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§ RIGID FIBERS IN WALL TURBULENCE -

University of Udine

FIBERS ARE MODELLED AS NON-DEFORMABLE PROLATE ELLIPSOIDS EVOLVING
IN 3D TIME-DEPENDENT FULLY-TURBULENT FLOW (E.G. MARCHIOLI ET AL, 2010)

ASSUME.
* FIBERS SMALLER THAN THE SMALLEST FLOW SCALE

> POINTWISE - : i
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Kinematics :
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Multiphase Flow A NOTE ON TIME c:nst
T ———— A INTEGRATION OF EQUATIONS -

THE SYSTEM OF ODES IS STIFF (REQUIRES VERY SMALL TIME STEPS)

USING AN EXPLICIT METHOD FOR THE DYNAMICS (E.G. RK4) woOULD
BE COMPUTATIONALLY VERY EXPENSIVE

ALTERNATIVE SOLUTION: USE A MIXED EXPLICIT-IMPLICIT SCHEME.;

dvt S—1 3
x + ut — )4
dt+ ( S )9a ANS g+ y [Fan(ug )

+ kie(uy — v )+ ks(ul — 'L’j)}




Multiphase Flow A NOTE ON TIME c:n;t
INTEGRATION OF EQUATIONS -

THE SYSTEM OF ODES IS STIFF (REQUIRES VERY SMALL TIME STEPS)

USING AN EXPLICIT METHOD FOR THE DYNAMICS (E.G. RK4) woOULD
BE COMPUTATIONALLY VERY EXPENSIVE

ALTERNATIVE SOLUTION: USE A MIXED EXPLICIT-IMPLICIT SCHEME.;

dvt S_—1 3
T _ + I § S + _ +
dt—'_ ( S )gI + 4)\5(1._}_2 [ 11(1[1. Uy )+

+ klg(u;_ — l’;_) + klg(uj — lj)]

[4)\ 5(1+2Ir jll(u‘.,lz - 1"’;71}_{_1)'{'
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(S — 1) g+ 12( Y + 13 z ) C'(l‘rag
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Multiphase Flow , A NOTE ON TIME c:n;t
Sl I [INTEGRATION OF EQUATIONS -

THE SYSTEM OF ODES IS STIFF (REQUIRES VERY SMALL TIME STEPS)

USING AN EXPLICIT METHOD FOR THE DYNAMICS (E.G. RK4) woOULD
BE COMPUTATIONALLY VERY EXPENSIVE

ALTERNATIVE SOLUTION: USE A MIXED EXPLICIT-IMPLICIT SCHEME.;

dvt S—1 3
T + 2 IL. | + B ‘—t—
df—'_ ( S )gI + 4)\5V(L+ 2 [ 11 ( ul’ L T ) +

+ Ap(u; ;_) + /1713(11? — lj)]

. S n+1
l4)\5(1+2}r W e

n + Ali un . "U?)

A
Y S 1 N AIQ(lly
C grav.r — —= | Y

Sl vy + At {(grat T C’Yd'rag [kllug + kl‘z(uz - l;) + le(u‘? - l?)] }
1+ At C'Y(l'ra.g : lﬁll
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SIMULATION PARAMETERS.

* FLUID Re; | Fluid | pp [kg/m?] | v [m?/s] | hem] | ur [m/s] | uz [m/s]
150 Air 1.3 1.57-107° 2.0 0.11775 1.77
150 | Water 1000 1.00-107° 0.5 0.03000 0.45
e PARTICLES Set T A S 2b* (um) (kg/m?)
F1-1 1 1.001 34.72 0.72 96.07 45.14
F1-3 1 3 18.57 2.16 287.93 24.14
FI1-10 1 10 11.54 7.20 960.09 15.01
F1-50 1 50 7.54 36.00 4800.01 9.80
F5-1 5 1.001 173.60 0.72 96.07 225.68
F5-3 5 3 92.90 2.16 287.93 12077
, — R o _ , — po _
mp(A = 50) > mp(A =10) > mp(A =3) > mp(A = 1.001)
F30-3 30 3 557.10 2.16 287.93 724.23 r
F30-10 30 10 346.30 7.20 960.09 450.19
F30-50 30 50 226.15 36.00 4800.01 294.00
F100-1 100 1.001 3472.33 0.72 96.07 4514.03
F100-3 100 3 1857.00 2.16 287.93 2414.10
F100-10 100 10 1154.33 7.20 960.09 1500.63

F100-50 100 50 753.83 36.00 4800.01 979.98



Multiphase Flow “CARTOON” OF CEDE_I:
FIBER ELONGATION -

@ /-1 (SPHERICAL PARTICLE)

’ A=3 (E.G. PLANKTON)

A=10 (E.G. NYLON FIBER)

A=50 (ELONGATED “SPAGHETTI-LIKE” FIBER)
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POINT-PARTICLE DNS —
FLOW DOMAIN AND FLOW
FIELD CALCULATION

.. CIockWise *
vortex k\\.\

o
Counter~clockwise *
__-"vortex

z=h

No-slip Walls

ou;

s — O?

