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Abstract

The principal aim of the work is
development  and realization of a
computationally efficient method for numerical
simulation of turbulent flows with combustion
that occur in perspective aircraft combustors.
An original combined method is developed. It
treats different combustion regimes (in the
range from premixed to non-premixed diffusive
combustion) without alteration of numerical
algorithm. Validation of code for simulation of
3D flows on the basis of unsteady RANS
equations for multi-component compressible
gas with finite rate chemical reactions is
described.  “Laminar approximation” and
classical presumed PDF approach together with
flamelet model with direct calculation of mass
fractions and temperature are compared with
universal method where PDF approach is used
only for calculation of source terms.

1 Introduction

Turbulent combustion has become an
object of detailed research approximately since
the middle of XX century - in particular works
[1-5] et al. Much attention was given to the
structure of turbulent flame and combustion
mechanisms. In turbulent combustion several
principally different combustion regimes were
distinguished: regions of distributed combustion
(where chemical reaction time is large compared
to the biggest characteristic time scale of
turbulent flow), regime of micro-flames -
flamelets - when the largest time scale of
chemical reaction is small compared to the
smallest turbulent time scale (Kolmogorov
scale) et al.. A large amount of works devoted to
development of mathematical models for

numerical simulation of turbulent diffusion
combustion (see reviews: [6-8] et al.).

In current work the approach based on
solution of RANS equations is used for
turbulent combustion modelling. The first one
utilizes averaged in time Navie-Stocks
equations (RANS). Turbulence is described
through differential models of (k-g) class or
through non-bussinesk differential models for
the second moments. For turbulent combustion
description the probability density function
(PDF) approach is usually used together with
models like flamelet [9].

Promising way for development of
computationally non-expensive procedure for
PDF construction is flamelet approach (FL)
formulated for subsonic turbulent flames in
studies of [10-12]. In this conceptual view of
turbulent combustion the reaction zone is
analyzed as a collection of laminar flame
elements (flamelets) imbedded in the turbulent
flow [13-22]. The simplification of the
turbulence/chemistry interaction modeling is
achieved here based on the assumption that
chemical processes are mostly confined to the
local vicinity of the stoichiometric surfaces.
This assumption allows to reduce instantaneous
conservation equations for reactive scalars to
the system of ordinary differential equations
(flamelet equations). An advantage of this
concept is that it essentially decouples complex
chemistry calculations from the turbulent flow
description.

In subsonic case one can imagine all the
characteristics of combustion as a function of
two independent random variables - passive
admixture fraction z and scalar dissipation rate
N. Consequently for mean value calculation it's
necessary to define joint PDF of different z and
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N values realization. For supersonic diffusion
combustion description one must take into
account the third random variable - velocity
modulus U [23]. The form of pdf(z)

dependence is defined by the character of
components mixing in the considered point of
flow and may be defined differently.

There are two main approaches which are
dominant in high-speed combustion modeling
now. In the first approach, PDF form is assumed
based on intuition of modeliers (see, for
example, [10-12]). It's possible to choose a
function depending on several parameters and
on z so that it takes required form under the
proper parameters choice. Such a PDF is called
presumed. PDF form is presumed so that its
form is uniquely defined by the mean value of z
and mean square of its fluctuations (variance).
(e.g., [24]. The second way is much more
elaborate and it is based on the solution of
evolution equation for PDF [25]. This approach
was proposed by [26]. for incompressible
flames. Recently, it was modified for modeling
of compressible flames in studies of [27-30]).
But its realization in CFD is extremely
expensive in computations due to large
multidimensionality of PDF evolution equation
[31].

Joint PDF of z and N may be found from
the conditions of statistical independence of z
and N, and for N log-normal distribution is used.
Here big difficulties arise associated with large
PDF dimensionality. For this reason though
these methods may be used in case of simple
chemical kinetics scheme, it couldn't be easily
generalized on more complex schemes.
However these difficulties may be overcome
with the use of Monte-Karlo method [6, 25].
The most recent works include flamelet-
structures dynamics in time [32], use the theory
of fast decay of uniform turbulence and Fokker-
Plank equation [33].

The principal aim of current work is
development and realization of a
computationally efficient method for numerical
simulation of turbulent flows with combustion
that occur in perspective aircraft combustors.
An essential problem in simulation of turbulent
combustion is correct description of chemical
processes in the presence of turbulent
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pulsations. In real combustors, different
combustion regimes may occur. Two limiting
cases are the premixed combustion and the non-
premixed diffusive combustion. In the first limit
case, it is possible to neglect the contribution of
turbulent fluctuations into average rates of
reactions (“laminar approximation”). In the
limit of diffusive combustion, the turbulence-
combustion interaction (TCI) may be taken into
account using the method based on a probability
density function (PDF) together with some
variant of flamelet model.

