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OVERVIEW

* Numerical Model

e Validation

e Influence of Swirl number
e Influence of Diffuser

e Influence of Stoichiometry

Two approaches:
e [sothermal Cases using LES

 Mixing and Reactive Cases using Swirl
dominated RNG k-¢
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Aim and Justification
* To achieve lean flame stability and ultralow emissions.

e Actual trends:

— Bluft bOdy } ™ AP, M, soot
— Cross flows

— Swirl burner 3T, & AP, lean flames

e Flow Pattern

— Low-swirl burner (S < 0.5)
e Central Divergence Zone
e Shear Layer
e Quter Recirculation Zone
— High-swirl burner (S > 0.5)
* Inner Recirculation Zone

e Shear Layer
e Quter Recirculation Zone
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Benchmark: Test case of Roback & Johnson
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Isothermal (no cofmbustion) Van 1.52 m/s
V., 0.66 m/s
Ref. Roback R., Johnson B.V. (1983) Ma_ss and | V. /V.  5.2855
momentum turbulent transport experiments with
confined swirling coaxial jets, NASA CR-168252 Voo/Ve  2.295
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Physical model: Swirl number 1.2

1 Lirz 1

Isothermal case

Velocity 0.66 m/s 1.54 m/s
Diameter 0.025m 0.028 m
Density 1.225 kg/m?3
Viscosity 1.7894 10° kg/(ms)
Intensity of turbulence 12% 7.5%

k 0.00310 m?/s>  0.06600 m?/s?
g=c k" /¢ 0.00567 m%/s®  0.6925 m?/s3

e S =1 generated with eight-flat-vane swirler of 622 pitch angle and
5
25 mm Chord => Forced Vortex RES Scientific Seminar of Engineering, BSC 15th October 2014



Challenges working with HPC

e Parallel processing using OpenFoam.
— Optimum method of spatial decomposition.
— Minimize the number of interface cells: scotch.

* LES

— Uniform hexahedral Mesh

— Enough spatial and time resolution if energy spectrum is
correctly predicted.

— Different postprocess tasks

e Special treatment of the data: time averaged fields, Labda2, ...

e Analysis of frequency domain that request frequent snapshots,
register of probes located on free turbulence zones.



Time averaged and mstantaneous flow

050300 03 05 08 10 13 15 18 20 050402010102 04 05 07 08 10 1113 1416 17 18 20

Instantaneous flow Mean flow

e |t is hard to predict flow patterns from
Instantaneous fields.

— backflow with negative averaged velocities are often
positive in instantaneous fields.

— Streamlines can be far from being comprehensible

 Only after full convergence has been achieved, the
time average can start.
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LES Requisites

e LES treatment models small isotropic turbulent scales. Hence
a Driest’s wall-damping function is necessary to cancel sub-

grid stress viscosity near walls ( y_|_>

fu=1—exp o

Hsgs = fﬂp(CsA)z /2§ij §ij

e Besides, it requires very fine mesh in all directions near walls,
not only in the near-wall direction. [Davidson, 2007] proposed
spatial resolution on the wall.

Ay* =1, Ax* =100, Az* =30



Implicit LES Model

e Implicit LES (ILES) can be applied in numerical simulations
of transitional flows.

* Filter width A is related to the mesh size A, , then no
subgrid model is applied.

* Since the subgrid stress tensor has a dissipative nature,
this role is played by the numerical error such as proposed
by Boris and Oran among others [Bensow, 2010].

. The numerical error is controlled using different kind of

II +arc ’jnA l’\
Hmiters ana scnemes,

div(phi,U) Gauss limitedLinearV 0.005;
TVD scheme with a coefficient looking for good accuracy.
e Ay*=11is a prerequisite.



iLES 2.5mc
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Ay,*=2.53
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x/Dc

— annular nozzle A~d/46;
— central nozzle A~d/40;
— test chamber A~d/110.
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— annular nozzle A~d/22;
— central nozzle A~d/32;
— test chamber A~d/110.
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UMean

Uprime2Mean<0.5
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Scale Selective Discretization

e This method is proposed by [Vourinen, 2012]

e Separation of the scales is performed using a high-pass filter.
For non uniform meshes, the laplacian filter has the
expression:

, 0 (Ai)z aui

u. = —
l
axj T axj

filter operator is identified as the Nyquist wavenumber to the
power of -2.