OX;

ou; » au,-+ 1 ou; (’)p+S

'3 — ] s s - s ( ],.

ot 70x;  Re. X2 Oxi '
. TIME-DEPENDENT 3D TURBULENT GAS FLOW
. CHANNEL sSIZE: L, X L, X L, = 4xth X 27h X 2h
. PsSEUDO-SPECTRAL DNS: FOURIER MODES (1D FFT) IN THE HOMOGENEOUS DIRECTIONS (X AND Y),

CHEBYCHEV COEFFICIENTS IN THE WALL-NORMAL. DIRECTION (Z)

. TIME INTEGRATION:; ADAMS-BASHFORTH (CONVECTIVE TERMS), CRANK-NICOLSON (VISCOUS TERMS)
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crrects on reer ovnavics (i
el e THE DISSIPATIVE SCALES Ty, Ty
o — CHANGE WITH WALL DISTANCE

5 i
L ° 30 . o7
e 100 3.6 |
i e DISSIPATIVE KOLMOGOROV
e | TIME/LENGTH SCALE
T e e T =t 7 T- RENORMALIZED
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| +
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EFE & 7 F
. L Mesmnae s T @y | 0
0 2000 4000 6000 8000 10000 12000 1
X+

HENCE PARTICLE INERTIA CHANGES WITH WALL DISTANCE!!
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PARTICLE DEPOSITION ONTO A WALL -

Multiphase Flow

QUALITATIVE EXPLANATION OF INSTANTANEOUS WALL TRANSFER MECHANISM

150
DEPOSITION AND

ENTRAINMENT ARE
CONTROLLED BY
TURBULENCE
STRUCTURES
LOCALIZED IN TIME
AND SPACE

100

RED: HIGH STREAM-
WISE VELOCITY

BLUE: LOW STREAM-~
WISE VELOCITY

50

PURPLE PARTICLES:
TO THE WALL

LIGHT BLUE
PARTICLES. OFF &
THE WALL Y
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TURBULENT PARTICLE DEPOSITION o cor . o
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ONTO A WALL: PHYSICS FROM DNS -

Multiphase Flow

niversity of Udine

WE CAN PICTURE PARTICLE WALL DEPOSITION AS A MULTI-STEP PROCESS. PARTICLES
ARE FIRST ACCUMULATED IN THE BUFFER REGION AND THEN DEPOSITED

Segregation
Region
(Buffer Layer)

Near—Wall Accumulation
Region ( Turbophoretic Peak
of Particle Concentration)

Deposition
Region

— —

‘-“—. .
—%s e
Deposition I ..
. . Nn—sweocps
by impaction '

Wallward
’ particle flux

—— -

Depasition ‘..‘
by diffusion Outeard
Ejections particle flux
\< - :Ii 3 /

i Wall
distance

Salid wall
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FROM MICROSCALE PHENOMENA
TO MACROSCALE EFFECTS
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PHYSICAL MECHANISMS LEADING TO DEPOSITION ORE RESUSPENSION ARE
DETERMINED BY PARTICLE INTERACTION WITH NEAR-WALL STRUCTURES

COUNTER-CLKWS
ROTATING QUASI-STRMWS
VORTEX (®,)

BLUE:
CLKWS ROTATING
QUASI-STRMWS

VORTEX (®,)

RED:
PARTICLES APPROACHING
THE WALL

PALE BLUE:
PARTICLES LEAVING
THE WALL

150

100

50
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FIBERS IN THE

NEAR-WALL REGION

9
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RECALL
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Cooperation in Science and Technology
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50, 0<z*<25

17=30, A

SN
EE

17=30, A=10, 0<z"<25

FAR R R LR

a
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600 900

300

600 900

300

FIBERS SEGREGATE INTO STREAKS WHICH SUPERPOSE TO

THE FLUID LOW-SPEED VELOCITY STREAKS
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Multiphase Flow
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o " | —e— A=1.001
=30 o A=3
25 F 7w A=10
a- A=50
2 F i
L
Q 15+ .
o
1r i
05 .
0

8 -7 6 -5-4-3-2-101 2 3 45 6 7 8
(u+x).