An original combined method has been
developed. It has advantage to treat different
combustion regimes without alteration of
numerical algorithm. These include limits of
premixed and  non-premixed  diffusive
combustion. Both “laminar approximation” and
PDF method are applied only to calculation of
source terms in equations for the components of
reacting gas. In principle, PDF approach makes
it possible to define immediately (directly from
precalculated library) temperature and gas
components fractions and thus to reduce the
amount of equations to be solved — we will call
it simple PDF-flamelet approach. But in this
case it will describe only purely diffusive
combustion limit. In developed combined
method PDF approach together with some
variant of flamelet model is used only for
modeling source terms in equations for
components of reacting gas, if the limit of
diffusion combustion is locally realized. The
method takes into account non-equilibrium
combustion effects and turbulence intermittency
effects. If the limit of premixed combustion
arises, then the source terms are calculated
using parameters of mean flow and usual
Arrenius-like formulas. The final values of
source terms are calculated as a linear
combination of these two limiting cases.

This combined method was implemented
into a code for simulation 3D flows on the basis
of unsteady RANS equations for multi-
component compressible gas with finite-rate
chemical reactions. The equation system is
closed by (q-— w)-turbulence model and by a

kinetic scheme of hydrogen-air combustion.
Detailed description of the numerical method
can be found in [34]. Additional differential
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equations include two for mixture fraction mean

value z and variance o=z and one for
intermittency factor. Numerical method has the
2nd approximation order in all variables.

Original numerical technology for fast and
correct computations of non-stationary viscid
gas flows [35] has been incorporated into the
code. It includes fractional time stepping (In the
case of rational programming, this procedure
diminishes the total time of computation
(because small quantity of time steps is
performed in large cells)) and an approximate
“wall law” boundary condition (it allows to
place small amount of cells inside the boundary
layer). It has been verified by comparison with
the calculations based on standard no-
accelerated technology. This methodology gives
the possibility to perform 3D calculations of
practical combustor geometry.

Some results of program validation are
presented, including simulation of Evans-
Schexnayder-Beach experiment [36]
(combustion in axisymmetric jet), Burrows-
Kurkov experiment [37] (combustion in 2D
plane wall jet) and Ben-Yakar experiment [38]
(combustion in transverse jet). The results
obtained with taking TCIl into account are
compared with results obtained with neglecting
TCI, with simple PDF-flamelet approach and
with experimental, theoretical and
computational results presented in available
literature. The influence of turbulent parameters
and of kinetic scheme is studied. Results of the
new method adjustment and testing are
demonstrated.

2 Validation of 3D code without TCI

First of all the code S3pp was created and
validated for simulation 3D flows on the basis
of unsteady RANS equations for multi-
component compressible gas with finite-rate
chemical reactions. The results of test tasks
modelling obtained with the help of the S3pp
code were compared with the results obtained
with other available programs including its 2D
prototype, with experimental and theoretical
data available in literature. The most interesting
results include simulation of experiment with
combustion of a transverse jet of hydrogen in
supersonic crossflow of air is also regarded

(fig. 1 a)). It is widely-used scheme for
combustion realization in high-speed
combustors. This test demonstrates the ability of
new code to simulate essentially 3D flows with
turbulent combustion. In fig. 1 b) one can see
OH mass fraction with superimposed isolines of
heat release rate 6, due to similarity of the
contours we could conclude that OH mass
fraction is a good parameter, indicating heat
release during combustion process. In fig. 2 the
obtained Mach number and fuel mass fraction
(Hy) fields are compared with experiment by
Ben-Yakar (2006) [38].
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Fig. 1 a) Schematic of an underexpanded transverse injection
into a supersonic crossflow [38];

b) OH mass fraction with superimposed isolines of heat release
rate at the plane of symmetry
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Fig. 2 Mach number (a) and hydrogen mass fraction (b) fields in
the symmetry plane of transverse jet, obtained in RANS
calculation by the authors (left) and in averaged DES
calculations [39] (right)




3 Realization of “simple flamelet” approach

As the final developed model includes usage of
flamelet libraries, it was decided to realize first
“simple flamelet” approach. We’ll remind that
in this case the gas components fractions (and
possibly temperature) during the calculation are
extracted directly from precalculated library and
it permits to reduce the amount of equations to
be solved. Reactive species mass fractions Y, or

temperature T are found from the solution of
the following system of the ordinary differential
equations:

oY, —¢d?,

—L-Nf ==L =R =0, i=1,2,..., Ngopp
ot dz , (1)
M g, EH
dz

where t is time, p is density, z - mixture
Ngp T
fraction, H =) h, +£L%) - total enthalpy of
i=1

the mixture, h, - specific enthalpy of mixture
component i), R, - chemical production term of
Y;; Sc - Schmidt number. The conditionally

averaged value of scalar dissipation at the
stoichiometric surface is approximated as:

Ns

t

Z=1gy

= , Where N|

Yo,
mean value of the scalar dissipation N and
intermittency factor » calculated under the

condition that mean value of mixture fraction
Z =z,. While creating the flamelet library we

find the stationary solution (t — ) of the

system (1) with the time-marching method.

