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Outline

- Magnetic fluids & Magnetoviscosity

Ferrofluids

Backgrounds on Magnetostatics

Local Cauchy problem for ferrofluids

(Porous media) volume-averaging theorems & upscaling
Closures

Simulation : Mitigation of wall bypass fraction

- Non-magnetic fluids & Artificial gravity

Ground-based artificial gravisensing (Grad. magnetic field)
Gas-liquid flows in porous media (e.g., Mars gravity)
Liquid holdup, wetting efficiency, pressure drop
Analysis using simplified modeling
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What is a ferrofluid (FF)?

- Single-domain superparamagnetic nanoparticles (ca. 10* ug* d_ = 10 nm)
- Dipole-dipole interactions (long-range orientational correlation)

- Permanent magnetic dipole, m

- Stabilized ferro(i)colloidal suspension (< 7% v/v, magnetic basis)
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Parallel spin network Antiparallel spin network Magnetic core
(ferromagnetism, Fe) (ferrimagnetism, Fe;0,,
v-Fe,0;, FesS,)
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Magnetohydrostatics (Langevin magnetization law) ‘
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Magnetization curve from Odenbach S. Colloids & Surf. A 217 (2003) 171 [#!
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Magnetization relaxation (Shliomis equation)

Magnetic field &/or velocity field change

A
&

_ _ Magnetostatic torque M xH # 0
- Brownian relaxation

- Néel relaxation
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What is Magnetoviscosity?

Internal angular momentum balance

- Magnetostatic torque y, M x H
- Mechanical torque:
-spin asynchrony

4C ( )

- { = vortex viscosity

“ Corotative :
P spin P fluid vorticity faster than particle spin

| : ] o Contrarotative :
. Magnetoviscothickening' whatever
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What is magnetoviscosity?

i Corotative :
—) SPpIN |
Magnetowscoth|||1)n|ng' particle spin faster than fluid vorticity

________________________________________
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Cauchy stress tensor for (polar) ferrofluids

Symmetric pressure/viscous stress tensor

1=—p£+7](7v+ Vv)+ﬂ,(V v)1+2§E (;va coj

. J/
'

Antisymmetric spin/vorticity tensor

Conversion of external angular momentun into internal |

angular momentum (antisymmetric stress tensor)
=0

lzr—g ( pI+n\Vv+ Vv)+/1( )) 2;13( nyg—gn

|||m

:4§( VXv-— co]

(Asynchrony) mechanical torque

uiu UNIVERSITE
Bl | AVAL

E Unit antisymmetric orientation triadic




Magnetic stress tensor & Kelvin body force density ‘

Magnetic stress tensor
M = (—“70[(30 +h).(Hy +h)[1+p,(H, +h)® (H, +1_1+M)j

Neglect:
- Magnetostriction of nanoparticles (incompressibility)

- Interparticle dipole-dipole

Kelvin (magnetic) body force density

Y'& = EKelvin — HOV (HO +l_1)'M

Kelvin force due to inhomogeneous magnetic field #
Lorentz force MHD (in)homogeneous magnetic field

ELorentz = !”LOjX (HO + l_l)
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Ferrofluid flow through packed bed in linear-gradient
d.c. magnetic field

Solenoid

Ferrofluid flow
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Multiple length scales: Ferrofiuid flow in porous media

Nano(particle)scale
Length scale = d,

Micro(pore)scale
Length scale =/,

Macro(reactor)scale
Length scale = L
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Is magnetoviscosity of help to cope with wall maldistribution
in packed beds for low column/particle diameter ratio ?

Miiller model porous medium b(D=2r)
a(D-2r)\ - d
£ elr)=¢,+(1-g,)J, e
1- 2d .
o0 (_ 1) i.2i &, =0.365+0.22—
"% Jo(i’)ZZ T dD 5
0.6 - =027 (i) 7 45-3. 15— —e[2.02-13.0]
a = J dD
4 7.45-1125— —2>13.0
] D d
0.2 - d
b=0.315-0.725—
. | | | r/R | D
0.2 0.4 0.6
Radial porosity profile in bed (D/ d= 10) D/2
[rer)v, (r)dr
: _D/2-d/2
Wall bypass fraction BPW = oY
[rUydr
D/2-d /2
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Microscale Cauchy problem (pore scale) ‘

