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Thesis context

Thesis subject: Modelling of pressurized jet loaded with nanoparticles.

»Rapidly increase of use of nanotechnology in industrial process
» Application in safety management

Collaboration between:
»INERIS : Institut National de I'Environnement Industriel et des Risques
» IMFT : Institut de Mécanique des Fluides de Toulouse

Accidental configuration: leakage of conveying pipe of nanoparticle

Atmospheric dispersion

model in the far field )

CFD Study in the —
near field A

4
Thesis started day : January 05th 2015 INERIS
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Thesis context

Phenomena involved in nanoparticle dispersion:

[ \ / \ Additional physical modelling of particulate jet:
®Drag
D’ 9’ sInfluence of particles on fluid turbulence

2 =Gravity, etc...

J J — Jf)’ =Collision between particles
—

9
9

o
JJ

\_ N\ J

Brownian motion Agglomeration - Deagglomeration

Numerical simulation tools currently used:
»NEPTUNE_CFD V2.0 supported by CEA (Commissariat a I'Energie Atomique), EDF (Electricité de France),

IRSN (Institut de Radioprotection et de SGreté Nucléaire) and AREVA which use Euler multifluid approach —
RANS.

» Code_Saturne v4.0 developped by EDF which uses Euler — Lagrange approach — RANS/LES.

Thesis approach:
»Numerical simulation of microparticle dispersion before numerical simulation of nanoparticle
dispersion

» Implementation of modelling of Brownian motion and agglomeration in numerical simulation tools
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Test case

Aim of the test case: Evaluation of numerical simulation tool NEPTUNE_CFD V2.0.

4 flow configurations:

1. Air Supply

i 2. Particle Hopper

il - 7 3. Venturi Eductor
uSj 4. Reverse Cyclone Seeder

Single phase flow of gas 3. N

11 ‘@ ool 6. LDV/PDA A

'TWO‘phaSe flow with 25 mwm partides : o i | ; E:rr:iec)lfs(éztﬁgg(v;]&ra|ghtener
I I— 6 9: Load Cell
n - i i 10. Fans
Two-phase flow with 70 um particles mi : I L -
12. Filter

sTwo-phase flow with binary mixture | s

i > SRR |
(25 pum particles and 70 um particles) X —

e
s 12
10
Available experimental data provived by the 1 3 g
Workshop Committee:
. . . 4

=\/elocity of gas and particulate phases at nozzle exit Experimental setup from 1= Numerical
and at centre line Hadinoto et al. 2005[1] I_ —  simulation domain

=\/elocity of particulate phase at axial positions of
X/D=5, 10 and 15 Re =~ 8,400

D: nozzle diameter

[1] Hadinoto, K., Jones, E. N., Yurteri, C., Curtis, J. S., 2005. INT J MULTIPHAS FLOW, 31: 416-424.
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Il. Theoretical models used by
NEPTUNE_CFD
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Governing equations

Unsteady eulerian multifluid approach for gas phase and particulate phase[1]:

» Continuous phase: derived from local instant conservation equations in single-phase flow by density-
weighted averaging (Favre averaging)

> Particulate phase: derived in the frame of the kinetic theory of granular media based on a statistical approach
using a Probality Density Function (PDF)

Balance equations are solved for each phase:

»Mass balance o o
— okt —apY ;=0
ot OX; .
»Momentum balance
ouU, . oU, .
K, i U k,i| O [ S ]
Ak Py "ot TV ox. = ox. _akpk<uk,iuk,j> T o9
m Need to be
OoP modelled!
g
ay o +Zk':g,p e ni
1
Ik'%k,i Momentum exchange of gas-particles and particles-particles phases
k = g: gas phase
k = p: particulate phase 8

[1] Balzer, G.; Boélle, A. & Simonin, 0., 1995. Proc. Int. Sym. Engn. Foundation, 1125-1134 IN E'RIS
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Closure models for momentum exchange

Momentum transfer between gas and particulate phase [1]

|y =— 222y
g—opi F r,i
ng
Drag model
Relaxation time of
particles Tgp
1 _3p, (V)
~ T4, d,
Tgp 'Op p

Wen and Yu model[2] for C,

2% (1+0.15R*™ kY Re, <1000
Cy =1 Re,
0.44a," Re, >1000

[1] Balzer, G., 2000. Powder Technol, 113(3), 299-309.