 Decomposition the velocity field into the smooth and the
fluctuating parts.
. - a !/ !/ a !/ a !/
div(uu;) = —[Uj(ui — Uy +ui)] = —[uj(ui —Ui)] +a_xj(ujui)

axj (?xj

The first one is solved with a second order scheme whereas the
second is solved with a blended scheme between first and
second order.



Implicit LES Model with Scale Selective

IAAMA l—ﬂ IA

LJIbLI etiZation

* |n case of an implicit resolution, the non-linear term
is not transformed and two source terms are added

on the RHS of the momentum equation as forces.

0 0
fm,i — _a_xj[uju,h] ax (u u 21)

Where the fields u’;, and u’,, are equal and result
from the same Laplacian filter. Once again each term
must be solved with different schemes.



Validation

Wall y+ Ayt =0.291, Ay ' = 6.447

Axial Velocity Radial VVelocity Azimuthal Velocity
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UMean

Uprime2Mean<0.5
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Criterion A, for vortex identification

Contours of vorticity
components or the pressure
field made difficult to identify
local low-pressure areas.

Where A, is the intermediate
eigenvalue of the tensor S?+Q?

A, <0 represents locations in
the flow where the rotation
dominates shear.
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Criterion Q for vortex identification
1
Q —_ - E(SIJSIJ — QiiQii)°

Q =30000. Slices at

e Q defined as:

Lambda2 =-500000. Slices at
axial positions z = 15mm and
25 mm with axial velocity

ranging from -0.3 to 0.8 ms™.

0 0E+00
-4 TE+05
-3 3E+05
-1 AE+0R
-1 9E+0R
-3 3E+DG
-3 BE+0B
-3 3E+DG
-3 TE+DG
-4 JE+0R
- -4 TE+0E
|ﬁ-51E+na

{5 BE+05
-E.1E+DG
B 5E+DG
-7 NE+0R
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axial positions z =
17.5mm and 25 mm

with axial vorticity

120 s

ranging from

1.0E+05
9.4E+04
8.8E+04
8.1E+04
7.5E+04
6.9E+04
6.23E+04

1 5.6E+04

5.0E+04
4 4E+04
3.8E+04
3.1E+04
2.5E+04
1.9E+04
1.3E+04
6.3E+03
0.0E+00

-120 to

120.0
105.0
90.0
75.0
60.0
45.0
30.0
15.0
0.0
-15.0
-30.0
-45.0
-60.0
-75.0
-90.0
-105.0
-120.0




 The full spectrum is given by:
. 2/3 . .—5/3
E(k)=1 1 15" «

Taylor’s hypothesis of frozen turbulence.

e Determination of the spectrum requires
simultaneous measurements of all velocity
components at multiple points.

e |tis common to measure one velocity component
at one point over a certain period of time and
convert the time signal to a spatial signal using x
= Ut with U being the time averaged velocity. It is
only valid for u’/U << 1, which is not always the
case.



Energy decay for Re,=2400
e Taylor-scale Reynolds
number R, is related . amie oo s speciom-ogarivme scae
to the turbulence
Reynolds number as |

Re, = (230 ReL) 5 |

1,2 5
K 0k

Ui (k|

Re =

L

10" 10" 10° 10° 1t 10°
e |n the case of R&J sverumber

Re =2400= Re, =126
nN=0.17 mm




POD recipe
: - : ul o ul
Arrange fluctuating part of velocity 17 — [ul uw . uﬂ'] — 'i-rln. -tga.
components for the N snapshots as: 1 U
1 2
L Ulm Uim

Calculate Covariance matrix: (j — UTU

Solve the eigenvalues: éA? — /\?A?
/\l>)\2>--->/\N:O
N .
> A
_ n=l1

|| N
> A
n=1
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Order the eigenvalues:

POD modes are: 0}

N
Uy

Iﬁifra

h

Ulm
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POD at x = 50mm, 400 samples At =104 s

Energy of each modes Mode 0: Averaged Flow
014
012
N 200:_ ra
B .

100 [{y

0.04 - ¥
50 X

0.02

T =
! ! ! ! 50 100 150 200 250
100 150 200 250 300 Y



POD at x=50mm

Modes 1-2 Modes 3-4




Precessing Vortex Core (PVC)

e The centre of instantaneous IRZ is not located in the axis of
the chamber. The temporal sampling of instantanous

azimuthal velocities evidences this centre spins around the
axis.