Details of averaging volume V V = Vy U VK U FYK

L = (Vy/v, Jav.,
IV =V, UV,

1 it reV Ul

Phase indicator function fy (E) =

0 otherwise
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Whitaker S., The method of volume averaging, Kluwer, 1999 Ei'g UNIVERSITE
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Microscale Cauchy problem (pore scale model)

Continuity
V.&,v=0

Linear momentum

P .
5§ypz+z'§ypx®zzz'é:yz+2'§yl\=/[+§yp§
Internal angular momentum (spin)

0
gcfyplwi-cfypl@@x=Z-§yg—gify1+§yﬁ

Magnetization relaxation

-, (i)

—ch+V EM®y=¢ oxM-'¢ (M(H)

Maxwell flux law
V& u(H+M)=0
V&t (1+ 7, JH=0
VeupHy =0
Ampere-Maxwell law
Vx&,(Hy+h)=0
Vx& (Hy+h)=0
VxH;=0

Slipless no-penetration on I,

EYK'X:O EYKXX:(_)

Spin equation extension onto I,

Magnetization relax. extension onto I',,

Continuity induced field tangent
componentson I,

=h"xn hyx =0

11mK1_1><1_1Y p=h"xn, 0

» —11myl_1><g

Discontinuity induced field normal
componentson I,

—h'.n

=h"

=M.n

—lim, h.n n,.

limK l_l'l_l

—’YK —’YK

e lyw
W
Hﬂvv

'U"V'\'
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Microscale Cauchy problem (constitutive equations)

Cauchy stress tensor
ET=¢ - pl+7(Vv+ Vv )+ 2(V.¥)I 4+ E- (VX v -20))

Magnetic stress tensor
£, & 12 (81, 1) 01+ ] o 31, + 1) 31, )

Couple stress dyadic (short-range diffusive exchange of angular momentum)
£,C=¢,lr o+ vo)+ 2V 01

Body couple density (magnetic torque)
é:y g = é:y HOMX (EO +l_1)

Langevin law

v L

-1 Hy+h"
xd> Hom

_ — T .3 Hom H e
M, = ¢mcoth—d—H +h
gy_ﬁ fy m |: {5 moT =0 "= H . e
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Volume Averaging

¢ bounded piecewise continuous scalar/vector/tensor field (of x + y) in V

Superficial average

(o),

Intrinsic average

<§y¢§+y> I &P

Local volume fraction

2 y> i£,
Gray (1975) spatial decomposition
£,y =Sil0),| +&),

Scale separatlon between pore level microscale (realm of y) and
porous medium macroscocpic scale (realmof x) : /<< L

MIM dr=r= [ @y d7

Xty ‘V

dZ'=L

X+X

(o

¥
T
X+y T‘_gy

Vv

ui.: UNIVERSITE
B | AVAL

Gray WG. Chem. Eng. Sci. 30 (1975) 229




Volume Averaging Theorem & Corollaries

Spatial derivative

<Y§v ‘”L_(+X>X:Y<§v >‘ ‘V

J-(o‘x+y =YK do

Corollaries

<Z 679§+X>X:Z<579>‘§+‘%F{ 9‘5 ®QYKdO'
<V. 579,_(+X>§ =v.<§y9>\ V] {K(p’“y ‘n,do
<Y.5y$w>x Y-<§y > j(pX+X.QYKdO-
<Y><5v9x+z> =Y><<§yg> j x| do

General derivative integral mterchange theorem

(a5 =3l
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Upscaling (General Macroscopic FF Model)

Continuity
Vg <X>y =0

Linear momentum

) R e s
P20 406, B0, -0, 406,803 =7 () 06,0+ € 80, 5l S ),
‘%rj {_ pL+(n+ é“)Z(fy i)}'I—IVKdO-EJF 2§8vyx<9>y +é&, Vil + <l—‘>y ) <M>y
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Upscaling (General Macroscopic FF Model), Cont'd ‘

Magnetization relaxation

......................................................