N

Mean relative velocity of gas-particle

Vii=Upi Uy =V,

[2]Wen, C.Y. and Yu, Y.H., 1966., Chem. Eng. Pog. Sym., 62, 110-111

9
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Closure models for momentum exchange

Momentum transfer between particles [1]

m,m, 1+e. N,

a—pi ~ c
m, +m, 2 T

U, -U,,) Hi(2)

o

Collision characteristic time

1
. 2
TC o qu pqg r

Pq
Particle mean relative velocity
at impaction

16 2
r— ;g qr +U pq,iLJ pq,i

Particle mean agitation Particle mean relative velocity

1., 2
qr_E(qp_'_qq) qu,i :Up,i _Uq,i

Model approximation

8+3z

H.(2) = 6+ 37

Model parameter

3,0

pa.!

8q,

z

[1] Gourdel, C., Simonin, O., Brunier, E., 1999.. In 6 Int Conf. on circulating fluidized bed:s.

[2] Lun C., Savage S., 1986. Acta Mech. 63 1986. 15-44.

eC

e, =0.9 For the test case

Coefficient of
restitution

10
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Closure models for turbulence

k—¢&

*Turbulence created by wake of particulate phase is not considered.

Fluid turbulence model[1]

Yo, x +U Ki_90 [a Yo, —V; oK
g Ly 9. = 99
ot oX; OX; oy OX;
- os oe 0 {ap Vg 88} a.p g|:C <u' U
Ug V] = - 1, &1 i
slot lax | ax | o, ax | Tk 9.7

ou

g.i k
_:|—agpgg—2k o) +anp%g

ou., .
>aT?’+CS’25:|+ZpH

J

.

&
pP—9

Reynolds tensor of gas phase (Boussinesq approximation)

L ou,. oJdU_. ouU
e OX; OX; 3 OX,,
Influence of particles in fluid turbulence: two-way
coupling
a,p, 1 € 1k
mé, == — g —2k+v,Vv,,| TI¢, =C,,=II
p—g F ap d,ivr,i pP—g £,3 p—9g
agpg Tgp k

[1]Elghobashi, S. E., & Abou-Arab, T. W., 1983. Physics of Fluids (1958-1988), 26(4), 931-938.

Model constants

C,,=0.34,C, =0.09,0, =L o, =1.3
C,=144,C_,=192,C_, =12

11
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Closure models for turbulence

Kinetic energy transport equation [1]

Diffusion of kinetic energy mean of velocity

Production by gradient of the

I
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Interaction with gas phase

\

[
[ |

—

2

0

- aqp
P, axj

oq;
ot

+U

Ap LPp l:appp(K:;in"'K;OI)

i

;pp [2qp qu] Z 5‘ +Z qu

ap

Granular stress tensor [2]

o ouU ou,. 20U ouU
u,u, ) =— Pl _Z77ems 4P —A p.m
<p" ""> ”"[ OX; oX, 3 ox, "J [p Pox, J

Granular viscosity

/J _appp(vkm _|_Vcol)
K;in Kinetic diffusivity V;in Granular kinetic viscosity
col . . . -
K" Collisional diffusivity VSO' Granular collisonal viscosity

[1]Boélle, A., Balzer, G., Simonin, O., 1995. ASME FED, Gas—Solid Flow 228. 9-18.
[2]Balzer, G., 2000. Powder Technology 113 299-309

p

7

Dissipation by inelastic
collision

Agitation exchange
between particles

Granular pressure

Bulk viscosity

12
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Closure models for turbulence