FIBERS SEGREGATE INTO STREAKS WHICH SUPERPOSE TO
THE FLUID'S LOW-SPEED VELOCITY STREAKS

BUT THE DEGREE OF SEGREGATION DOES NOT DEPEND ON A/!
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DIGRESSION: HOW “STRONG” IS THE
{ PARTICLE-WALL INTERACTION MODEL? -
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0.03
L ET US CHANGE THE
0.025 - "RULE” FOR DETECTING
PARTICLE-WALL IMPACT...
0.02
§
s 0015 f
L
()]
o
0.01
—— L*=24 (clase 1)
—=—L"'=9.6 (case 2) ||
0.005 + hoke —=—L*=3.2 (case 3)
0 = 1 EL. Q;;(“(\ *;
8 6 4 2 0 2 4 6 A v
Streamwise fluid velocity fluctuation, ux‘@p «’; (h’ ‘:-i
THE PDF FOR THE LONGER FIBERS ol {4
INDICATES SEGREGATION INTO HSS! i §4
THIS HAS BEEN OBSERVED ALSO IN o5 %
FINITE-SIZE SIMULATIONS (DO-QUANG - AN }‘sg e
.

ET AL., PHYS FLUIDS, 2013)
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RESULTS. QUANTIFICATION OF oo oo
LOCAL FIBER SEGREGATION -

Multiphase Flow
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TURBULENCE SEGREGATES FIBERS
HIGHER-INERTIA FIBERS APPEAR MORE SEGREGATED
HOW TO QUANTIFY SEGREGATION? AS DEVIATION FROM A RANDOM DISTRIBUTION

RANDOM DISTRIBUTION PREFERENTIAL DISTRIBUTION
Ax {,_.—- - = :.-T.-.° —.:::- :‘:-:.
0.15 - ---— e _..° - __: -o.Ts'
01T O-Poisson -—- S - = |- = —_ D o
w - — - - -- X - —_— e w
e T— T === - - E=====:5
0.05 - 8 0.05 +
\_Y_I y
0 0 3 6 9 112 15 18 Ay 0 0 3 6 ] 12 15 18
NP,box NPVDO
O. STANDARD DEVIATION T — O po;
otsson
m: MEAN NUMBER OF — |D = = Daz.Ay) —> Dhux

m

PARTICLES PER CELL
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LOCAL FIBER SEGREGATION -
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THE VALUES OF D,,,, ARE AVERAGED IN TIME AND COMPUTED FOR Z* < 5 (VISCOUS SUBLAYER)

t"=856-1056, z'<5

g B
o
zs% ...... V ........................ qh; ......... g . St=5
...... Ag .
o
a8
s 02r .
g
5 ol - —&—— .| St=100
?
0.1 _
St=1
\g *— —— —
1.001 3 10 50

Aspect ratio, A

THE DEGREE OF SEGREGATION IN THE NEAR-WALL REGION DEPENDS ALSO ON A
(NOT ONLY ON St).

THE INFLUENCE OF A ON SEGREGATION CHANGES SENSIBLY FOR DIFFERENT St
(DIFFERENT PARTICLE INERTIA).
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FIBER DEPOSITION RATE -

Multiphase Flow

niversity of Udine

LLONGER FIBERS TEND TO SEGREGATE LESS

FROM EULERIAN-LAGRANGIAN STUDIES OF SPHERICAL PARTICLE DISPERSION IN TBL,
WE KNOW THAT SEGREGATION CONTROLS DEPOSITION

LET’'S LOOK AT FIBER DEPOSITION (QUANTIFIED BY K)

0.1 | . i
J kg /m’s] ; il A A ]
K, = - ;
d
C [kg/m'] . 4 o 4 N
X A ® .
o A
©
“§ @
< 0.01 .
2 S A ]
g =
= & A=1.001 @
A 3 A
10 =m
50 e
@
0.001 Lot ———
1 10 100
Stokes number, St
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Multiphase Flow RESULTS' FIBER _
b i ORIENTATION STATISTICS -

USE DIRECTION COSINES TO COMPUTE ORIENTATION

Z A
h
-
N n
K
Xu
»

| cos 0| -
cos 0, 0 "
cos =R~ | 0
=Ty Bul —> cosf,; = Ra1, cosl, = Rz, cosl. = Ry3

cos 0., 1
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REsULTS: FIBER
ORIENTATION STATISTICS
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FIBER ORIENTATION WITH RESPECT TO THE CO-MOVING FRAME (GIVEN BY THE ENSEMBLE-
AVERAGED VALUE OF THE DIRECTION COSINES).

1"=5, t*=856-1056

T T T T T

=
% IE.
8 ﬂﬁ
° . i |
B, i’i =3
%QG o iii (“}@Gi W
Soocstituny SEuien
Sﬂ‘lg_&iia ey QG!?U:I-!_ F=Ten -
gastot L SEs ueuss
0.5 L. eet0e®e, PP & MMMWW
0.4 1 1 1 1 1 | | 1 1 | 1 1 1 1

A |

17=30, t"=856-1056

60 80

Z+

100 120 140

0 20 40 60 80

+

A

100 120 140

ORIENTATION STRONGLY DEPENDS ON A AND ON THE STOKES NUMBER AS WELL.