Ampere-Maxwell law
vxle,(n), +e.(h), J=0

& Vx(h)_ ——
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Closure Problem

15 closure equations to be set

Drag force closure (Ergun equation)

\V

r

YK

1 R pl+(+{)V (Y )}n dG:_[lso(mg

2
_EY] 175p1 £y H }

*Schumacher KR. et al. Phys. Rev. E 67 (2003) 026308
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Closure Problem

Simplified mean field estimation theory:
-4, | 1, <5 : negligble intergrain contact points

- Linear magnetic material behavior (linear Langevin limit)

&M, =g, ZO(HO +l_1€)

- Effective medium magnetic permeability <u> of FF/porous medium composite™

(ulr)) = uy[l +2(1- g(r))“’f_”VJ [1 (1 g(r))wj

My +24, My +24,
- Intrinsic volume-average demagnetizing and granular induced magnetic fields

Z=,G+2x)"

(), =(1+2)h),

- Eight closure terms need to be closed:

py-€ <V®V> Zgir{l—lwxédo—’ [ﬁ J (Eo+l—~ly)®l—lvxdo'}'<M>y’ 8Y<Z(§YE0+5YE)(M)>

A s T\
:

EPIY'%@@@} “087<MX(E0+E)>Y, éi-ey@\l@i)

L T 8 acnmnnanooocoonon:

*Kuzhir P. et al. European J. Mechanics B/Fluids 22 (2003) 331 UNIVERSIT@_
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Post facto justification for hydrodynamic/magnetostatics
decoupling

Hy|>>h
Y H,-M|>>[Vh-M|

Induced magnetic field and induced magnetic force neglected w/r to
corresponding applied fields

HOZ‘>> ‘hz‘
Hg,|>>|h,

m H, — m,,HOZ‘ >> ‘mzhr — m,,hz‘

dHo,| | =~ oh

"odr " oor ¢ 9z

Hog| oo b, e gy O

©dz ¢ 9z " or

m

m
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Steady-state 0-order axisymmetric volume-average FF model
Decoupled HYDRODYNAMIC Submodel

Continuity

D/2 D?
[ v, rdr= Yo

0

Linear momentum (radial)

(v Bvr ij (7+¢) 0%, 18\/ vr+82vr Y d28+ld8 +l£8vr
P rar ‘9 a or? rar P2 972 el\dr? rdr) edr or

—258“’9 “O[m (dHOr %h’]+m‘%® Vdrl (150’”51 £ 175pmj
ry) 7 £

£ d? €

Linear momentum (axial)

2 2 2
p(v aL_i_v avZ)_(ﬂ_l_é’)[asz_i_lavZ +a VZ +VZ (d 8+1d8]+1d‘98121]+2§(a%+%j
E

o ° 9 or r or 97> dr®* rdr) edr or or r
Lo dH,y, B\h/j oh, ) v, 1- 8( n+él-¢ 0 j
+— + +m,, 150 +1.75~ 1/ +v, |———
£ [m ( FANAGS F)r d & > € it pe
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Decoupled HYDRODYNAMIC Submodel, Cont'd

Linear momentum (azimuthal)
vg =0

Internal angular momentum (radial)

@, =0
Internal angular momentum (axial)

@, =0
Internal angular momentum (azimuthal) .

pi{ v, 2 20 | g e 0 V5 08 | ot 45 o )
Magnetization relaxation (radial)

V o, +v o, +m (ﬁ+ai+%
"or % oz r or 0z
Magnetization relaxation (axial)

v, om; +vZ%+mz(V—r+%+ il

or 0z

j = _wzmé? _T_l (mr _gmﬁr)

- o a—zj =—wym, -7 (m, —em,,)

Magnetization relaxation (azimuthal)
mg = O
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Steady-state 0-order axisymmetric volume-average FF model
Decoupled MAGNETOSTATIC submodel

Maxwell flux law, FF demagnetizing field, A,

T +8mr + o, :—g(hr + o, +ahzj+E(Hor +hr)£
r or 0z r or 0z dr

—(1-¢) E(HO” + o +aH°Z)+(E+1)(hr + +ahzj
r or 0z r or 0z

Ampere-Maxwell law (azimuthal), A,

oh. Oh de
1+&5(1-¢)))| =———= |+ &(H,y, +h, )]—=0
(2= B2 o = g )
Azimuthal FF demagnetizing field, A,

h9=0

é:::::; UNIVERSITE
58 | AVAL




Boundary conditions

Pressure field (continuity)

Continuity extension
Continuity extension
Continuity extension

Continuity extension

Continuity extension
Continuity extension
Continuity extension

Continuity extension

ddp iy d* dp

dzdz( ) dz’ dz( )=

v.(r0)=0 relo;D/2] aavr(r,L)—O re0;D/2]
Z

vr(O,z)=0 ZE]O;L[ v,(D/2,z)=0 ZE]O;L[

v,(r0)=U, rel0;D/2] %(r,L)=O re0;D/2]
Z

aaL(O,Z)—O zelo L] VZ(D/2,Z)=0 ze o L]

