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CznSli 1 : Przepgywy turbufRn

wprowadzenie —

Perhaps the holy grail of turbulence is the statistical resolution
of all scales - a methodology in which representative samples of motions
and processes on all scales are resolved and combined (without empiricism)

In a way that remains computationally tractable at large Reynolds number."
S. B. Pope Ten questions concerning LES (...
New Jornal of Physics (2004) 35
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A short guide to turbulence (with milestones)
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Przepgywy z f awprbwadzgneeper sy j”

Przepgyw dyspersyjny:
przepgyw f dxzy Nga@g®enej czyli pg
Zz CczNst&kaaagy mi | ub kropl ami,

Mot ywacje: przykgady

Aspalanie kropel paliwa w turbinach gazowych,
Aspal anie pygdgu winglowego w kot

Aprzepgywy pary mokrej (turbir

Ai nUynieria chemiczna i proces @mmn

Mot ywacje: sformugowani a
-mo d e | dwupgyn o wBulerowSki):l er ows k o
-Sl edzenie trajekt otrliaigranNFEtoeoky



Simple examples of dispersed flows
Formulations:

- two-fluid model (Eulerian-Eulerian):
- particle tracking (Eulerian-Lagrangian) T applied here

Remarks: - statistical vs. instantaneous fluid flow resolution

- inadequacy of gradient hypotheses -
Jn=—"D,Vn,

(based on local equilibrium assumption)
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Opis dyspersyjnych przepgy. /==

Fizyka zjawisk:

Aruch czNisGgaekaporu, noSna, historii, itd.
Aoddzi agywan-5ai a mdémenie/adbicie, separacja

Aprzemiany fazowe: odparowanie kropel lub kondensacja

Azder zeni anicezsNisatbeikl,noSci hydr okrgpelami czne

Aef ekty Sci SliwoScti éwzprzepgwiwakh fHakow

Problemy modelowania:

Awpgyw turbul encji f somgvicewerSsnej na czNstk
Awar unki brzegowe na Sci asegamcidg model e dwu
Aprzemiany fazowe (nukleacja, flashing, ni er-wnowaga termody

Aat omi zacja strugi, rozpad i koal escenc )|

11



Korelacja pogoUe@E czNstek-—

s\_/ @ 2Q u U,

strefa Scinania (obszar siodgowy)

S>>0 Qf>>|s

Struktury pola przepgywu

dr ugi ni ezmienni k tensora grad

Q:Sjsij —

[Eaton & Fessler, Int. J.Multiphase Flow, 1994] 12



MNP

Ni er - wnomiernoSi koncentra.ﬁwﬁ
W przepgywach dyspersyjnych, pogoUen
strukturami przepgywu (obszary siodg

Ve

Przepgyw z fazN dyspersyjnN w r

(Derksen, 2003) **
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R:-wnanie ruchu

Boussinesg-Basset-Oseen (XIX/XX w.),
Maxey & Riley (1983)
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Particle equation of motion (drag and lift only) -

heavy particles: ~ Pp _ 10°

" V.=U, -V

p

particle Reynolds number:
B 2r Vg

Vs

Re,

for particle Reynolds number

(shear-based):

9 R /2
F == 24 V.I(GI) 2 SGnE)IE) wnere £ = oo = ;

p

for Re;,Re; <<1 Re, << Rel* (Saffman) J=2.255
[McLaughlin, JFM 1991] 15



cznSi 11: METODA LEMP
Obl i czenia dyspersyjnych pr zep Qo<

DNS jest kosztowne obliczeniowo ( nawet w przybli Ueniu czNst
a niezwykle kosztowne dla czNstek o sko@Eczo
jako ruchome granice obszaru obliczeniowego (Tryggvason etal., Balachandar & Bagchi, 2000+)

RANS nie moUe odtworzyl cech strukturaln
(np. korelacji pogoUe® czNstek z chwil ow
Remedi um: cziSciowe rozwi Nzanie chwil owy