Transport equation of correlation fluid particle velocity fluctuation[1]

Production by gradient of the mean velocity

Turbulent transport >
of gas and particulate phase

by quctuatifn

o |[Ji

e D[E WK

\
[ [ )
T T 1
oq oq o vl oq ..\ ouU_. ..\ oU
gp op | _ gp gp p.i
o Pp p.i ox, = ox, XpPp oo OX, ppp< g.i4p, J> oX, _appp<ug,jup,i> 6Xj +H w  FpPpEop
/
Correlation velocity fluctuation gas-particles /
Dissipation
L ouU ou _ . 1 ouU ou
t g.i P, i t g,m t p,m
u,_.)=— + + = + + -

<ug,lup,1> gp[ 5Xj o, :| 3|:qu Vap X, Vap X :|5u s = qu

7,
. . t _ - t
Turbulent viscosity Vgp = 3 UgpZgp
Influence of particle on correlation fluid _ pPp pPp XpPp 2
, : : Hqu = = 1+ ———|dy, —2k—2——"—-q,
particle velocity fluctuation Tgp a,0 oMo
13

[1]Boélle, A., Balzer, G., Simonin, O., 1995. ASME FED, Gas—Solid Flow 228. 9-18.
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I1l. Numerical simulation with
NEPTUNE_CFD
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Geometry
0.47 m
i€ >
Nozzle diameter 0.0142 m | 0.0142 m |
| ) |
Geometry | <> |
configuration Chamber test 0.47mx0.47mx1 A m
dimensions m
Density 118 kg/m®
Gas properties
(air)
Viscosity 1.85e-05 Pa.s
. 3
Particles Density 2500 kKg/m E
properties
(glass beads) Diameters 25 um and 70 pm
Particle mass Monosized particle 1
loading
Binary mixture 0.5/class v




Mesh

3D Structured Mesh

Number of cells : 61,950
Mesh dimension: 0.47 mx0.47 mx1m

T
I
I
T

Zoom at inlet region
Front view Top view

AX, ., = 0.001m
AX, ., = 0.05m
AY i, = 0.001m
AY, ., =0.05m
Az .., =0.04m
Az, .. ~0.12m
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Boundary conditions

Mean Velocity:

) ) Wall Inlet Wall
=Gas phase: interpolated from experimental data m

=Particulate phases: interpolated from experimental data

Mean agitation:

11, , Ic
k E[u o ,+2u éx] = z
k-€ model
k1_5 Im — 003D
c=C
“1~ C,=0.09
S
qrz) — E[u'i1z+2u'i1x] Free Outlet

1
Qgp = 5 le) (Tchen’s hypothesis)

17
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@ INSTITUT DE MJ:\ QUE
Boundary conditions
Particle mass loading for monodisperse case 06 Volume fraction of particulate phase
IapppU JdA, T
m= (ic—a )o U dA, M_ _
p )Py g
A 0.2} "\ .
\
I
Volume fraction of particulate phase I
o |
S oof | -
:> o. = mng g,z l1
p - 1
mpgug,z +ppU P,z -0.2} / -
=0.4H — 25micron .
— - 70micron
- - Mixture 25micron
+ « Mixture 70micron
~88000 00001 00002 00003 00004  0.0005  0.0006
a]l?
For 25 um particles case and 70 um o, ~ 5x10~*
particles case
—4 -4
For binary mixture case. Ol 25 = 2.5%10 Olp,70 = 2.5%10 18
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Numerical results- Single phase flow