_.r _________________________________________________________________________

B . d’w,

wp(r0)=0 rel0;D/2] - (r.L)=0 re[0;D/2]
<

wp(0,2)=0 ze [0;1] wg(D/2,2):  zeloL]

Pl A S i E S D T b T Coninaity exenson T

m, (0,7)=0 ze|o;L] m,(D/2,7) ze Jo;L]

m,(r0)=0 relo;D/2] m,(r,L):  rel,D/2]

a;"Z(o,z)—o e 1] m.(DI22):  ze ]

r

h (r0)=0 rel0;D/2] h (r,L) re jo;D/2]

h (0,2)=0 zelo;L] h(D/2,z) ze jo;L]

h (r0)=0 relo;p/2] h(r,L):  relo;D/2]

aahz (0,2)=0 zeo;L] h,(D/2,z):  ze L]

r
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Magnetoviscothickening versus magnetoviscothinning?

0,1

—200(+)
—400(+)
600(+)
800(+)
1000(+)
——3000(+)
—4000(+)

2‘%‘
dv, dv, v de
aZ ar € r=D/2

-spin asynchrony

4C ( - @)

0,01

0,1

0,2 0,3 0,4 0,5
z/L

0,6 0,7 0,8 0,9 1

Ratio of spin density to FF vorticity axial profile @ wall
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Magnetoviscothickening versus magnetoviscothinning?

2‘%‘
d, v, v de
Jdz  dr & dr||_,,,

0,1 ——200(-)
—— 400()
600(-)
800(-)
3000(-)
——4000(-)
——5000(-)

0,01
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Z/L

T UNIVERSITE

Ratio of spin density to FF vorticity axial profile @ wall Tk TAVAL
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Other evidence of nanoparticle spin blockage

4000

3000 -

2000 -

1000 -

W, rd /s

0 ——

] | |— 6000(+)
1000 1000(+)
0
-2000 | ——1000(-)
— 6000(-)
Re = 2110
-3000
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

r’'R

Spin density radial profile @ bed exit
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Other evidence of nanoparticle spin blockage

4000
W, rd /s
3500 -
Re = 2110
3000 - ——6000(+)
1000(+)
2500 - 0
——1000(-)
2000 ——8000()
1500 -
1000 -
500 -
0 I I I I I I I I I
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
z/L

Spin density axial profile @ wall
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Evidence of mitigation of wall bypass fraction

v, mls
1,6
— 6000(+) _
1,4 2000(+) Re= 2110
0 I
1,2 1 | —2000()
—6000(-)
1
0,8
0,6
— N a
04 =7 N\ \
0,2 -
O I I I I I I I I

0 0,1 0,2 0,3 04 05 0,6 0,7
r’'R

0,8

Radial v, profile of ferrofluid @ bed exit
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Evidence of mitigation of wall bypass fraction

0.014 V'8
0
200(+) Re=21.1
0,012 1/ —1000(+)
—5000(+)
0,01
0,008 -
0,006 - /N
0,004 ]
0,002 N k \
0 \ \ \ \ \
0 0,2 04 r/R 0.6 0.8 1

Radial v, profile of ferrofluid @ bed exit
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Evidence of mitigation of wall bypass fraction

v.mls
0,0018 f
0
Re=0.21 200(+)
0,0012 - ——1000(+)
—— 5000(+)
0,0006 -
| <A
-0,0006 -
-0,0012
0 0,2 04 r/R 0.6 0.8 1

T UNIVERSITE

Radial v, profile of ferrofluid @ bed exit S
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Evolution of wall bypass fraction vs. magnetic field gradient

0.02
H,,=z0
0 I
Re = 2110
:6; -0.02
% -0.04 i
=
S -0.06 0
;g 0.08 -0.1
0? _ 0o Re=21.1
- ]
$§ -0.1 -0.3
0.4 -

Q. .0.12
Q 0.5 -

-0.14 0.6 -

-0.7 ‘ w
-0.16 0 20000 40000 60000
dH,,/ dz(Oe/m)
-0.18

-60000 -40000 -20000 0 20000 40000 60000



Evolution of pressure gradient vs. magnetic field gradient

0.6 0
1 -

04 .
3 4
~

0.3 -
3 g
E 0.2 1 7.
S o1 Re = 2110 | 3 | |
q 0 20000 40000 60000
~ O T I
3 .
+ -0.1 | Hypogravity
()
S