FIBERS PREFERENTIALLY ALIGN IN THE STREAMWISE (MEAN FLOW) DIRECTION. THAT'S THE MOST
PROBABLE ORIENTATION!

FIBER ORIENTATION BECOMES ISOTROPIC IN THE CENTER OF THE CHANNEL..

(SEE E.G. MARCHIOLI ET AL., PHYS. FLUIDS, 2010; MORTENSEN, PHYS. FLUIDS, 2008).
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ALIGNMENT FREQUENCY A

Multiphase Flow

University of Udine

HOW LONG DO FIBERS IN THE NEAR-WALL REGION REMAIN ALIGNED WITH THE MEAN FLOW?

IS THIS ALIGNMENT A “STABLE CONDITION"?

"
CALCULATE ALIGNMENT FREQUENCY: 4 A

o DIVIDE THE INTERVAL [O,1] INTO
N ORIENTATION CLASSES (HERE N=10). |
o AT EACH TIME STEP: N
» COMPUTE |Cc0Os(0)| FOR EACH FIBER \
> |IDENTIFY THE ORIENTATION CLASS
SAMPLED
> INCREMENT THE TIME STEP COUNTER \
FOR THAT CLASS X .
o COMPUTE PERCENT VALUES

0O 01 02 03 04 05 06 07 08 09 1
|cos(8,)|
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RESULTS. FIBER ORIENTATION e ety ot
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ALIGNMENT FREQUENCY -

1"=5, t'=856-1056, z'<10
60 T I l T T I T 60

50

40

30

% t*

20

10

0 01 02 03 04 05 06 07 08 0.9 1
|cos(6,)]

1+=30, t'=856-1056, z'<10

T

T

T

—e— A=1.001
—e— \=3
1—=— =10
—a— A=50

01 02 03 04 05 06 07 0.8 .9 1
|cos(6,)]

FIBERS ARE ALIGNED WITH THE MEAN FLOW FOR JUST 50% OF THE TIME IN
THE MOST FAVOURABLE CASE (S5t=5, A=50).

MUCH LESS IN THE OTHER CASES.
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ALIGNMENT FREQUENCY -

University of Udine

30

% t*

10

ALIGNMENT FREQUENCY

0 01 02 03 04 05 06 0.7 08 0.9 1
|cos(8;)]

ALIGNMENT FREQUENCY STATISTICS DO NOT CHANGE IF COMPUTED
ACCOUNTING ONLY FOR FIBERS SEGREGATED INTO NEAR-WALL STREAKS
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RESULTS. CHARACTERIZATION oo
OF RELATIVE (“SLIP”) VELOCITY

SLIP VELOCITY IS A CRUCIAL VARIABLE IN.

1. EULER-LAGRANGE SIMULATIONS: S§>

e ONE-WAY COUPLING: DETERMINES THE
DRAG EXPERIENCED BY FIBERS

e TWO-WAY COUPLING:. DETERMINES

REACTION FORCE FROM FIBERS ON
FLUID @
u
2. TWO-FLUID MODELING OF PARTICLE-LADEN @
FLOWS
* MODELING SGS FIBER DYNAMICS IN U’ FLUID VELOCITY “SEEN"

LES FLOW FIELDS
V. FIBER VELOCITY

e (CROSSING TRAJECTORY EFFECTS ON

TIME DECORRELATION TENSOR OF U AU=U-V: SLIP VELOCITY

Q STATISTICAL CHARACTERIZATION OF AU AT VARYING FIBER INERTIA
AND ELONGATION
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OF RELATIVE (“SLIP”) VELOCITY -

Multiphase Flow
Laboratory .~ &

SLIP VELOCITY AT FIBER POSITION

-0.20 -0.16 -0.12 -0.07 -0.03 0.01 0.05 0.09 0.14 0.18

800

600

400

200

Streamwise fluid velocity fluctuations, u'(x,y)

500 1000 | 1500
X

SAMPLE SNAPSHOT FOR St=30, A=50 FIBERS

LSS SEEM TO CORRELATE BETTER WITH NEGATIVE SLIP VELOCITY...
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USE SLIP VELOCITY TO ANALYZE e —
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FIBER ACCUMULATION IN LSS ]

Multiphase FIo
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EFFECT OF FIBER ELONGATION ON CONDITIONED PDF(u/) —St=30

e | ' Au>0 - "=50
A
0.03 | Uy<0 _
0.025 r \ Negative slip i
= 0.02F Positive slip
|
s 4
O 0015 |
0.01 +
0.005 ¢
0

THE INFLUENCE OF A IS NOT DRAMATIC. ONLY A CHANGE IN THE
PEAK VALUES IS OBSERVED (NO PDF SHAPE CHANGE)
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USE SLIP VELOCITY TO ANALYZE e —
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M B FIBER ACCUMULATION IN LSS -

