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Shock-induced particle fluidization: setup

Schematic experimental setup (taken from Rogue et
al. (Shock wave 1998) & so plots in following 4 slides)
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Particle fluidization: Drag coefficient measurement

Table 1. Summary of experimental results on drag coefficient

Gases Mach Particle Particle C; Reynolds
Driver/Driven number diameter material range

(mm)
Air/Air 1291 2 Glass 0.61 27000-30000
Air/Air 1298 2 Nylon 0.57 25000-31 000
Air/Air 1.29 1 Glass 0.54 12000-14 800
SF/SFg 1341 2 Glass 0.62 80000-119000
SFs/SFg 1341 2 Nylon 0.62 79000-116000
SFs/SFs 1354 1 Glass 0.58 44 000-62 000
SFs/Air 1217 2 Nylon 0.51 17000-21 000
SFs/Air 1218 1 Glass 0.50 7200-10000
Air/Helium 1.181 2 Nylon 0.57 5000-6000




Particle fluidization: Collective particle behavior
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t = 0.00203 s

Fig. 9. A single layer of 2 mm dismeter glass particles on a plastic membrane, Shock Mach=1.3 in air
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“ig. 11. A double layer of 2 mm diameter glass particles on 2 plastic membrane, Shock Mach=13 in air



L 0.00194s
t 0.00011 =

I 0.00371 s 0.00488s

Fig. 13. A 2 cm thick bed of 1.5 mm diameter

ass particles on a

1 grid, shock Mach=13




Particle fluidization: numerical setup
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Particle fluidization: Wave pattern

Schematic z-t diagram of two-phase flow in shock tube
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Particle fluidization: Diagnosis
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Particle fluidization: Diagnosis

Results obtained using 5-equation transport model
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Particle fluidization: 6-equation model

Saurel et al. (JFM 2010) proposed compressible 2-phase
(fluid-solid (granular material)) model as

9 (a1p1) + V- (upri) = 0

O (agpa) + V- (agpeti) = 0

O (pil) +V - (pi@u)+Vp=0

O ((ap)i(e+ B)1) + V- ((ap)i(e + B)@) + (ap), V - i =

WTI(Wz — M)

O ((ap)a(e+ B)2) + V - ((ap)a(e + B)ail) + (ap)2 V - il =
- WTI(M - 7T1)

O(pE) +V - (pET +pii) =0

Oy + 14 - Vag = p(m — m)

7. phasic total stress, [;: granular pressure, & By granular
energy; k = 1 solid phase & k = 2 fluid phase



In addition, for kK = 1,2, we have
T = pr — B
mr = (p2cam1 + preama) / (prey + paca)
Ek:ek+Bk+%1I-ﬁ
E =Yk + Yk,
D = aqp1 + QP

Relaxation parameter ;1 assumed to satisfy

oo if >,
= o otherwise,



Constitutive laws

1. Equation of state for fluid (stiffened gas EOS)

Pr = (%c - 1)pk€k — VkPoo,k

2. Granular energy of the form

File) = { OBa(a) icftl(fg;vi:e,< g
B.(a) =a[(1 —a)log(l —a)+
(1 -+ lOg(l — Oéo))(a — ao) — (]_ _ aO) log(l - ao)]n

3. Granular pressure

dBy,
Br = (Oép)k E

Parameters a, n, & oy are material-dependent quantities
for given powder



7-equation model

Baer-Nunziato (Intl. J. Multiphase Flows 1986)
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O(crprtiy) + V- (aqprthy ® dy) + V (aqpr) = 7rVay — Mg
Oi(aapatiz) + V - (agpatiy ® ) + V (agps) = =1/ Vay + Aiig
O (a1p1Er) + V- (apr Eriiy + anpiiiy) =

TrurVoy — )\ﬁ'Iﬂ'R — UTITR
O; (apally) + V - (a2 Batly + ciapatis) =
—mrurVag + /\ﬁlIﬁR + pmTR
0o + U - Vo = urg
Tpr=m — T & Ur=1U; — Uy

i & X: Relaxation parameters



5-equation model with drift effects

Saurel et al. (JFM 2010)

O (a1p1) + V- (agpri) + V - (pY1Yatig) =0
O (2p2) + V- (azpati) = V - (pY1Yatig) = 0
O(pi) + V- (pi @ @) + Vp =0
0 (pE) + V - (pEi + pii) +
V - (o1 Yasir((h+ B); — (h+ B)3)) =0