Fressure

3.836e-01
-6 083e+00
-1.358e+(1

2.018e+01
2678e+01

Relative pressure
field

Physical time: 2s. Established regime

Velocity field of gas
phase

un

1.155e+01
8.660a+00
5.7 14e+00
2.889e+00
3.365e-03

H

q
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Radial profils

[ Xx/p=1
X/D=3
———— X/D=5
X/D=10
— ] X/D=15

Axial profil

D: nozzle diameter

19
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o
ical resul
Numerical results- single phase flow
1 Axial velocity profiles 0.6 Radial velocity profiles at Inlet
=— Ugz Simu .
® @ Ugz Expe g
(1] 2 o T SEREEE SRRETE SO 0.4f
8+ 1 0.2
@ . Ugz: axial component of gas velocity
E 6 1= 0.0f
o]
4} -+ -0.2f
2._ - _04_ . .
= Ugz Simu
: _ : ® @ Ugz Expe| :
0 | 1 1 Il | I _0.6 1 1 1 1
0 10 20 30 40 50 60 70 80 2 4 6 8 10 12
X/D U (m/s)
3 Radial profiles of gas velocity Ugz 3 Radial profiles of gas velocity Ugz
: 1
2 2t -
1._ 1_. :
..;.
[a] o :
s ok s oF N ..~ i
-1} -1} Ugz Simu X/D=5
: ® ® Ugz Expe X/D=5
= Ugz Simu X/D=1 . =+ Ugz Simu X/D=10
=2F- et ---|® @ Ugz Expe X/D=1H -2+ o B .---|" ¥ Ugz Expe X/D=10 H
=+ Ugz Simu X/D=3 ' =+ Ugz Simu X/D=15 20
¥ ¥ Ugz Expe X/D=3 B B Ugz Expe X/D=15

3270 2 4 6 8 10 12 22 0 2 4 6 8 10 12 INERIS
U (m/s) U (m/s)
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Numerical results- Two-phase flow with 25 um particles

"I
—

Radial profiles
Pressure u

I —1  X/D=5
——— X/D=10
— 1 X/D=15
alpha 1 U2

1.133e+01 . .
i 1.134e+01 1.114e+01 Axial profile
DECH
48010100 D 6 0450.04 D 8.504e+00 U 8 356a+00 U

16718400 4,030e-04 5.670e+00 3.571e+00

_ o 2 836e+00 2 78Ba+I0 D: nozzle diameter
1158060 0.0000+00 1.4070.03 7 699e-04

Relative pressure Volume fraction field  Velocity field of gas Velocity field of

field of particulate phase phase particulate phase 21

Physical time: 2s. Established regime INERIS
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gle=d Axial profile of «, Radial profiles of a,
: ‘ : ‘ : — o, ‘ — o, X/D=5
: \ 0, X/D=10
2L -+ a, XID=15

o
g o
0 1 Il 1 1 1 1 1 _3 Il 1 1 I 1
0 10 20 30 40 50 60 70 80 0 1 2 4 5 6 7
X/D a, le-4
=>» Turbophoresis phenomenon
[m]
=
a, volume fraction of particulate phase
Ugz: axial component of gas velocity
Upz: axial component of particulate velocity
Upx: radial component of particulate velocity

Numerical results- Two-phase flow with 25 um particles

q
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Axial velocity profiles

Radial velocity profiles at Inlet

12 T T 0.6
: ;| == Ugz Simu
: ' |®@ @ Ugz Expe b
4 i | =+ UpzSimu 04F .
100 W "1 |w ¥ UpzExpel]
o : T
:‘ 0.2 1
: P : o) | |
: = 0.0
6 -
SO F |
al | — Ugz Simu| :
—0.4H® ® UgzExpef -« e .
=+ UpzSimu - g :
: : : ¥ ¥ Upz Expe| ' :
2 1 1 1 L 1 1 L _06 I 1 1 1
0 10 20 30 40 50 60 70 @80 2 4 6 8 10 12
X/D U (m/s)
Rgdial profiles of particulate velocity Upz R%dial profiles of particulate velocity Upx
: : A ‘
N !
2 ; 2_. B - 4
1 . 1t a1
v .’
Feossascanalosas . D N TTIITITIITITIT ITITE e RN T Ty e Ay S -
O ....... S_; 0
-1k | —_— Up-z Simu X/D=5 | —1} . Upx Simu X/D=5 ||
. ® ® Upz Expe X/D=5 ® ® Upx Expe X/D=5
Upz Simu X/D=10 ",3 =+ Upx Simu X/D=10
=2 ¥ ¥ Upz Expe X/D=10 -2} AUe | W Upx Expe X/D=10 |4
7 = = Upz Simu X/D=15 \ v | = - Upx Simu X/D=15
: B B Upz Expe X/D=15 : vt J|E B Upx Expe X/D=15
_3 1 1 T T T _3 | 1 I Y B T T T
0 2 4 6 8 10 12 -03-0.2-0.1 00 01 02 03 04 05
U (m/s) U (m/s)