The verification of this part of work was based
on the reports [40-41] (it will be linked as
“Report” in pictures further) and the first aim on
this stage was to repeat the methodology as
much as possible and to obtain results possibly
closer to the ones obtained by the authors of
[40-41]. The next aim was to explore the
influence of different parameters in the
calculation and choose the most appropriate for
the class of tasks under consideration.

The flow parameters are obtained with the use
of joint PDF of mixture fraction z and scalar

and 7| are the
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dissipation at the stoichiometric surface N° by
the relation:

1
f, = )/I f, flamelet (z, pNg )pdf( 7)dz +
0

+ L=y N@-2)-(F))o +2(F)¢),
where f. is any flow parameter (mass fraction

()

Y. or temperature T ), f,"@™" correspond to the
values obtained from solution of eq. (1), (f,)o
stands for oxidizer and (f;)r for fuel
parameters, y is the intermittency factor, 0 is
Dirac function, P; is the mixture fraction
probability density function in a turbulent
mixing layer. In current work so far we neglect
scalar dissipation fluctuations in averaging
procedure as in [40-41]. The scalar dissipation

rate N is modeled in turbulent flow field using
2

the semi-empirical relation N =C, ZTg where
k and ¢ are mean turbulent kinetic energy and its
dissipation rate respectively, C, is the model

constant and usually it is selected as C,, =2.

Different PDF functions were regarded. In
engineering applications the B-function is the
most popular presumed PDF function used to
model the probability density function for the
mixture fraction. It is also taken as the basic in
this work. In this case pdf(z) is approximated

B(1_ 7y
by the formula pdf(z) :lz(l—z)

Izﬂ(l—z)ydz.

We will call it pdf;. Coefficients g and y
define the maximum of pdf(z) and they may be
defined by the conditions:

1
[2-pdf(z)dz =z
0

. K
j(z —z) - pdf(z)dz = 2"
0
In order to reproduce the methodology
from [40] the PDF used in that work was also
regarded - it has the Gaussian form in the non-
intermittent » =1 part of the mixing layer

(deeply inside the mixing layer):
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=\2
pdf (z)=ﬁexp(— (22_022) ) and the form

of Airy function in the intermittent y<1

regions: pdf(z):l';ﬂAi(ljsszi—z.%sJ (we'll
t t
o Z .
link it further as pdfy), where z,=— is the
/4

mixture fraction value conditionally averaged
over the moments when the turbulent mixing
layer is observed in a given point.

What is kept in the final library used

during calculations is not the values f, "™
obtained from solution of eq. (1), but the values
f., obtained by averaging f "™ with PDF
through (1). So the library is tabulated with the
values of N/, p, Z, 22 as parameters.

We solve a differential equation for y

from [42]:
0_)/+M+i (1_7/)ia_7 :Sg’
ot ox,  OX, o4 OX

where o, =1, v, is kinematic coefficient

of turbulent viscosity. In addition the
approximate relation used in [40] was regarded:

1.31
y=11+(o/z)
1 /7 < 0.555

. o/z2>0.555

3.1 Test 1: Evans-Schexnayder-Beach
experiment modeling

In fig. 3 one can see the scheme of Evans-
Schexnayder-Beach experiment [36]. In this
experiment hydrogen combustion in a round
supersonic jet is investigated. Hydrogen was
injected through supersonic axisymmetric
nozzle with Mach number M=2 into cocurrent
flow of heated air containing water vapor with
Mach number M=1.9. Composition
measurements were done at the cross section
x/d =15.5.

Parameters of hydrogen jet: Y, =1, M=2,

T=251K, p=105Pa. Parameters of air flow:
Yy, =0, Y, =0.241, Y, ,=0.281, Y, =0.478,

M=1.9, T=1495K, p= 105 Pa, where Yj is mass
fraction of i mixture component.
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Adr

p=10"Pa : 1 2006+
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M=19
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Fig. 3 The scheme of Beach et al. experiment

In fig. 4 author's first results of Beach et al.
experiment modeling are presented. Here one
can compare results, obtained with the use of:
quasi-laminar and simple PDF-flamelet model;
equilibrium and non-equilibrium  flamelet
approximation; different shapes of presumed
PDF function - 1) beta-function (pdf;)) -
“Flamelet 1” in fig. 4 a) and 2) Gaussian form
together with Airy function (pdf;) — “Flamelet
2” in fig. 4; different intermittency factor
modeling - 1) with the use of approximate
relation [43] — “Flamelet 1” and 2) by solving
additional differential equation for intermittency
factor — “Flamelet 2”.