Oy +u - Vo, =

A1 -
i)p cip202 [((p2c3 — Ba) — (prci — Br))V - G—

( 101 51 202 — 3

o101 Q02

> V- (pY1Yatr)—

I r
pY1Ysup - <—1T1V$1 + —2T2V$2>]
aq (6%))



up ~ U; — Uy takes form

lip = % (a1 = Y1) Vp — oV (a1 1) + a1V (a2 f32))

There exists 6-equation model with drift effects (not given
here)



Riemann problem: IKW model
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Riemann problem: IKW model
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Bubbly flow in liquid

lordanski-Kogarko-Wijngaarden model for bubbly flow in liquid
takes form

Op+ V- (pi) =0
O (pid) +V - (pi@u)+Vp=0
O (agpg) + 'V - (agpgti) = 0
Ny +V - () =0

To close the model, assumptions are:

1. The liquid phase is assumed to be incompressible, where
pi 1s set to be a chosen constant.

2. The volume fraction of the gas o is assumed to satisfy

the relation
4
Qy = —
93

where R is the bubble radius.

7TR3Nb,



The gas inside the bubble is assumed to be ideal & takes

Ro\*
pg = Po (f) )

Assume mixture pressure p follow Rayleigh-Plesset
equation

. 3. R
p=pyg(R) — p (RR + 532) — 4.

Here 1 is the dynamic viscosity of the liquid, and R

means dR/dt.

Bubble distribution is assumed to be uniform, i.e., the
flow is in the absence of bubble breakup and coalescence



Impact-shear 2-phase Riemann problem

Table: Material-dependent quantities used in the stiffened gas
equation of state for the simulation

Y peo(GPa) p(GPa) po(kg/m?)
Titanium | 2.6 44 12 1527

Aluminum | 3.5 3.2 26 2712

Initial condition:
@ Titanum phase: Left-hand side (0 < x < 0.5m)

(p1, p2,u,v,p, o), = (4527,2712,10%,10%,10°, 1 — 107°)
@ Aluminum phase: Right-hand side (0.5m < 2 < 1m)

(p1, p2, u, v, p, ), = (4527,2712, —10%, —10%,10°,107°)
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%10°

mixture pressure

2 ;
- — initial
x unsplit
o split
1.5}
S
1+ 5 g
B 2
g g
0.5} g 2
Oj

0.6

0.8




%10°
=,

mixture stress oy

—— initial
x unsplit
o split

(<]
B3
&
&
(=]
Q
13
3
Q
Q
Q
Q
.

00000000 § 6 ¢ g1

0 0.2

0.4

0.6

0.8




- — initial
T > unsplit
o split

0] 0.2

0.4




1 volume fraction
R R T e N R E TR TRITE T

|
|

0.8} : .
|
|

0.6 | :
|

0.4} | :
®

0.2 [~ initial | .
x unsplit |
o split J&

0 : L R R TR e R PR R )

0] 0.2 0.4 0.6 0.8 1

T



Model for hyperelastic flow

Ndanou et al. (JCP 2015) proposed

0
—p—i-V-(pu):O

ot

0

5 P TV (pu®u—0)=0
OF

a'i‘V'(Eu—O'u)—O

De’

oe” B

5 +V(u-e”)=0
Vxel=0

Consider internal energy e;. for each phase in separable form

er. = e (pr,pr) + €5 (gr)



Assume hydrodynamic energy e} follows stiffened gas EOS as

Pk + VkPook
ek (prs pr) = e

For isotropic solids, elastic energy ef assumes

er(gr) = €5, (Jik, Jor)
Jir = trace (gi)
Jok = trace (913)

For applications, we take
e Hik .
en(gr) = o (Jox — 3)

or



G,

gk = W’ |G| = det(Gy)

Let X = {X}} be Lagrangian coordinates for solid &
Denote €& as being local cobasis of form
e = V. X; = (az, bi, c}C)
Define deformation gradient F}, as
F = (en €k €f)
Then Finger tensor GGy, takes form

3
Gk:F,;TF,f:ZeZ,@eZ,

i=1



Denote o to be total stress as
g = Z A0}
k

with phasic stress tensor o;, defined by

Oe
O = _QPka—G];sz = —pil + Sk
el
_ 20€
oe¢
—2 LE!
Sk Pk G, O




Model is hyperbolic with sound speed ¢ € R defined by

(9p 8511 1 8511 a
ap ap p \ Oa

_8511_1 8Sll.a _8ee_a+ﬁ 8ee.a a
ap p \ Oa "~ Oa Oda \ Oa
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All lecture slides are available at CSRC course website:
http://www.csrc.ac.cn/en/event/schools/2017-03-31/25.html
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