this non-linearity
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Non-Premixed Combustion in Isotropic Turbulence (e.q.)

0 Favre averaged species mass transfer equation
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Now we can look at this thing in for example in the isotropic turbulence case. This is how your
Favre averaged specialist transport equation looks like. This is the unclosed term. Then this is
closed like a radiate transport model if you use a one-step global reaction. So this chemical Source
term can be represented like this and if it is decaying isotropic turbulence, then you can write like
this. This is just an example. So here, the closure by mean values does not work. So we have to
think about something else

(Refer Slide Time: 19:33)

Turbulent Combustion Models
* Methods for reactive scalars
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So now we can look at some of these simple models and see how they have derived now the Eddy
breakup model it was fast.
(Refer Slide Time: 19:44)



Eddy-Break-Up-Model
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Eddy-Break-Up-Model (EBU)

Image source: Intemet (google

This is something that is used to close the chemical Source term for in pre-mixed combustion and
it was proposed in 1972 by Spalding. So you have the inflow there is a reactant and there is a flame
front then the product is an outflow. So there are serving assumption which is sort of associated
with this that is one of the important assumptions is the very first chemistry. Soda combustion
process what it says that the breakup of Eddie's from the unburnt mixer to the smaller mixer band

that means from this side to that side.

So due to this thing large surface area and duration of this breakup determine is the pace. So that
is why this whole terminology came up that Eddy breakup model because how the Eddy breaks
up depending on that the reaction Source term.
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Eddy-Break-Up-Model
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Now, if you look at the average reaction source term for a product. Let us say P stands for the

product. Then

£
W, = pCEBUE(Yz;IZ)l/Z

(W)l/2 is the variance of mass fraction of the product and this is the Eddy Break up model

constant now here the 2 things that happens are the turbulent mixing sufficiently describes the

combustion process. That is number 1 number 2 chemical reaction rate is neglected or negligible.

So this is quite simple, but there are issues. Like if you want to use for let us say EGR or lean or
reach combustion condition. This is not quite applicable. So then this model was further developed
by Magnuson and 1977 which is called the EDM Eddy dissipation model. So the first modification
was of this Eddy breakup model to EDM.
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Eddy-Dissipation-Model
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Now what EDM does that also have a certain assumption? So, one of the assumptions is that also
fast chemistry. That is a very fast chemistry and mixing time. Mixing time which is turbulent
mixing time is the dominant time scale their dominant time scale. So This means that S; is the order

of t%, which is &/K. So that will lead to model my chemical source term which can be written as

. g Yz Yr
Slev{,uiimin< E_ B ZP)

VMg’ g M,
Where YE, Yp these of the mass fraction of the reactant so, mass fraction of reactant and or product
A B these are the model parameter. So these are sort of determined.
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Now if you apply to a diffusion flame, for example, let us say diffusion flame. One Step chemistry
where you write fuel plus oxidizer to the product so that kind of one step chemistry if you consider,
so you could have let us say Yr which is greater than Y stoichiometric. Then what happens Y

oxidizer would be Y. and that will lead to Ye is Y oxidizer, so Sk would be written as

S, = AviM £ % —A§Y~
F = AUfp FE%MO_ EF,st

the other situation what could be possible that Ya is less than Ye,st which will lead

Sp=A ,M d —A_)Y
F UF F>S> = - 1F
FMF k
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Now if | put some of these issues so there one can see that it is primarily mixing control phenomena
that is number one, very fast chemistry, and the application it can be applied to both. premixed and
non-premixed mode Now it connects the turbulent mixing with the chemical reaction, so the reach
or lean either full or partial conversion this can be this does not come into consideration. It is

simple and robust that is one of that but there are certain disadvantages which are quite prominent.

So no effects of chemical non-equilibrium that is one thing that is that mean that NO formation,

local extinction that cannot be predicted. Extinction then also the finite rate chemistry effect is not



finite rate chemistry effect. Chemistry effects are not considered. So, the fuel consumption is
overestimated that is number one, then you can have locally high temperature also. So, the finite
rate chemistry is neglected so because of that you can have fuel consumption which is
overestimated, and locally high temperature.

So, these are some of the issues with the Eddy dissipation model. So, we will look at the other
model and how to overcome this particular issue. So, we stop here today and continue the

discussion in the next lecture.