For this task we managed to obtain results
that are close to presented in [40-41]. Thus the
first main goal was reached. The use of flamelet
approach allowed to approach the experimental
results. Besides it occurred that the form of used
PDF has essential influence on obtained results.

0.1 T T T

o 04 0.8 1.2 1.6 2
yid

Fig. 4 Comparison of flamelet and quasi-laminar
predictions together with experimental data in experiment Evans
& others. Transversal H,O mass fraction distributions in the
section x/d=15.5

The next series of calculations were held with
improved version of flamelet library and its
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integration precalculation (clustering to zy in z
variable, dependence of definition domain and
step in library in o variable on z variable,
larger amount of values in the library in scalar
dissipation variable N). In fig. 5 one can see the
influence of empirical coefficients (Sc?, Pr.",
C, and C,) used in additional differential
transport equations for the mixture fraction

mean value 7z and variance o =z">. It should
be mentioned that the influence is great. The
best results (thick line with round markers) were
obtained with Pr; =1, Sc; =1, Pr,"=1, C, =2,
C, =0.1.
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Fig. 5 Parametric flamelet calculations in Evans & others
experiment. Transversal H,O mass fraction distributions in the
section x/d=15.5

3.2 The influence of PDF form and its
definition domain

The influence of PDF form with other fixed
parameters was also studied (pdf; with beta
function and pdf, with Gaussian and Airy
function - as in Flamelet 1 and 2 described
above). The results obtained with the use of
these two different PDFs were varied essentially
as it seemed firstly (red and green lines in fig.
6). But it occured that it's not the form of PDF
that gives most difference. Using a PDF one
must keep in mind its definition domain (in
variables Z and o). For the B-function it comes
directly from the condition on its coefficients
£ >0,y >0. For the Gaussian function it might

be derived from the condition known from
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mathematical ~ statistics:  0<Z+k+o <1,
(where 1<k <3). These conditions lead to:

gauss: beta :
7 <2 P )
B 1+7z
27 Sl__z 27 < 2(1_2)2
k T o2-z

In fig. 7 one can see these regions depicted in
(z,0)-plane. Taking k =1 they vary greatly. As
we're constrained in number of points in pre-
calculated library the steps in o differ and for
Gaussian function we don't have detailed library
for low values of o especially for zZ close to
Z=0.5. But the change of library values is
great here. The thing is that we need to fit the
domain according to the values of o in
regarded task. We also organized a calculation
with pdf, but with definition domain as for pdf;.
The results are close to the ones obtained with
pdfy (line with marked crosses in fig. 6).

It must be mentioned that we might have got
wrong level of o values in our calculations due
to semi-empirical eq. for o. Previously, this
equation was verified mostly for round jet
configurations and for low Mach numbers. This
equation requires additional verification and
improvement for complex flow configurations
(compressible flows, wall jets, etc.).
Dependence of obtained results on the values of
o is great and thus the model needs thorough
parameters adjustment for every particular class
of tasks.

Mass fraction Hz0
Pre=1.0, Pr,, =10, Sc,4w=1.0, C,,=2.0
® ©® @cExpeinen -
- = - - - Flamelet, Report
05 T PDF: pdf ‘

XWX, for beta-function
PDF: pdfz

—t—t -

et Vst for Ganss function, k=1

PDF: pdft

Wt fOr beta-function

04

H20 mass fraction

x/d
Fig. 6 The influence of definition domain of PDF and its form
on the obtained results in Beach et al. task
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Fig. 7 Definition domains for Gauss and beta functions

Also we see a strong dependence of results on
empirical  coefficients in equations for
parameters of. However we understand that
changing these parameters we may spoil the
description of classical tasks like boundary layer
on a plate or mixing layer. An option here is to
use parameters, varying in the field depending
on the local flow type, like it is done in SST
turbulence model by F.R.Menter [44]. But it's
the question for the next studies.

3.3 Test 2: Burrows-Kurkov experiment
modelling

In Burrows-Kurkov experiment [37] hydrogen
was injected parallel to the vitiated air flow.
Composition measurements were done at the
exit plane of the test section. The scheme of the
experiment and parameters of the fuel jet and air
flow are given in fig. 8.

0.02m 0.356m

I,

results in test calculations was also studied. The
regarded Kinetic schemes include Moretti
scheme [45] used in our calculations with 6
active components and 8 reactions; scheme [46]
developed in CIAM with 8 active components
and 20 reactions; and [47] used in ONERA with
6 active components and 7 reactions. The results
are given in fig. 9b). One can see that the
influence of kinetic scheme is insignificant.