-0.3 .
3 o >0 dH, | dz (Oe/m)
1 0z =—
— -0.4

-60000  -40000  -20000 0 20000 40000

60000
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Induced vs. external magnetic fields: Hypothesis validation

100

10000 i

\H, /I
= 0
lHO/hrl e r @ W
1000
| 10 1
Y M 5000-
1004 I\ /\\ ~—1000-
8| (| 200-
-~ \ A , A o L2004
T X ——1000+
@A —SK-5000+
10 1
@ bed exit
. Re=2110
1 T T T T 1 0,1
0 0,2 0,4 0,6 0,8 1 0 0,2 04 0,6 0,8 1
/R /L
100 10000
H, /] Re=2110 H,/h] Re=2110
1000 -
100
5000-
W-——— ~~1000-
200-
10 200+
—+—1000+
- =K-5000+
@ bed exit
1
1 . ' 0,1 _
0 0,2 0,4 /R 0,6 0,8 1 0 0,2 0,4 Z/L 0,6 0,8 1




Induced vs. external Kelvin forces: Hypothesis validation

10000 H
\Fyo/F Re =2110
1000 |
100 | \\ﬂ \ 5
WA - *U
10 o
1 H| A 4
" @ bed exit
0,01
0 0,2 04 y/R 06 0,8 1
100
lFKO/FKzl
L /{
@ bed exit
Re=2110
0,1
0 0,2 04 LR 06 0,8

10

0,1 -

0,01 -

1000

100 -

10

lFKO/FKrl M
WX
5000-
——1000-
200-
200+
——1000+
—K-5000+
@ wall
Re=2110
0 0,2 0,4 Z/L 0,6 0,8 1
lFKOJFKzl @ Wa" R€=2110
. M
5000-
——1000-
200-
200+
——1000+
- 5000+

0 0,2 0,4 0,6 0,8 1
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Induced magnetic field & magnetization field

h. A/m

s00
400
300
200
100

0

-100

m, A/m

-200
-400
5004
-800

-1000

h, A/m

A/

m, A/m
12000
10000
80004
BO00
4000

2000
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Ferrofluids, Conclusion

- Volume-average framework of FF flow in porous media
using gradient magnetic fields

- Magnetostatic/hydrodynamic decoupling (negligible
induced fields and their gradients) possible for positive
high magnetic field gradient

- Magnetoviscothickening prevailing mechanism

- Substantial improvement of wall bypass achieved

- Pressure drop increases/decreases depending on
whether hypergravity/hypogravity prevails in bed

- Possible chemical engineering applications in situations
where low bed/particle diameter ratio unavoidable

e UNIVERSITE
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Non-magnetic fluid applications

-Evaluate ground-based artificial gravisensing of
multiphase reactors using gradient magnetic fields

-Propose rational framework commuting magnetic effects

into artificial gravity effects : hydrodynamics of non-magnetic
para/diamagnetic fluids (weakly or nonelectrically conducting)

Case study - Magnet-Bore Fitted Miniature Trickle Bed
e Measure two-phase pressure drop, liquid holdup & wetting
efficiency; BVB ON & OFF: air/water; air/aqueous MnCl,
(Mars-gravity: g = 3.73 m/s?)

e Propose 0-order volume-average formulation including IT',;,

e Data analysis with slit model

B:u UNIVERSITE
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BACKGROUND

Magnetization Kelvin body force density

Fienin =HoV.(H+h). M

Para (x>0)/diamagnetic (x<0) materials: 1+

=% __V(B+b).(B+b)= ZE
woll+x)" = -

(STRONG Inhomogeneous magnetic induction :
SUPERCONDUCTING MAGNET)

= Kelvin

Net body force along gravitational field direction

—m® -
Fr =(pg + X p 95 ]ez
H, ~ dz
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Artificial gravity sustained in a superconducting magnet ‘