 The frequency of spinning corresponds with a Strouhal
number around 2.83 calculated based on the chamber
diameter and its bulk velocity.
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Instantaneous velocity field in the transversal section Z = 0.15 m. Contours correspond with
tangential velocity over velocitv vectors.
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Swirl number is _M-M

produced by 8 Trailing Edge Angle 452

flat bladesof  pmm—ym— 0.05 0.05 0.5
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Influence of Swirl & Diffuser

 No_Dif and diffuser 602
e Contours of Averaged Axial Velocity
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S =1.2 Averaged Axial Velocity
e Diffusers 602, 909, 1209, 1409, 1602 and No_Dif

C 1.21429

1.21429 1.21429

121429 121429 121429
D.642657 0642857 0.642857 0.642857 0642857 0.642857
3 0.0714286 ~ 0.0714286 0.0714286 F 00714286 = 0.0714286
-0.5 = -0.5 -0.5 05 =] -0.5

0.2
0.2
0.2
0.2

-0.05 0 0.05| -0.05 0 0.05 | -0.05 0 0.050 -0.05 0 0.0 0.05
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S =0.6 Averaged Axial Velocity

e Diffusers 602, 909, 1209, 1409, 1602 and No_Dif
] - AT

1.21429

0.642857

0.0714286
-0.5

1.21424
0.642857
0.0714286

1.21429

0.642857

0.0714286
-0.5

1.214249

0.642857

0.0714286
-0.4

02
Q2z
0.2

_____ ,‘ N

-0.05 0 0.050 -0.05 0 0.05f -0.05 0 0.050 -0.05 0 0.05 -0.05 0 0.05
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Passive Scalar

e Diffusers 602, 909, 1202, 1409, 1602 and No_Dif

S=1.2

-0.05

0 0.05 -0.05 0 0.05 | -0.05 0 0.05| -0.05 0 0.0

a 0.05 -0.05 a 0.050 -0.05 a0 0.05 -0.05 a0 0.05
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ILES and SSD+iLES are very challenging approach
to model flows.

Averaged fluid field was validated with
experimental results provided by Roback and
Johnson.

The analysis on the frequency domain let identify
energetic vortex structures using Proper
Orthogonal Decomposition.

Strong swirl numbers produce larger IRZ and
smaller ORZ than low swirl numbers.

Diffuser prevents or reduces the ORZ



Num rical Model of Multi-Species

°
Cﬁ

Ulll 1 llluu\/ v

[Roback 1983]

e Swirl generator: 8 fixed
blades. Different swirl
numbers

mmm

Trailing 259 49 »
Angle Annular Nozzle ™7

Test Chamber

e Mesh of 5 M grid points

* Second order upwind _ Central Nozzle Annular Nozzle
- Roback & Johnson Axial Velocity (m/s) 0.66 1.52

12.5 mm Turbulence Intensity (%) 7.5 12

5 15.3 mm Hydraulic diameter 0.025 0.03

61.0 mm Mass fraction 90%CH,+10% N,  22%0,+ 78%N,

50 mm

Ri

R

R 29.5 mm Temperature (K) 300 900

R

S

] RES Scientific Seminar of Engineering, BSC 15th October 2014 33

Im



RNG k-¢

e Swirl dominated RNG k-¢ is suitable for non
isotropic flows

0 0 0 ok

Y (pk) + A%, (pku;) P <“k#eff 0xj> + G — peE
d

]

] 0 de o e o g” r
E(p‘g)'l'axi (pgui)_a_xj ae:ueffa_xj + 1sk k 2£pk £

Cu Clg C28 Mo B
0.0845 1.42 1.68 4.38 0.012

* The term R_ represents the rate of strain defined
by

_Gn’p(L—n/no) €
B 1+ Bn3 k

R,

n = (ZSU Sij)O.S k/g



Combustion Model: Probability Density Function

* Mean Mixture Fraction equation

0 0 0
() + o (puf) = 5 (B 1)

Variance

e Mixture Fraction

equation

d —75
En (of

0x;

e Probability Density Function, p(f),

let obtain local temperature

from tabulated experimental
results .

o= f p(AT()df

0
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Influence of Swirl Number

e Contours of Mean Mixture Fractions are convex for mild
swirling flows and concave for strong swirling case (90%CH,)

Level fMean Mixture Fraction

LY
Z z
S =0.14 $=0.74

gviel Mean Mixture Fraction

0.80

=] 0.80
0.70

7 0.70
0.&0

b 0 k0
0.50

5 0.0
0.40

4 0.40
0.30

3 0.30
0.20
010 2 0.20

1 0.10




Contours of Mixture Fraction
Variance for rich flame (90% CH4)

i Z

S =014 S=0.74

v el Mizture Fraction Yariance

nos
no4
no4
003
003
0oz
0o
001

Le “ Lev
7 7
5 5
5 ]
4 4
3 3
2 2
1 1




Contours of Temperature for rich flame (90% CH4)

Bearing in mind the criterion to locate the flame front as the maximum temperature
gradient, it is clear the thin reaction zone for swirl numbers of 0.74 and 0.95 located ahead
of the lead stagnation point of the IRZ.