@O
H;0 mole fraction

yom

Fig. 9 H,O mole fraction profiles in exit section x=0.356 m in
Burrows-Kurkov experiment. Left: pure mixing case without
combustion. Right: chemical kinetics scheme influence

On the contrary, the influence of the initial
turbulent parameters at the entry is appreciably
visible (fig. 10 a)). The best accordance with the
experiment and work [40] was obtained with
decreased turbulent parameter  compared with
[40] with keeping the same initial turbulent
viscosity as in [40]. In fig.10a) the
distributions obtained by the author and from
[40] with the use of quasi-laminar approach and
with simple PDF-flamelet model are compared.

Again in this task it was possible to get some
improvement by tuning flamelet library and its
integration precalculation (clustering to zg in z
variable, dependence of definition domain and
step in library in o variable on z variable,
larger amount of values in the library in scalar
dissipation variable N) — see fig. 10 b).

aR - § & E
= £ g é‘l §
& o _,V_'-’____’/‘—' ;
i FLAME
@;/’ A SIAI Y, 777777777
Hydrogen jet | Air stream
Mach number, M 1.00 2.44
Temperature, T, K 254 1270
Velocity, U, m/s 1216 1764
Pressure, P, MPa 0.1 0.1
Mass fractions:
Cio 1.000 0
Coz 0 0.258
Caa 0 0.486
Cizo 0 0.256

Fig. 8 The scheme and conditions of Burrows-Kurkov
experiment

The results obtained in the mixing task are in
good accordance with experiment and

calculations [40] (fig. 9 a)). The influence of
used hydrogen Kkinetics scheme on obtained
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Fig. 10 H,O mole fraction profiles in exit section x=0.356 m in
Burrows-Kurkov experiment. Comparison of flamelet and quasi-
laminar predictions with experimental data




4 Universal method development

After that the universal method was
implemented into the code. Let us remind that in
this case PDF approach together with some
variant of flamelet model is used only for
modeling source terms in equations for
components of reacting gas, if the limit of
diffusion combustion is locally realized

(SY!™). If the limit of premixed combustion
arises, then the source terms are calculated
using parameters of mean flow and usual

. . —lam .
Arrhenius-like formulas (SYi ). The final
values of source terms are calculated as a linear
combination of these two limiting cases:

— —pdf( T —e _
SYi = Cyitt _comp " V" SY i (7. 2%, N¢, p)+
—lam{—=— = _
+(1_Cdif'f_comb'7)'SYi (T,Y. D),

gipdf(z, 27’ Nt ’ 5) =

= ﬁSYi (2 7. Ng)- P@)P(N,) dNdz
00

f P(z.N,)
SY, (T Y- flamelet)

The coefficient Cy .y, IS Obtained from the

comparison of characteristic times of the
proceeding processes: Cug comp = f (tems L0 11)

where t - characteristic chemical time, t, -

chem

Kolmogorov time scale and t, - macroturbulent
scale. The limiting cases include purely
diffusion regime Cy ooy =1 if tg,, <<t, and
purely premixed combustion if t ., >t . t ., IS

estimated as the maximum between inverse
value of laminar source term for reaction

chem

product (~ ) and inverse critical value

——lam
product

of scalar dissipation rate (at which flame

quenching occurs) ~

cr ’

4.1 Stationary flamelet approach failure

The first results of Burrows-Kurkov experiment
[37] modelling showed that the flame was
blown out. The reason for that is too small value
of H,O (which is combustion product here)
production source term in the region where
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ignition occurs (fig. 11), section A-A). It could
be immediately seen from the comparison of the
laminar H,O source calculated through the
mean flow parameters values with no TCI

(ﬁﬁ?o) with the source term, calculated with

the PDF - S_Yﬂig (fig. 12) (see def. above). One

can see that in the section A-A in fig. 11 a)
where combustion is initiated the laminar
source has very large values in the region where
combustion appears. On the contrary pdf source
term has much lower values than laminar and
there’s no rapid source term growth in the
region of ignition. Thus it leads to the flame
blown down and hence the method turned out to
be inapplicable in its initial formulation.

012 T, K
2000

0 05 o 015 0z | 025 03 038
Fig. 11 Temperature field with no TCI in Burrows-Kurkov
experiment (section of ignition A-A)

Source term for H20 in the section of ignition A-A

1=
c diff comb

SY_tam(Hz0)
SY_pd(H20) | stationary

SY_pdf (H20), reaction progress | 5 _|

Fig. 12 H,O laminar, pdf stativonaril/ andvpdf transienj[ source

terms in the section of ignition A-A
To understand the reason let us remind that we
use stationary flamelet formulation. If we have a
look at the transient development process during
flamelet library calculation for one parameters
set we can understand the reason of this small
source term. In fig. 13 development of H,O
production rate value in time is depicted for
some fixed z. What we use in the stationary
flamelet library is final source values taken at
the end of the process when there're no more
changes and thus the source is small. But doing
this the enormous values arising at the moment
of ignition are not taken into account.
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4.2 Transient flamelet approach attempt

So to make the method applicable to flows in
which ignition is essential it's necessary to add
the transient phenomena into the model. For this
purpose the reaction progress variable was
introduced.