Magnet —mPg ~
agne FOtz =,0aga€z
Liq. He_\\
Lig. N, Artificial gravity factor

ya:g_a:(]+ ZO{ B &j

ER b 8 Pa8H, ©dz

: g Hypergravity

> 8 >0: V.B’>0

== UM Xy <0; V.BZ <0
Hypogravity

> (); V.B’ <0
& T = 0<y <
Xa <0, V., B >0

. Mars gravity Yy = 0.38
Reactor R g ] ]
ez, Bz Levitation Y, =
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ULaval 9-T NbTi Superconducting Magnet Setup




Magnetic field & magnetic field gradient distributions in a 9 Tesla
superconducting magnet (Trickle bed inside magnet bore)

Fixed bed

Magnet c
2
c
Liq. He g8 &
q. He] | Magnetic field Bz (T)
Lig. N " © = N W B OO O ~N © ©
% 1 1 | 1 ]

€0-

L'0-

insulation w

High vacuum

1 b

€0

1

||

1

|

|

(Hiz) .muaia youbew wouy soueysiq

g9

|

|

| |

[

pley 2neubepy —

juaipelb Jonpoid .

; {
o @
o Qo

00% +

| 2 L : : I :
,,,,,,,,,,,,,,,,,,,,,,,, o & A b © N
o o o o
P-

roduct gradient B.dB./dz (T%/m) :
Reactor el UNIVERSITE
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ULaval 9-T NbTi Superconducting Magnet Setup

Peak magnetic flux density oOT

Peak B,dB,/dz +650 T2/m

Length 30 cm

oD 15 cm

ID 5cm

Free ID 2.5 cm

Artificial gravity Mars gravity
Water superf. velocity 0-9mm/s MnCl, 34.5% sol. superf. velocity 0-—1mm/s
Water susceptibility -9.0 106 (-) MnCl, sol susceptibility 4.23 104 (-)
B.dB,/dz=+650 T2/m — 7/£ ~(.52 B,dB,/dz=-27 T2/m — YE ~ (.38
Air superf. velocity 0-50 mm/s Air superf. velocity 0—-60 mm/s
Air susceptibility 0.38 106 (-) Air susceptibility 0.38 106 (-)
B.dB,/dz =+650 T2/m — 7g =170 B,dB,/dz=-27 T2/m — ,Yg ~ (.38
T&P ambient T&P ambient
Glass beads 0.6 & 1 mm Glass beads 0.6 & 1 mm
Bed Length 40 mm Bed Length 37 mm
ID 19 mm ID 17 mm
Viscosity/density 3 cp, 1347 kg/m3
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Artificial gravity factor (y) vs. B, dB,/dzfor (paramag.) air,

(diamag.) H,0, H,0+MnCl, (paramag.) -ambient-

20 T 16 T
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Effect of magnetic field on liquid holdup @ various liquid & gas
superf. velocities — 1 mm glass beads — air/water
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Effect of magnetic field on pressure drop @ various liquid & gas
superf. velocities — 1 mm glass beads — air/water

" _aP/H (Pa/m)
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Liquid holdup @ various liquid & gas superf. velocities — 0.6 mm
glass beads — air/water+34.5% MnCl, (Mars gravity)
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Wetting efficiency @ various liquid & gas superf. velocities — 0.6 mm
glass beads — air/water+34.5% MnCI, (Mars gravity)

100% - =
90% - 4 7/6 = 0.38
80% A yg = 0.38
700/0 //
60%
50% - /
40% y, +
1 - Gas = 0.008 m/s
30% / - Gas = 0.028 m/s -
] // ? - Gas = 0.059 m/s
20% 7 = Gas = 0.008 m/s Mars i
//;’ -
10% ;,'/!, | = Gas = 0.028 m/s Mars |
// v, (m /5) - Gas = 0.059 m/s Mars
00/0 T - T T T T T - T T T T T T T T 1
0.0000 0.0005 0.0010 0.0015

n:u UNIVERSITE
&8 TAVAL




Pressure drop @ various liquid & gas superf. velocities — 0.6 mm
glass beads — air/water+34.5% MnCl, (Mars gravity)
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LOCAL FLOW DESCRIPTION

Continuity V.y, =0 In Q, (k=g,?)

d
Linear momentum E:Okzk"‘pkv'ik ®Xk:2.1k+pkg+,u01ﬂk.Mk In Q, (k=g,?)