In the case of swirl number 0.14, the lack of IRZ produces a thick reaction zone associate to
weak temperature gradient.

Numerical results predict no fuel reaches the IRZ even if other references assert it may be
possible.

$=014 S$=0.74 - S$=095
Temperature Temperature 11 ? Ternpetature
2400 = 2400
2171 | i 2171
1943 . 1943
1714 T p) 1714
1486 I | 1486
1257 { 1257
1029 - 1029
N 800

800




Radial profiles of Axial Velocity for reactive and
non reactive cases

Reactive cases (RXN) produce higher axial velocities than non reactive cases (noRXN)
because there is a reduction of density in the reaction products

It is clear the IRZ is higher for no reactive case than for the reactive one for swirl 0.74.

55 = = S=0.14noRXN = == $=0.14 noRXN
_ e 5=0.14 RXN
e 5=0.14 RXN = -
) PN P Z=5mm = = $=0.74noRXN  /\ N\ Z=50 mm
— = 5=0.74noRXN 15 7 \
———5=0.74 RXN
e §=0.74 RXN
z 1.5 z
I3 = EXP_Palm g1
~ 1 ~
> >
0.5
0.5
0 —ﬁgf 0
05 ‘ : 05 . ‘ . : . : .
0.08 -0.06 -0.04 -0.02 0 0.0z 004 006 0.08 0.08 -006 -004 -0.02 0 002z 004 006 008
R[m] R[m]
16 == «= S5=0.14 noRXN 12 = = S=0.14 noRXN
= e 5=0.14 RXN
14 Z=100 mm z 274 - ——S=0.14RXN Z=300 mm
= = 5=0.74no0
i N AN R R
) /I N S=0.74 RXN :
— 1 & 7 = 08 ss0ZARKN T~
E o3 N - ' E / \\
E X/ W\ =
~ 0.6 7 o 0.6
YL YASEN P,
0.2 7( / X 0.4 7 < <
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o 4 N . \\ 02 ’7_~ SO
02 V/ \‘ /4 \
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0.08 -006 -004 -0.02 0 002 004 006 0.08 15th 008 -006 -004 -0.02 0 0.02  0.04 006 008
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rature for reactive and
e cases
.14, whereas for S=0.74 the flame is

D

Radial profiles of Temp

non react
e The maximum variance is observed for S=
more compact in longitudinal direction

D
Q.)
& EE'
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Fuel Air
Inlet Central nozzle Annular nozzle
Stoichiometric 19% CH4+81%N,
mixture (A=1)
Composition Lean mixture 16% CH4+84%N, | 22% O2,78% N2
(=1.2)
Lean mixture 14% CH4+86%N,
(=14)
Temperature (K) 300 900
Velocity (m/s) 0.66 1.54
Turbulence Intensity (%) 12 7.5
Density (kg/m’) 0.6679 1.225
Specific heat (J/kg/K) Polynomial function of temperature
Thermal conductivity (W/m/K) 0.0332 0.0242
Viscosity (kg/m/s) 1.087.10-5 1.7894.10-5
Molecular Weight (kg/kg/mol) 28.996
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Contours of temperature for
stoichiometric and lean flames
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Contours of NO for stoichiometric and

lean flames

Swirl no. 0.14

Swirl no. 074

$=0.14
Lambda=1
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Lambda=1
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Lambda=1.4
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Low swirling injectors do not promote the fluid to turn over near the
centre of the chamber, resulting larger mixing and reaction zones with
weak gradients of temperature and species' mass fractions.

Whereas, high swirl burners promote the formation of an inner
recirculation zone with hot products of reaction. The lead stagnation point
of the IRZ plays an important role fixing the location of the flame front in
swirling burners.

At constant stoichiometry, the flame front is thinner and the equilibrium
temperature as well as NO emissions are higher than those of low swirl
burners.

These aspects offer a chance of using lean mixtures with the
corresponding reduction of methane consume and NO emissions.
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