Different models for accounting transient
flamelet phenomena exist. Among them the
Transient Laminar Flamelet Model (TLFM)
developed by Ferreira [48] and recited in [32].
In this model, usual parameters of the flamelet
libraries are supplemented with two new
parameters: the reaction progress variable (c)
and the turbulent residence time (zr). In [32]
another transient approach is also developed
called the “Flame Age Model (FAM)” — it
includes only one additional parameter - flame
age (zg) - added to usual parameters of the
flamelet libraries.

In current work another approach is used that is
based on the work [50]. While creating usual
stationary flamelet library the stationary
solution of equation (1) is ‘used -
f(z,p,N°,t >o). For accounting non-
stationary effects the library based on full non-
stationary solution of the same equation is used
- f(z, p,N°*,t). Linear distribution f based on
the hypothesis of "black-white mixing" is used
as initial conditions for this solution:
f(z,p,N°0)=z-fF+(1-2)- f°. Instead of
the formula (2) the following expression is used:

f =

f, 1oz, 5, N2, t(c))pdf(z, c)dzde + (3)
+(1_7)((1_Z)'(fi)o +Z(fi)F)

Here t(c) - time moment when in non-
stationary solution of equation (1) the
prescribed value of reaction progress variable ¢
is reached. In [50] the values z and c are
supposed to be statistically independent:
pdf(z,c) = pdf(z) - pdf(c) . In [50] beta-function
is taken for pdf(c), based on given values of T

and c¢'?. Additional partial differential
equations are solved in order to find these
values. However in [50] no differential
equations for averaged in time components

1
=yj
0

O ey

mass fractions (V;) are solved. On the contrary
in current work such equations are solved; and
in addition the water mass fraction Y,
characterizes reasonably well the reaction
progress (in particular it is monotonely

increased from its minimum to maximum value
together with reaction proceeding). In current

work for simplicity pdf(c) = 5(C—Y_H20). Thus
in (3) time moment t(c) is chosen in such a
way that the formula gives VHZO coinciding with

the local solution of partial differential equation
for Y, ,. On creating the flamelet library the

11
integrals ” f,1em (2, 5, N2, t(c) )pdf(z, c)dzdc
00

are written into computer memory for every set
= NS Vv = 2
of values p, N7, Y, o, Z and o=2".

The transient model leads to the increase of H,0O
pdf source term in the region of ignition
(obtained in laminar calculation) so that the
flame isn’t blown down. In fig. 12 one can
compare the values of H,O laminar, pdf
stationary and pdf transient source terms in the
section of ignition A-A.

160000 —

SY(H20)/mw(H20) (time)

120000

<= peak value at ignition
80000

oo stationary limit

i\ &

40000 - T T T T T T T T T 1

0 0.0002 0.0004 0.0006 0.0008 0.001

Fig. 13 H20 production rate development in time for some fixed
z during flamelet library calculation

The new model application lead to slight
changes in the regarded test tasks. Parametric
calculations were held and some their results are
presented in fig. 14-15. We should remind that
the switch from one regime to another is done
by comparison of characteristic times. In order
to see the influence of implemented pdf source
the regime was artificially set as "diffusion”
(Cuir womp =1) SO that the final source term is



equal to pdf source ( SY; = SY ipdf (Z, 2%, N;, ﬁ)).
In fig. 14 one can see some most recent results
of the new model application to Beach et al.
experiment and in fig. 15 to Burrows & Kurkov
task. Some influence of model empirical
coefficients (Sci, Pr,” and C,) is presented.
But this influence is to be studied deeper and
once more we'll remind about possible
implementing variable coefficients. Besides one
more remaining question is the kind of
dependence Cyigr comp = T (tepems £, 1) -

0.5

Hy0 mass fraction

yid
Fig. 14 Recent results of the new model
application to Beach et al. experiment

0.6

0.4 —

H,0 mole fraction

0 0.01 0.02 0.03 0.04

y
Fig. 15 Recent results of the new model
application to Burrows and Kurkov experiment

Acknowledgement

The work was supported by the Russian Foundation for
Basic Research (grant Ne 14-01-31546).

References

[1] Shchetinkov E.S., Prudnikov A.G. et al. Combustion
in turbulent flow. AN USSR, 1959.

[2] Shchetinkov E.S. Physics of gas combustion. M.,
"Nauka", 1965.

[3] R.W.Bilger. The structure of diffusion flames.
Combust. Sci. Technol., Vol.13, 1976.