Multiphase FIow

EFFECT OF FIBER INERTIA ON CONDITIONED PDF(u/') — A=10

0.035 - . AU >0

A U <O

St=100

0.03

Negative slip i

/ Positive slip

0.025

0.02

0.015

PDF(uy)

0.01

0.005

0

SIGNIFICANT PDF SHAPE CHANGE WITH CURVE “INVERSION”
BETWEEN St=5 AND St=30
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n T T LI IIII T T LI IIII 1 1 F .IIII 4
St=1 I (a)]
T | 0.15H
-0.02 _— ——
v -004} . E
i | 0.05
-0.06 _ i
i i |
B NS MEAN |
_O-Oqo_. L L Ll L 111'(':]3 L L l+l Ll 11110‘ L L Ll Ll l';:]‘ 0
Z
T T LI IIII 1 1 LU II 1 1 LI ||I| 2.5 JI'\' T T I T T T T I T T T T
St=30 i o (0] 72 o)’
02 [ ]
- 2 24f a
of ]{ ]
i 1 1 1
. i 1 = 15 ]
& o2 1 3 % 1
< i 1 @ |
v i 1 E 1f N
04} - i i
i ] o5k a
06+ - | |
i i RMS ]
i IR IR TR | i 1 ! ! ! 1 ! ! L L 1 ! ! ! | ]
085 e i 7 % 50 . 100 150
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RESULTS - STREAMWISE SLIP VEL. s o
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MEAN AND RMS VALUES ]

T T TTTTT T T T TTTTT T T T TTTTT T T F4TTTT 0.8 T T T T T T T T
n T T T 7 ] T T T
St=5  ouf (D) N (b)]
r 3 [ 7™
N 7 '_l' N 08 .
0 B i |
: ] 0.6 0T -
-0.05F 3 I 07 .
+ - ] - I 0.6sf :
A 01F - <=] 8
= B ] - s 08; + —
61 - ] 1 0.4 0
0.15F 3 £ i
02f . 02} .
025F - .
g MEAN 1 . RMS |
Ll Ll Ll AR EEET] . L L L 1 1 1 L L 1 | 1 L L L
03 107 10° 10° 10° OU 50 . 100 150
A Z
[ T oo T oo T PR | ¢\_.l ! T 1 T ! T T | J ! ! T ]
St=100 °f : o (@
i (d) - 3 PN E
0 B T o~ i
i . 25F
05k 3 . [
. : 1 T 2F
: -
1k . ~—
C i 1 ‘é’ 1.5F
= - 3
15 ) ] 1E
i a4 y
\\_‘—/ [ ]
2F . 0.5F -
: MEAN r RMS
55 B 1 Ly 1 0] 0 [ I I I | I ] I I | ] I I I
107 10 10 10°7 0 50 . 100 150
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! RESULTS - WALL-NORMAL SLIP VEL. oo coomn
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MEAN AND RMS VALUES ]

N I T T I T 1 T T T 1 I T T T T I 1 T T 1
St_l 0.005 A (ar' i /,f.\:.ﬁ\ (a)_
i TRy ] 0.08F /,'"f. AN -
0 / ] ’ \‘\Q
J \\
A N |
-0.005 4, 005F § N\ ]
=001 1  Zoosf s
= E A=1
X ] L . e
-0.015 -+ f - —-=== r= -] ] - —-=--- r=3 |
2 U Bt %=10 . 002 - A=10 -
002F '\‘.\_',-'v —meme—e— =50 E —————— A=50 ]
X MEAN ] RMS
T P R S T T T L L T IR T L L
-0.025; 50 %0 150 % 50 . 100 150

St=30 DS )

E n
V.0.05 E
_____ A=
_________ =10
————— =50
MEAN A ! |
0.1 b — % 50 100 150

I R
0 50 . 100 150 Z
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RESULTS - SLIP SPIN

Ccoske

Project supported by COST - European
Cooperation in Science and Technology

STATISTICS -
0.18 T T T T T T w T
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TO CHARACTERIZE THE FIBER ROTATION PROCESS, ONE CAN LOOK AT:

[ AGRANGIAN AUTOCORRELATION COEFFICIENTS OF THE FIBER'S

ANGULAR VELOCITY (NORMALIZED BY THE VARIANCE OF THE GAUSSIAN
DISTRIBUTION)

B (Qi(xp(10),10
Ro o (T)= <Qi(xp(fo)f)f0)2>l/

)i (Xp(to + 7). t0+ T))
2<.Q,-(Xp(fo+ T)qf()—l— T)2>1/2

1 g

L AGRANGIAN INTEGRAL TIMESCALE

Tii:/ Ro. o (7)dt
0

Viscous layer [
0.8 Buffer layer

Log layer

0.6

‘.‘ <ux’uz,>

0.4

TURBULENT ROTATIONAL DIFFUSIVITY

Iy (1) = /0 "Rayq (1)dr
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STATISTICS (ANGULAR VELOCITY) -

Multiphase Flow
Laboratory .- 4
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QUESTION: CAN WE MODEL FIBER ROTATION IN A SIMPLE WAY?