LL
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Physical time: 2s. Established regime
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@ INSTITUT DE MJ:\ QUE
[ ] OES FLLIES DE TOULOUSE
Numerical results- Two-phase flow with 70 pm particles
Radial profiles
I ' — 1 X/D=5
——— X/D=10
—1— Xx/D=15
Pressura alphaz U1 uz Axial prOfiIe
37118 5.313e-04 1.082e+01 GE30e+00
-3 62a+00 3.985e-04 8.114e+00 T A0 00
6 8756400 RN a0 e D: nozzle diameter
jg;g::gl 0.000e+00 4 356e-03 9. T53a.02
Relative pressure Volume fraction field  Velocity field of gas Velocity field of
field of particulate phase phase particulate phase 23
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1e—4  Axial profile of o, Radial profiles of «,
6 ————————&—— 3 r T : r r
: —_a, : — «a, X/D=5
A : a, X/D=10
2 - o, XD=15]

a 9
s E
o)
0 A S S R S S
0O 10 20 30 40 50 60 70 80
X/D
[m]
=
o volume fraction of particulate phase

p
Ugz: axial component of gas velocity
Upz: axial component of particulate velocity
Upx: radial component of particulate velocity

12

10

0

Axial velocity profiles

= Ugz Simu
‘|lee Ugz Expe
- =+ UpzSimu
.|V ¥ Upz Expe

Y/D

i i i i i i i
0 10 20 30 40 50 60 70 80

X/D

Rgdial profiles

[N

¥ /l B Upz Expe X/D=15

4| == Upz Simu X/D=5

|® @ Upz Expe X/D=5

=+ Upz Simu X/D=10

¥ ¥ Upz Expe X/D=10
Upz Simu X/D=15

6 8 10

U (m/s)

12

Numerical results- Two-phase flow with 70 um particles
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0.6

Radial velocity profiles

of particulate velocity Upz R%dial profiles of particulate velocity Upx
' ! ! ' — T T T 1 177

0.4*""5" o TT——
0.277”5” T SO S S
0.0f-
— Ugz Simu
—0.4{® @ Ugz Expef - -: Sl o
= = Upz Simu g . :
¥ ¥ Upz Expe : :
—-0.6 I I I 1 | L L 1
2 3 4 5 6 7 8 9 10 11
U (m/s)
o
T
2_. 4
1} 1
[a] . |
= or :
_1} — Upx Simu xD=5 ||
Y] @ @ Upx Expe X/D=5
U =+ Upx Simu X/D=10
2} : ,,",L |¥ ¥ Upx Expe X/D=10|{
A =+ Upx Simu X/D=15
o B B Upx Expe X/D=15
-3 | 1| L I I I I
-0.8-0.6-0.4-0.2 0.0 0.2 04 06 0.8

U (m/s)

CINERIS
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Numerical results- Two-phase flow with binary mixture