[4] V.R.Kuznetsov, V.A.Sabel’nikov. Turbulence and
combustion. M.,”Nauka”, 1990.

A. Shiryaeva

[5] K.N.S.Bray, N.Peters. Laminar flamelets in turbulent
flames. In: Turbulent Reacting Flows. Eds. Libby,
Williams. Academic Press Inc., 1994,

[6] S.B.Pope. Computations of turbulent combustion:;
progress and challenges. Proc. 23rd Int. Simposium
on Combustion, Pittsburgh, 1990

[7] Turbulent Reacting Flows. Editors: P.A.Libby &
F.A.Williams. Academic Press Inc., 1994

[8] V.A.Sabel’nikov. Supersonic turbulent combustion of
nonpremixed gases — status and perspectives. Proc.
Int.  Colloquium “Advanced Computation and
Analysis  of  Combustion”, Moscow, ENAS
Publishers, 1997

[9] N.Peters. Laminar diffusion flamelets models in
nonpremixed turbulent combustion. Progr. Energy
Combust. Sci., Vol.10, 1984

[10] Spiegler, E., Wolfshtein, M., Manheimer-Timnat, Y.
A Model of Unmixedness for Turbulent Reacting
Flows. Acta Astronautica, v.3, p.265, 1976.

[11] Girimaji,S.S. Assumed PDF Model for Turbulent
Mixing: Validation and Extension to Multiple Scalar
Mixing. Combust. Sci. and Tech., v.78, pp. 177-196,
1991.

[12] Baurle, R.A., Alexopoulos, G.A.,Hassan,
H.A.,.Drummond, J.P. An Assumed Joint-Beta PDF
Approach for Supersonic Turbulent Combustion.
AIAA Paper 92-3844, 1992.

[13]Williams, F. A. AGARD conf. proc. 164, p.Il: I-I-11:
1-25, 1975.

[14] Camer, G. F., Fendell, F. E. and Marble, F. E. SIAM,
J. of Appl. Math., 28, 463 (1975).

[15]Marble, F. E. and Broadwell, J. E. The coherent
flame model for turbulent chemical reactions. Report
TRW-9-PU, Project Squid Headquarters, Purdue
University, 1977

[16] Marble, F. E. and Broadwell, J. E. A theoretical
analysis of nitric oxide production in a methane - air
turbulent diffusion flame. EPA Tech. Rep., 1979.

[17]Spalding, D. B. Seventeenth  Symposium
(International) on Combustion, p 431, The
Combustion Institute, 1978.

[18] N. Peters, Laminar diffusion flamelet models in non-
premixed turbulent combustion. Prog. Energy
Comb.Sci., vol. 10, no. 3, pp. 319- 339, 1984.

[19]Peters, N. 21th Symposium (International) on
Combustion, The Combustion Institute, 1986.

[20] Clavin, P. and Williams, F. A. J. Fluid Mech. 1186,
215 (1982).

[21]Bray, K N. C., Libby, P. A. and Moss, J. B. Comb.
Sci. Tech., 41,143 (1984).

[22] Bray, K. N. C. Second workshop on modelling of
chemical reaction systems, Heidelberg, 1986.

[23]L.L.Zheng, K.N.C.Bray. Effects of laminar flamelet
structures on supersonic turbulent combustion. Proc.
IUTAM Symp. On Combustion in Supersonic Flows,
Kluwer Acad. Publishers, Doordrecht, 1997

[24]Y.Y.Buriko, V.R.Kuznetsov, D.V.Volkov,
S.A Zaitsev, A.F.Uryvsky. A test of flamelet model
for turbulent nonpremixed combustion. Combustion
and Flame, Vol.96, 1994

10



TECHNOLOGY AND CODE FOR NUMERICAL SIMULATION OF DIFFERENT
COMBUSTION TYPES IN HIGH-SPEED VISCOUS GAS TURBULENT FLOW<S

[25]W.Kollman. The PDF approach to turbulent flow.
Theor. Comput Fluid Dyn., Vol.1, 1990

[26] Farschi,M. A PDF Closure Model for Compressible
Turbulent Chemically Reacting Flows.
AlAA-89-0390, 1989.

[27]Pope,S.B.. A Monte-Carlo Method for the PDF
Equations of  Turbulent  Reactive  Flows.
Comb. Sci. & Tech., v.25, N5, p.159, 1981.

[28] Hsu,A.T. A Study of Hydrogen Diffusion Flames
Using PDF Turbulence Model. AIAA Paper 91-1780,
1991.

[29]Hsu,A.T., Raji,M.S., Norris,A.T. Application of a
PDF Method to Compressible Turbulent Reacting
Flows. AIAA Paper 94-0781, 1994.

[30] Eifer P., Kollman W. PDF Prediction of Supersonic
Hydrogen Flames. AIAA-93-0448, 1993.