A LES (ang. large eddy simulation), CVS (metody falkowe) lub POD

+ przybliUenie czNs ~ch
7 et Pl
e [0
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) &
\C‘Q/ R’
A
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Metoda LES: podstawy

op

+V-(pU S

o (pU) =
Yruvu=-tvpriau+g
ot P

Zmienne wielkoskalowe (filtrowane):

G

1
SuppgG) ~A=—
i kcut . |
Dynami kn dquch wirrnieNeSpi suj e d It AxAxe

—A/2 +A/2
‘3;’+(u V)U=- 1V pr1iAU+V-T + Sy
yo,
Tensor npogsiatkodye™® wy maga d o fiuk Sniagocinski)

1 2 \2 1/2
Ty = 35 T —=2VsesSs  Vsas=Cs A(§ ) por. Pope (2000) 18



met oda
dwojakie znaczenie filtrowania

LES dIl a

rzepdyvw-w |MP
p P gy i34

*Wyznaczanie p- |

z definicji,

pomij a

przepgywu

w turbul enc]j

fl uktuacje poc

*Przepgywy dwufazowe z fazN rozproszonN:
fluktuacje podsiatkowe wielkoSci przer
mogN miel znaczenie (koniecznoSI model

-W og-1lnoSci, czNstki Afil@t/,_r-,\uj//Nf\g‘) skale p

(reaguj N na skale rzhn C a@@géélakosoacj

: . ' QO D87 1 505y,

-W LES, c¢czNstki porusz N | Wil ty.dwa

polu pridkoS8ci (duUyec skal)

niekt-re statystyki r )
N 1/L 1/m

wraUliwe na efekty podsiat kowe )
_ _ .. Szkic kaskady energii . .

(nier-wnomiernosSI koncentracji, cznstoSl

19



Reconstruction of SGS flow velocity in particleladen flows V/"—J/;‘J

In particle equation of motion,

AN

MNP

gggggg
POWOLANY W 1956

. : . : : ] \d 4 A
fluid velocity at particle location is needed: ¢ ¢ |o

- tri-linear interpolation (results presented) . »

- second-order interpolation,

* DNS U =U(xp,t)=0+u' ol | e I

e LES with no SGS patrticle dispersion

cf. Squires (2007) ® o .

o
J 4
Ly

U™ =U(x,,t)

e modelled/reconstructed SGS fluid velocity fluctuations

along part.

cle trajectories, 1.e.

LES filtering impacts on: pref.conc., slip vel. A collision rate

particle tke A wall deposition
slip vel., rel.temp. A cooling/heatig, evaporation 29
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Reconstruction of SGS flow velocity in particleladen flows V/"—J/;‘J

ﬁﬁﬁﬁﬁﬁ
POWOLANY W 1956

Afunctionalo approaches: (in line with effective diffusivity concept for fluid LES):

modelling the impact of subfilter scales on resolved ones

-stochastic diffusion model JLILL ‘
L 4 e /
(Pozorski et al. 2004, Shotorban & Mashayek 2006): "l - ¥ s 0t :
Langevin eq. for fluid velocity along particle trajectories T oL, -
| L J ry ¥,

Astructuralo approaches: resolving (part of) subfilter velocity field

- approximate deconvolution (Kleiser etal. 2001, Kuerten & Vreman 2005)

- linear-eddy model (Kerstein 1990s): triplet map

- fractal reconstruction (Scotti & Meneveau 1999; Salvetti & Soldati 2006)

21



Reconstruction of subfilter field (cntd.) T —

Structural approaches:
1) Approximate deconvolution (Kleiser etal. 2001, Kuerten PoF 2006)
- LT
U=G*U = U=G"*U
truncated van Cittert series expansion:

M ~ ~ ~ ~
U => @1-G)"*Ui=Ui+Ui-Ui)+...
m=0

2) Linear-eddy model (Kerstein 1990s): triplet map
3) Fractal reconstruction (Scotti & Meneveau 1999)

two-parameter, 1D affine velocity transformation

22




SGS particle dispersion modelLangevin-type edq. V‘/%

Functional approach:

Langevin eq. for SGS fluid velocity along particle trajectories

*
*

. 4k
du; =— Yi 2dw

T, 3r,

Estimation of SGS fluid kinetic energy ksg(Yoshizawa, 1982; Moin et al., 1991):

k, = C;A%|57  where |S| = (25;;5;,)/?

analogously to Cg, dynamic procedure applied to solve for (;

C 1 {l’j?’ U,IC — UkUk>aU
I = — =
2 (A2]52 — A?|52)a
Estimation of the SGS fluid time scale:
\ A 2
TL:CSQO__ ng: gksgi

23



Energia kinetyczna skal podsiatkowych w LES 1///;’%

Obliczenia przepgywu turbulentnego w
solver CFD FASTEST (kod opracowany na politechnice w Darmstadt)

3.5

25

k+, kf+, ksg+

Obliczenia DNS oraz a priori LES

[J.Pozorski & T. Wa c g a @0@]y k ”



Dynami ka czNstek w przepdyrme

- d.
R-wnani a runh%:w
. dUp_U?_Up
(czNstki punktoweW—T‘Fg
osko@Ezonej masi e P
..
czcas relaksacji pr P ps18u;

¢ =1/ fD fp =1+ 0.15Re)%%7

e obliczenia DNS « - ,
U =U(x,,t)=U+u

e LES bez dyspersji podsiatkowe] .
U = U(X p!t)

e model rekonstrukcji fluktuacj i

wzdguU trajektorii czNstek, |

e .

pods
>
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DNS orazaprioiLES pr zepgywu

ENEETY

-DNS turbulenciji izotropowej

(na siatce 96*96*96) przy

-model owani e Lagrangeo

czNstek dla r-Unych |

-ni er-wnomiernoSi konc

02<St<?2

(Pozorski, Apte & Raman 200
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DNS przepgywu z

-ni er-wnomiernoSi konce
W obszarze przepgywu s
za pomocN radialnej fu
(ang. RDF - radial distribution function)

gr)drjest liczbN czNj
w powgoce(rkudn)s

-RDF st anowi mi arfi nier-wnomiernoSci I O Z

- RDF daje oszacowanie skali korelacji przestrzennej

28
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Turbulencja z czNstkami: m@ga=l

A DNSorazaprioiLESt ur bul encj | z czNst kami
K o copeq™ 0.65Ko s

resolved”™
Auwzglndnieni e wpgywu fluktuacj i P o

pola priAidkoSci LES na ruch czNstek

(a)

FIGURE 9. Snapshots of particle positions; runs for particles of St = 2. a) DNS; b) a priori
LES with no FPT model; ¢) a priori LES with FPT model and C=0.05; d) DNS for St = 4.

A wyni ki pakoSee&Ewo poprawne dla czN:
[Pozorski & Apte, Int. J. Multiphase Flow, 2009] 30



Part 11l %P_.:_)
/’——J
e

LES of dispersed flows examples of results

|
e *0 (s
Results from regular particle-laden LES C\t;/ P Fp
&/k s
and LES with subfilter dispersion modelling PEN Gy C
D
\ N
i

1) Turbulent channel flow

(also with particle wall separation)

2) Non-isothermal channel

(heated/cooled and isoflux)

2 T T T T T T

3) Jet flows L A e o Y B o
O R SRR e o,

. . . . . 2 0 T i g —

(single axisymmetric and coaxial JetS) = |y ok HMe W I e

1 . -
) 1 | 1 | |- | 1 | 1

“0 3 6 9 12 15

z/D



LES for fluid: reminder on governing equations ‘//_/‘i
s X '
7 et P |l
Dynamics of large-eddy motion (filtered N-S eq.): ké/“\ oK)
T 7 B P
oU, n, oU, 10p + V20 i / \\?E;?\’S?Q
| — y _
ot 10z, p Ox; " Oz { \%3/ R
| \|_/
N

Closure of the SGS stress tensor: dynamic model (Germano & Lilly)

f? = —21,.5;; where v, = C;A?|5

Temperature treated as a passive scalar (filtered energy eq.):