B,=B+b, H, =H+h, In Q, (k=g,4s)
B, =u,(H, +M,) In Q, (k=g,4s)
M, =x.H, In Q, (k=g,4s)
Ampére-Maxwell relation VXxH;, =Vxh, =VxH=0 In Q, (k=g,4s)

Maxwell flux / Gausslaw V:B, =V.b, =V.B=0 = V.h; +V.M, =0 1nQ, (k=g,4s)

Adherence v,=0 onr,, v,=0 onI, VY,=V,=V,onl,
Continuity of tangential B component @ interfaces (Bk -B j ) n;; = 0 on I
Continuity of normal H component @ interfaces (Hk —-H j )X N = 0 onT;
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Zero-order 1-D Volume-average Formulation

Main assumptions

- Simple upscaling-homogenization

- z-unidirectional, steady-state

- Fully developed flow, fully wetted bed

- Magnetization self-induced magnetic fields ignored
- Moses effect ignored

- Lorentz force ignored (electrolyte solution)

- STABLE LIQUID FILMS

dP gglg dB
—-&,—+E& + B,—~-F,, =0
$ dz sPs8 U, ¢ dz 8

dP £ dB
mE et Al g O +Foy—Fyy =0

H, = dz
— Zg de ap
yg‘[”pggufz dzJ RO St T R
_ X dB dP
VK—[HW&U B, d;j = —gzd—z+€£P£7’z8=_ng+Ffs
o0
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Zero-order 1-D Volume-average Formulation

- Slit model drag closures EXTENSION TO ARTIFICIAL GRAVITY CONDITIONS
Holub, R. A., M. P. Dudukovi¢, P. A. Ramachandran, Chem. Eng. Sci., 47, 2343 (1992)

3 2
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ylg:—dp ] +]: i E] g+E2 g
dz pg|7,.l8 Eq Ga, Ga,
3 2
%__dP 1 +1:[£J E]ﬂ+E2Re£
dz p)Vi)8 £ Ga, Ga,
Pel7e| 8dp€’
Gag = A 3
1,(1—-¢)
Ga _,05 y,|edy e’
¢ 3
;i (1-¢)
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Comparison between Slit model & experimental holdup data —
Magnetic field OFF — 1 mm glass beads

0.40 -
Er B=0T
0.35 *
¢ .
0.30 1
»
»
0.25 1 s
L 2
* ™
+ Gas=0m's
0.20 4 —Gas = 0 m/s slit model
+ Gas=0.008 m's
—— Gas = 0.008 m/s slit model
B Gas=0.018 m's
—Gas = 0.018 m/s slit model
0.15 4 4 Gas=0.028 ms
—(Gas = 0.028 m/s slit model
# Gas=0.042 m's
v, (m/s) — Gas = 0.042 m/s slit model
I].1I] T T T T T T T 1
0.002 0.004 0.006 0.008
e UNIVERSITE

Holub, R. A., M. P. Dudukovi¢, P. A. Ramachandran, Chem. Eng. Sci., 47, 2343 (1992) E",:{;

!".V"‘

[AVAL




Comparison between Slit model & experimental pressure drop data
— Magnetic field OFF — 1 mm glass beads
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Trends predicted from slit model if magnetic field effect is
commuted into artificial gravity effect. Liquid holdup @ various
liquid & gas superf. velocities — 1 mm glass beads
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 Trends predicted from slit model if magnetic field effect is
commuted into artificial gravity effect. Pressure drop @ various
liquid & gas superf. velocities — 1 mm glass beads
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Comparison between Slit model & experimental holdup data —
Magnetic field ON — 1 mm glass beads, air/water
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Comparison between Slit model & experimental pressure drop data
— Magnetic field ON — 1 mm glass beads, air/water
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Comparison between Slit model & experimental holdup data —
Magnetic field ON — 1 mm glass beads (Mars gravity)
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Comparison between Slit model & experimental pressure drop data
— Magnetic field ON — 1 mm glass beads (Mars gravity)
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Concluding remarks

- Ground-based artificial gravisensing of multiphase
reactors using gradient magnetic fields seems reasonable

- Magnetic Kelvin body force commutable into artificial
gravity body force (fluid mechanically speaking)

- Liquid hypogravity increases liquid holdup & afflicts film
stability. Gas hypergravity promotes interfacial
interactions/drags, pressure drop

- Mars gravity: pressure drop, liquid holdup, wetting
efficiency increase w/r to g-Earth case

- Slit model describes satisfactorily artificial gravity
INASMUCH as film flow assumption holds, interactions
accounted for, or low gas superficial velocity
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