FOR INSTANCE, IS THERE ANY REGION OF THE CHANNEL FLOW WHERE
WE CAN MODEL ROTATION WITHIN THE THEORY OF DIFFUSION?

[F YES, THEN ROTATION COULD BE DESCRIBED AS A ORNSTEIN-~
UHLENBECK PROCESS, WHICH IS COMPLETELY CHARACTERIZED BY:

* STATISTICALLY-STATIONARY GAUSSIAN DISTRIBUTION

* AUTOCORRELATION WHICH TAKES THE SPECIFIC FORM OF A
NEGATIVE EXPONENTIAL:
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PDF OF THE FIBER ANGULAR VELOCITY COMPONENTS IN THE
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LESSONS LEARNED -

University of Udine

[.1. ALL STATISTICS ARE STRONGLY AFFECTED BY INERTIA
(QUANTITATIVE MODIFICATION)

[ 2. SHAPE (ELONGATION) AFFECTS MOST OF THE STATISTICS
BUT ONLY FROM A QUALITATIVE POINT OF VIEW

[.3. FIBER ALIGNMENT WITH MEAN FLOW DIRECTION IS VERY
UNSTABLE (ESPECIALLY FOR LARGE INERTIA PARTICLES)

L4. SEGREGATION INTO STREAKS DOES NOT AFFECT PREFERENTIAL
ALIGNMENT

LS. RMS OF SLIP VELOCITY EXCEEDS THE CORRESPONDING MEAN
VALUE BY ROUGHLY 3 TO 5 TIMES: THE INSTANTANEOUS SLIP
VELOCITY MAY THUS FREQUENTLY CHANGE SIGN. THIS ALSO
HOLDS FOR THE SLIP SPIN

6. FIBER ROTATION IN WALL-BOUNDED TURBULENCE CAN BE
DESCRIBED WITHIN THE THEORY OFDIFFUSION AS A ORNSTEIN-
UHLENBECK PROCESS ONLY FAR AWAY FROM THE WALLS
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FORCE-COUPLING -

University of Udine

* DRAG FORCE IS THE POINT-FORCE ON THE PARTICLE

dv
m= = F(x,)
dt
° BODY FORCE IN THE MOMENTUM EQUATION OF FLUID:
ou 5
p[5+(uV)u}——Vp+,uV U‘|‘fp fp

L

/7
/7 .
/
4:
STAGGERED GRID SYSTEM




Multiphase Flow FIBER-FLUID COUPLING: LorenstE

Cooperation in Science and Technology

l;;;iversity Udin'e i | FO RC EHC O U P LI N G -

START FROM CAUCHY'S EQUATIONS OF MOTION, I.E. THE PRINCIPLE
OF LINEAR MOMENTUM CONSERVATION, EXPRESSED IN CARTESIAN
TENSOR NOTATION:

Du. 0T,
l — +
p Dt Ox. Pl

J

WHERE Tj,- IS A STRESS TENSOR AND fp IS A BODY FORCE. FOR A
NEWTONIAN FLUID, THE STRESS TENSOR IS:

ou. Oou.
T =—pd. + Ly
J Poy T H ox. Ox,

J 7

FOR DETAILS SEE: ANDERSSON ET AL, J FLUID MECH, VOL 696 (2012), PP 319-329
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7 ,1S A STRESS TENSOR IN A FLUID-PARTICLE MIXTURE:

ou. Ou,
T =—pd.+ Ly
! poy T H ox; O,

4

MICROPOLAR FLUIDS
ERINGEN (1966)

Oou. Ou. ou. oOu.
T =—psS. + L Huy| L ——L|-2ue w
/ Poy T H Ox,  0x, H, ox, Ox, Hr &y O
FLUID ANGULAR VELOCITY
1 ou. ou. Ou
Qm — _gm'i I L I , d - 2 Q ..
2" 0x; = OX, 5x]‘ S
Ou. Ou.
T. =—pd. + tr—L 1 H2ue 1Q —w
ij p ij M ax ax’_ N lur mij (Y m m}

' SEE ANDERSSONET AL,
Y JFLUID MECH (2012)
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FORCE-COUPLING -
ou.  Ou.
T. =—po. + Lr— L +HRue (Q —w
LA el (2~ 0,)
I

* ij REPRESENTS THE EFFECT OF PARTICLES ON THE MOTION OF
THE FLUID-PARTICLE MIXTURE
*w,, REPRESENTS THE FIELD OF MICRO-ROTATION, NAMELY THE
PARTICLE ANGULAR VELOCITY

THE MICRO-ROTATION FIELD IS OBTAINED FROM A TRANSPORT
EQUATIONFOR ANGULAR MOMENTUM (SEE ERINGEN 1966 &
[ UKASZEWICZ,1999)

SEE ANDERSSONET AL,
JFLUID MECH (2012)
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FORCE-COUPLING -

FROM TENSOR ANALYSIS: FOR ANY VECTOR -N,, THERE EXISTS AN ANTI-
SYMMETRIC TENSOR OF SECOND ORDER THAT CONTAINS THE SAME
INFORMATION AS THE VECTOR (SEE E.G. IRGENS, 2008).