3Tf+_ alf_ o Iff : V't (')Tf
ot Ur ox; Ox; | \ Pr | Pr; ) Ox;

32



LES and particle solvers 1///,—.—_——%

FASTEST3D:academic LES code (Darmstadt, Germany)

-finite volume, second-order accuracy, dynamic (Germano) SGS stress model

SAILOR:monobl ock, spectral LES c od single JBtonyC z 1

PTSOLV:particle solver (in-house)

- Lagrangian tracking, one-way coupled to fluid LES (dilute regime)

33

Velocitymagnitude EulerianLEScomputedvith FASTESBD code



Summary of evolution equations I MP

for particle velocity and temperature (point-particle approximation) v v L
particle velocity U ; fluid velocity U; in LES: U, = Uf + uy
fluid velocity along particle trajectory: U = U;(x;, t), or U= U (xp, t) + uj

fluid temperature seen by particles: 7'/ = T(xp,t), ingeneral Ty = Te(xp,t) + 03

dx.

JL
= U
dt P
du, Ui =Uy
= fp———
dt Tp
dr, T
— J'E,'—
dit T4

the particle momentum and thermal relaxation times, respectively:

2 _ 2
p _.f J d - p e L’p dp
Tp = T =

leUf preg12ay

moreover, fp = 1+ 0.15Re2%97 and f; = Nu/2 = 1 + 0.3Re,/°Pr!/3

(correction factor f; taken from the Ranz-Marshall correlation for the Nusselt number)

34
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LES results for non-isothermal particle-laden turbulent channel flow %

GDAKNS

Flow case: turbulent channel flow at Re. = 150 (benchmark of COST Action LES-AID)

e domain size in streamwise (x), wall-normal (y) and spanwise (z) directions:
47h x 2h x (4/3)7h

¢ discretisation: 64 x 84 x 64 FV meshes

e the mesh: uniform with Az+ = 29.5, Azt = 9.8,
Ayt = 0.17 at the wall up to Ay™ = 10 at the CL

z

DNS data available for particle dynamics: k
[Marchioli, Soldati, Kuerten et al., ICMF 2007] Tt
also, for temperature of particles:
[Jaszczur & Portela, QLES 2007]

Dimensionless box sizes:

for non-isothermal channel flow: either isotemperature (heated/cooled)
or isoflux wall b.c.; Pr=0.71 (air)

L+x =Lx(uq{/v)=1885 wu.
1_*“}, =Ly@q/v)= 942 wu

I =Lz v)= 300 wu.

L,=2h =0.04cm

ﬁ

35



Correlation of particle location with fluid velocity

Q:Sij _Qiiji

Eyz

00067120 225005 _ 0onias 0000450 0,000120 2_.250-005

Particle Stokes number: a) St=2, b) St=10

Qyz

0,000165

MNP

AN

| —)

GDAKNS
POWOLANY W 1956

36
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Particle-laden channel flow: particle locations A

Near-wall layer: 0.5<y" <5
- DNS,
- LES + no model,
- LES + Langevin eq.
for SGS particle dispersion

e ---w‘.v_‘ & 2t "\-'. <y
i I e
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Channel flow: particle velocity statistics e S
20 - . - .
15
ARTE
v
—— DNS: fluid
——- LES: fluid
5 e DNS: St=125|
o LES: St=125
0 ' | L | L
0 50 2 100 150
y
Mean velocity profile for particles of St=125
Reference data (0): DNS of Marchioli & Soldati
(cfd.cineca.it/CFD/repository ) 38
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Channel flow: intensity of particle velocity fluctuations V"/%

ﬁﬁﬁﬁﬁﬁ
POWOLANY W 1956

25 |
o L
[ 05 -
— I P
S &
B e %)
€ . S
1} 5
.
0.5
®
®
0 . N S T TR | " By ey e g™ 00 ) L ) R |
1 10 100 i 10 100
y y

Particle rms velocity: a) streamwise, b) wall-normal. Particles of St=1.
Symbols: DNS reference data; red lines: LES; black lines:
LES with stochastic SGS particle dispersion model.