[31] Baurle, R.A., Hsu, A.T., Hassan,H.A. Comparison of
Assumed and Evolution PDF's in Supersonic
Turbulent Combustion Calculations. AIAA Paper
94-3180, 1994.

[32] S.G.Piffaretti. Flame age model: a transient laminar
flamelet approach for turbulent diffusion flames.
Dissertation. Swiss Federal Inst. of Technology,
Zurich, 2007

[33] V.A.Sabel’nikov, O.Soulard. Rapidly decorrelating
velocity-field model as a tool for solving one-point
Fokker-Planck equations for probability density
functions of turbulent reactive scalars. Physical
Review E, Vol.71, No.1, 2005

[34] Bosnyakov S., Kursakov 1., Lysenkov A.,
Matyash S., Mikhailov S., Vlasenko V., QuestJ..
Computational tools for supporting the testing of civil
aircraft configurations in wind tunnels. J. of Progress
in Aerospace Sciences. 44:67-120, 2008.

[35]V.V.Vlasenko, A. A. Shiryaeva. Numerical
simulation of non-stationary  propagation  of
combustion along a duct with supersonic flow of a
viscid gas in Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace
Engineering, Volume 227 Issue 3, March 2013

[36]Evans J.S., Schexnayder C.J., Beach H.L.
Application of a two-dimensional parabolic computer
program to prediction of turbulent reacting flows.
NASA TP-1169, 1978.

[37]1Burrows M.C., Kurkov A.P. Analytical and
Experimental Study of Supersonic Combustion of
Hydrogen in a Vitiated Air Stream, NASA TM X-
2828, 1973.

[38] Ben-Yakar, A., Mungal, M. G., and Hanson, R. K.
Time evolution and mixing characteristics of
hydrogen and ethylene transverse jets in supersonic
crossflows. Physics of Fluids, Vol. 18, 2006.

[39]Won, S.-H., Jeung, I.-S., Shin, J.-R., Cho, D.-R., and
Choi, J.-Y. Three-Dimensional Dynamic
Characteristics of Transverse Fuel Injection into a
Supersonic Crossflow. AIAA Paper 2008-2515, 2008.

[40] Bezgin L., Buriko, Yu., Guskov O. et al. Flamelet
Model Application for Non-premixed Turbulent
Combustion. Final ECOLEN Report under NASA
Cooperative Agreement NCCW-75. 1996.

[41] Buriko Yu., Guskov O., KopchenovV. et al.
Verification and improvement of flamelet approach
for non-premixed flames. Final ECOLEN Report
under Cooperative Agreement NCC3-496 with
NASA Lewis Research Center. 1997.

[42] Cezar Dopazo. On conditioned averages for
intermittent turbulent flows. J. Fluid Mech. (1977),
vol. 81, part 3, pp. 433-438.

[43] Kuznetsov,V.R., Sabel'nikov, V.A. Turbulence and
Combustion (P.A.Libby ed.). Hemisphere Publ.,
1990.

[44]1 F.R. Menter. Two-equation eddy-viscosity turbulence
models for engineering applications. AIAA Journal,
Vol. 32, No. 8, 1994. pp. 269 289.

[45]Moretti G. A new technique for the numerical
analysis of nonequilibrium flows. AIAA Journal,
Vol.3, Ne2, 1965.

[46] Stakir A.N., Titova N.S., Sharipov A.S. et al. On
mechanism of synthetic gas oxidation. Combustion,
Explosion, Shock waves, 2010, vol.46, Ne5.

[47]1 D.M. Davidenko, I.Gokalp et al. AIAA 2006-7913.

[48]J. C. Ferreira. Flamelet modelling of stabilization in
turbulent  non-premixed  combustion. Ph.D.
Dissertation, ETH, Zurich Switzerland, 1996.

[49]S. A. Baykal. A hybrid unsteady flamelet model for
large eddy simulation of turbulent diffusion flames.
Ph. D. Dissertation, ETH, Ziirich, 2005.

[50]W.J.S. Ramaekers, B.A. Albrecht, J.A. van Oijen and
LP.H. de Goey. The application of Flamelet
Generated Manifolds in modelling of turbulent
partially-premixed flames. R.G.L.M. Eggels.

Contact Author Email Address
Mailto: anja.shiryaeva@gmail.com
Copyright Statement

The authors confirm that they, and/or their company or
organization, hold copyright on all of the original material
included in this paper. The authors also confirm that they
have obtained permission, from the copyright holder of
any third party material included in this paper, to publish
it as part of their paper. The authors confirm that they
give permission, or have obtained permission from the
copyright holder of this paper, for the publication and
distribution of this paper as part of the ICAS 2014
proceedings or as individual off-prints from the
proceedings.

11