THE TORQUE VECTOR -N,, CAN THUS BE OBTAINED FROM A PARTICLE
STRESS TENSOR

- N :—lg TFA witH TP =-T?
m 2 i ij

mij= i )i

IN PRACTICE, THE TORQUE IS THE SUM OF TORQUES OVER ALL PARTICLES
INSIDE THE GRID CELL UNDER CONSIDERATION.

0 +N, -N,

] & ] &
];f:—zgmiij:—z ~-N, 0 +N,

AT AT
+N, -N, O

SEE ANDERSSONET AL,
JFLUID MECH (2012)
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FORCE-COUPLING -
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MOMENTUM EQUATION WITH FORCE- AND TORQUE-COUPLING

Du. 0T, 8Tﬂ.p
— = + +
Pi "o ax, P
WHERE:
ou ou
I.=T.=-pd, + Ly —
7 JI p 7 /Ll xJ axl
P P 1 e
T;l - 1 - gmlem
A'S
1 &
fp=—Zze—(xp)
i=1

SEE ANDERSSONET AL,
JFLUID MECH (2012)
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SOME SAMPLE RESULTS -

¢ Re =360
e CHANNEL SIZE: 6H*3H*H

PARTICLE NUMBER 2.5 MILLION .

*  MINOR AXIS RADIUS=0.001 R e
* ASPECTRATIO: 5 L_,

*  TRANSLATIONAL RESPONSE TIME: 30

FLUID STREAMWISE VELOCITY
IN CROSS-SECTIONAL YZ PLANE:

... WITHOUT FIBERS
<€




Multiphase Flow 88 || FORCE/TORQUE COUPLING: ,..S5020

SOME SAMPLE RESULTS

STREAMWISE TORQUE-FORCE (
ON FLUID (9x




Multiphase Flow 8% ] | FORCE./TORQUE COUPLING: ,..Sto5E_

SOME SAMPLE RESULTS

7 University of Udine
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Multiphase Flow INTERACTIONS BETWEEN Seost

CONTACTING FIBERS

Cooperation in Science and Technology

COLLISIONS BETWEEN FIBERS CAN BE MODELED RATHER EASILY
(SEE SNOOK ET AL, PHYS FLUIDS, 2012)

CENTER-OF-MASS VELOCITY:

i =u(x)+& " (I+p,p;)-F

ROTATIONAL VELOCITY:
pi=R-p;+B(I—p;p;)E-p,
[2&~]
12

fiber z

T, X Pi

WHENEVER TWO FIBERS i AND j REACH A MINIMUM
SEPARATION DISTANCE hij A SHORT-RANGE REPULSIVE
FORCE IS APPLIED ALONG THEIR COMMON NORMAL.:

Ny
. Fi= Zfij
f 0 it l’l,‘j > €, i=1
ij = - N
fonij it hij <e, T !
=) sijpi X fi;

j=1

nij = +(p; Xde)/|Pi X Pj|-



Multiphase Flow INTERACTIONS BETWEEN it

Cooperation in Science and Technology

CONTACTING FIBERS -

THE INTERACTION MODEL CAN ACCURATELY PREDICT THE ORIENTATION
DISTRIBUTION OF INERTIALESS FIBERS IN OSCILLATORY SHEAR FLOW
IN THE ABSCENCE OF LONG-RANGE DISTURBANCES AND HYDRODYNAMIC
INTERACTIONS (SNOOK ET AL, PHYS FLUIDS, 2012)

FIBERS ORIENT IN RESPONSE TO GRADIENTS
IN THE FLOW BUT DISORIENT IN RESPONSE
TO FIBER-FIBER INTERACTIONS




MODELLING DEFORMABILITY:.
RIGID VS FLEXIBLE FIBERS

e
v

"D'@'I/

~ ~ N vV oy 00

P —

FLEXIBLE FIBERS (WITH DIFFERENT BENDING STIFFNESS) IN LINEAR SHEAR FLOW (L.H. SWITZER, PHD THESIS, 2002)



MODELLING FIBER ccost

Project supported by COST - European
Cooperation in Science and Technology

Un'ivers“youme o A DEFORMABILITY/FLEXIBILITY -

BEAD MODEL.:. FLEXIBLE FIBER = CHAIN OF SEGMENTS/ SPHERES CONNECTED
BALL-AND-SOCKET, OR SPHEROIDAL, JOINTS (ANDRIC ET AL., 2013; SLOWICKA
ET AL., 2013, DERKSEN, 2010; LINDSTROM & UESAKA, 2007: ...)