[Pozorski& Guni ewski, QLES 2007] 39



Particle separation from turbulent flow

Deposition velocity
(mass flux of separating particles):

vt — S _ Pap AL/A
dep — -
PdpUr Niot Ur
lm: YT LN S B a4 | TTTYTTYTYY rrrTTTYTY .l v—vvv—v.
E Diffusional deposition : Diffusion-impaction regime : Inertia-moderated regime
regime 4

3 “

‘§. 10 E : .~: ‘: :‘ - e, E
ol - | B tl iy :
_é‘ F 1 = ﬂ!t“ | :
2 [ 1 ] ae !
< 107 l °t rer |
> E | o dp 48, <2 1 ?
g ! 3 % . 4 :
- + | an : 9 ‘g | 1
o — o o a
3 10°F ' - 1 ' E
& F 1 a | -
o : I o® 2 | 2
@ X ™ 00 % | .
v d o - a
= 10°F A e o , 3
k= 3 . e 2% .0 aw m o Friedlander & Johnstone (1957) | 3
§ [ it . ¥ 9 A: Sppa + Schwendiman & Postma (1962) ]
- - e et - + Wells & Chamberlain (1967)

A 1F ' a Sehmel (1968 ;

3 I ) 3

: | s Liu & Agarwal (1974) 1

]0-6 AT adsasl .. sl e saasal Addedadaal PR S W Y
107 107! 10° 10! 108 10

Dimensionless particle relaxation time, 7,

P

a experimental data
for turbulent pipe flow

[Young & Leeming, JFM 1997] 40



Particle wall deposition (cntd.)

LES computation of deposition velocity: SGS particle dispersion + lift force

10° ¢ —
oe o W
107 " e A= " W -
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[Pozorski& Guni ewski, OQLES, P008]



Heated/cooled channel flow: fluid temperature statistics V'/%—
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[Pozorski& Guni ewski , Qappedn]l I, 2010 (to 43



Heated/cooled channel flow: scatter plots for particles of St=5 1///;‘——)’
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(a) particle wall-normal velocity, (b) particle temperature

éscal ar boundedness constraint shoul d

if a model for SGS temperature fluctuation is attempted "
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Heated/_cooled c_hgnnel flow: particle velocitftemperature @
correlation coefficients T —
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LES results for particle-laden axisymmetric and coaxial jets V/P‘-'/w—_;P—JJ

Benchmark problem, experimental data available

- Re, =u’D/v = 27500
[Hishida et al., JCMF 2000]

present LES:

. . Inlet b.c.: U, =u;[1+tam{7.5£1—RJD
computational domain: 2 R,
(r,d,z):3.5D x 2" x 18D

Outlet b.c.: ou,
ot

ou,
0z

=0

+U.
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Jet discretisation (cntd.)
Implementation issues for particleladen flow

Block-structuredyrid: total~200000cells
Central part: A @ r iofd1%*15*130cels
Outer part: 4 regular(r,d,z) blocks

of 20*15*130cells

parallelcomp with domaindecomposition

A Efficient update of particle data arrays:
- particle localisation : global (b.c.)
and local (within blocks)
- particle A e x ¢ h éetvgeendprocessors
(parallel computing, MPI library)

- handling new (inlet) and A d e @attidles (gone out, separate

A Fluid velocity interpolation at particles:
- Aqu ab It @c isear interpolation on regular (r,d) meshes

- A @ r ii dhterpolation using tabulated (pre-computed) fine grid

a7



LES for fluid: streamwise

Axial velocity.
closeup of thenearfield (up to z=10D)

l T T T I T | T I T | T ]
+ exp (Panchapakesan & Lumley 1993)
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Axisymmetric jet: particle number and patterns e
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Axisymmetric jet: particle number and patterns e i
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Axisymmetric jet: particles of St=1
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| MP
Axisymmetric jet: particle statistics (axial) ///“i
z/D =10 z/D = 20
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