T

Pressure

alpha2 Ellph33

1.805e-01 3 49e-08 2716e-04

3 B30a+00 1‘_5742:0‘1 2.037e-04

T 080a+00 9.372e-05 1.358e-04

1.063&+01 0.000e+00 6.790e-05

<1 .39Te+01 0.000e+00
Relative pressure Volume fraction field of

Volume fraction field of
70 pum particulate phase 25

Physical time: 2s. Established regime INERIS
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Nu merical resu ItS' Two-phase flow with binary mixture -

e

T NOUE
ES FLLIDES DF TOULOUKE

Radial profiles

' — 1 X/D=5
| |
———— X/D=10
[ — 11— X/D=15
|
l
U1 uz u3 . .
1.153+01 1.122e+01 9.913e+00 Axial profile
8644400 8.417e+00 7 435e+00
5.764e+00 5.612e+00 4 957e+00 .
2.8839+00D 2 807e+00 H 2:?ge+ouﬂ D: nozzle diameter
2.323e-03 1.513e-03 1.567e-03
Vf]louty field of gas Velocity field of 25 um Velocity field of 70 um
phase particulate phase particulate phase

26
Physical time: 2s. Established regime INERIS
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Numerical results- Two-phase flow with binary mixture

le—4

35 T

0.0

.f\ma! proflle qf )

3084

20 30 40 50 60
X/D

0.0

Axial profile of a,

0 10

20 30 40 50 60
X/D

70

3 T -
— a,, X/D=5
‘\ - a, X/D=10
2P 1=+ a, X/D=15|
A

Radial profiles of a,

20 05 10 15 20 25 30 35
2 30 le—-4
3 Ra;iial profilgs of ay
-. ] — Qpy x.l'D=S
‘.“ a,3 X/D=10
2 b B - ay X/D=15 [
sy - -

04 06 08 1.0

3

1.2 14
le—4

o ., volume fraction of 25 um particulate phase

p2

O(p3

volume fraction of 70 um particulate phase

i
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10

2

Numerical results- Two-phase flow with binary mixture

0.6

Axial velocity profiles

Radial velocity profiles at Inlet

X/D

1 =— Ugz Simu L :
1@ @ Ugz Expe oV
{-+ Upz2simu 0 S 1
'H v ¥ Upz2 Expe || :
A . {1 =+ Upz3 Simu
‘\ Upz3 Expe 0.2 4
: a)
= QL0 e
: —0.2H = VYgzSimu | -
® @ Ugz Expe |
: =+ Upz2 Simu| . :
i | —0.4HY ¥ Upz2 Expe |-~ .
~i =+ Upz3 Simu|—" _
: : : : ~ B W Upz3 Expe| : j :
L Il L L 1 1 _0.6 T | | i
0 10 20 30 40 50 60 70 80 2 4 6 8 10

U (m/s)

12

Upz Simu X/D=5 ||

AR

Ra3dia| profiles of particulate velocity UpzZRaBdiaI profiles of particulate velocity Upx:

Upx Simu X/D=5

i @® @ Upz Expe X/D=5 ! [ ] Upx Expe X/D=5

: =+ Upz Simu X/D=10 T Upx Simu X/D=10

e --|¥ ¥ Upz Expe X/D=10 H -2t ~|¥ ¥ Upx Expe X/D=10 H
; =+ Upz Simu X/D=15 =« Upx Simu X/D=15
1! : B W Upz Expe X/D=15 : : -yl W Upx Expe X/D=15
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IV. Conclusions and perspectives
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Conclusions

*  Good agreement between numerical simulation and experimental results is obtained

*  Some differences are mainly observed for 70 um particle for monodisperse and binary mixture
cases.

Outlook

*  The numerical simulation with Code_Saturne is on going.

*  The modelling of brownian motion and agglomeration for nanoparticle will be implemented to
numerical tools Neptune_CFD and/or Code_Saturne.

Velocity[Z]

Part_velocity Z
1.135e+01
8.423e+00 U

1.090e+01
8.099e+00
5.296e+00
2.493e+00

-3.097e-01

particle_velocity

1.182e+01
8.870e+00
5922e+00

5.495e+00
2.567e+00
-3.613e-01

2973e+00
2 444e-02

Velocity projected on Eulelz@n
Velocity of gas phase mesh of particulate
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