THE MODEL SOLVES FOR EULER’'S

FIRST AND SECOND LAW FOR EACH
SEGMENT:

m;T; = Fil +F"+ X101 - X,
N - w. L .
( IOtwl) - T{ + gzi X X'i—l—l — < 'ZI') X (_XI)

2
AND IMPOSES A CONNECTVITY

CONSTRAINT BETWEEN SEGMENTS

(END POINTS OF TWO ADJACENT \
SEGMENTS MUST COINCIDE):

l; . liv1 .
i+ Ezi = Ti+1 — Tzz‘,+1
. . L; R [;
Pi—Tipl = mwi X &+ -

5 Tw?j+1 X zZijy1 CONNECTIVITY EQUATION



ocoskE

MODELLING FIBER st gt

Cooperation in Science and Technology

DEFORMABILITY/FLEXIBILITY -

Multiphase Flow

University of Udine

HYDRODYNAMIC FORCES AND TORQUES ACTING ON EACH FIBER SEGMENT
(DUE TO THE VELOCITY DIFFERENCE Av BETWEEN THE SEGMENT AND THE
SURROUNDING FLUID (ANDRIC ET AL, ACTA MECH, 2013)

F,’-’* — FlY F’.“I (AY + A} [’v("“i> =7l

—T —I—T :(C' —I—C [ H I}:G('ri)
DYNAM[C RESISTANCE

THE VISCOUS DRAG FORCE OF A FIBER
SEGMENT IS APPROXIMATED WITH THAT \
OF A PROLATE SPHEROID!

SEGMENT REYNOLDS NUMBER: Av = [  CHARACTERISTIC VELOCITY DIFF.
Re,s. - pdA”U/T] o \/I/Q(G' G) CHARACTERISTIC
i ¢t 7'  SHEARRATE




Multiphase Flow MODELLING FIBER il

Cooperation in Science and Technology

DEFORMABILITY/FLEXIBILITY -

REALISTIC MODELS FOR FLEXIBLE FIBERS SHOULD INCORPORATE:

° FINITE BENDING STIFFNESS o t=0.0000 t=0.2500 t=0.3500 1=0.4000
S-shape A
* INERTIA OF FIBER SEGMENTS 1 | X 2 | o T —F ¢
. 8
y NONHCREEP[NG FIBERHFLUID (a) S Orbit (x =45.00, EI =3.0e-3, L =0.3) |
INTE RACT[ONS o t=0.0000 t=0.1500 C-ls:(llql’ya\mpe 1=0.5500 1=0.8000 ‘:“
2
A | | we— | | : 2
*  LONG-/SHORT-RANGE S E PN B £
>
HYDRODYNAMIC FIBER-FIBER CIE TR TR
INTERACTIONS - coiling .
e G | | Q= Qo) E
* SELF-INTERACTION S
* TWO-WAY COUPLING (COURTESY OF: WIENS & STOCKIE, 2014)

MODELS INCORPORATING THESE FEATURES EXIST (SEE E.G. LINDSTROM
& UESAKA, PHYS. FLUIDS, 2007) BUT HAVE BEEN USED FOR ISOLATED
FIBERS (QUALITATIVE RESULTS E.G. REGIMES OF MOTION), NOT FOR
LARGE SYSTEMS OF MANY FIBERS IN COMPLEX FLOWS.

NOTE:. WALL COLLISION OF FLEXIBLE FIBERS?!?




CcoskE

MODELLING FIBER A

Cooperation in Science and Technology

DEFORMABILITY/FLEXIBILITY -

Multiphase FIo

FIBERS ARE KEEN TO BEND UNDER THE ACTION OF LOCAL VELOCITY
GRADIENTS OF TURBULENCE IF THEY ARE LONG.

BELOW A CERTAIN CRITICAL LENGTH, THEY WILL NOT DEFORM.

THIS LENGTH CAN BE FOUND ASSUMING THAT THE SPATIAL CONFORMATION OF A
FLEXIBLE FIBERS ARE ANALOG TO CONFORMATION OF FLEXIBLE POLYMERS IN A
GOOD SOLVENT, NAMELY A SOLVENT WHERE MONOMER-MONOMER, MONOMER-
SOLVENT, AND SOLVENT-SOLVENT INTERACTIONS ARE VERY CLOSE (BROUZET ET
AL., PRL, 2014).

Power of the Power required
turbIePt field to bendlthe fiber

l \ l —
P, ~plie = Pu(£)=(EI)}?/ar

PERSISTENCE lg xt, = (E1)1/4/([)17€)1/8

LENGTH



