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Validation of a MHD Module for Conductive Fluids in
Square Duct up to High Hartmann Numbers

J. HAMBURGER?, A. MURTHY®, A. KUMAR®

a. Fluidyn France SARL, 7, Bd de la libération, 93Z8RIS, FRANCE
b.Fluidyn India, 146,Ring Road, Sector 5, H.S.Ridud, BANGALORE - 560 102, INDIA

Résumé :

Un module MHD est présenté, développé par la sdétatidyn, dans la plateforme multiphysique Fluidyn
MP. Ce module est basé sur une résolution des iégpsade Navier-Stokes incluant les forces de Largnot
apparaissent lorsqu’un fluide conducteur est soumnigction d’'un champ magnétique externe contipel.
module est développé de telle sorte qu'il puissauldr de maniére précise des écoulements soumés a d
champs magnétiques élevés, c'est-a-dire pour dedmode Ha de I'ordre de 16 10. Deux formulations
sont proposées : formulation en potentiel éleceigat formulation en champ magnétique induit, éaid
premierement pour des cas de calculs académiqéendiements en conduites, et comparés a des swdutio
analytiques de Hunt. Les deux méthodes donnemésiddns résultats jusqu’'a Ha=30000.

Abstract :

A CFD-based MHD module is presented, which has hegiemented into Fluidyn-MP multiphysics
platform. This specific module is based on a reswiuof the incompressible Navier-Stokes equations
conducting fluids submitted to external constanC)YDnagnetic fields. Fluid flow is solved up to high
magnetic fields, with two different numerical smotapproaches: (1) potential and (2) induced mdigne
field formulations. Both methods are implemented tsted on Hunt's benchmarks and found to be givin
very good results in terms of velocity profiles

Mots clefs : MHD, Duct flows, Numerical simulation, inductive mehod, CFD, Fluid-structure
interaction, potential method

1 Introduction

1.1 Foreword — Frame of present exercise

Fluidyn has been engaging in the past 3 yearsyal&eelopment in the field of CFD and fluid-struetu
coupling, implementing a MHD module into Fluidyn-MBlatform. This module emphasizes accurate
solution of velocity profile and current distriboi for MHD fluid flows submitted to high magnetielts

and in 3D complex geometries of industrial confagions. MHD module comprises 2 different methods
which are presented in the present paper. Fluidesbland coupling are optimized, such as to reach
sufficient accuracy for both methods. Industrigplagations are performed with this module esselytitir
nuclear applications, such as ITER blanket cogliragesses under strong magnetic field appliance.

1.2 Case description

In the present paper, both inductive and potemtethods are compared on Hunt's academic rectangular
duct flow solutions [1], with varying wall conduetiies. Geometry of the domain is depicted in faga.
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FIG. 1 — Hunt's duct flow cross section configimat(wall nomenclature and coordinates)

An electrically conducting fluid flows inside awsre duct and exposed to a constant magnetic fiéld.
flow is assumed to be incompressible, isothermat] &ully developed (laminar flow). The electrical
boundary conditions on the walls of the duct argedaresulting in different scenarios. Both thectie
potential method and the magnetic induction metli@dused with an objective of identifying the shita
method required for further analysis.

In figure 1 of Hunt’s problem, geometry and procgasameters are defined as follows:
2a=0.2m, 2b = 0.2m, £ 0.001m, B = magnetic field (T)

Magnetic field varies with Hartmann Number (Ha}, as

y L2
[ Flectromagnetic forces
) g f : fed
Ha = — _ =B,L |—
| Viscous jforces ) ya

Where. L. = Length = 0.1m

o = electrie conductivity = 7.5e5 S§/m
L = viscosity =0.002116 Pa.s
SL No. Ha B, T

13000 7.967
23000 13.279
30000 15.93

ad o | —

A parametric study is performed in present benckingrexercise, where the varying parameters are:
Bo(Ha), and conductivities of the different wallsdiwalls and Hartmann walls). Also, both poterdiad
induced magnetic field method are used. Sectioasgribes shortly the MHD module and both methods
used, while section 3 reports details on resulterims of velocity profiles in the cross sectiordatt.

2 MHD module description

Magnetohydrodynamics (MHD) refers to the interactimetween an applied electromagnetic field
and a flowing, electrically-conductive fluid. Theupling between the fluid flow field and the
magnetic field can be understood on the basis offtmdamental effects: the induction of electric
current due to the movement of conducting matémia magnetic field, and the effect of Lorentz
force as the result of electric current and magrfetid interaction. In general, the induced electr
current and the Lorentz force tend to oppose thehar@sms that create them. The Navier Stokes

2
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equation for the flow of an electrically conductithgd subject to a magnetic field is written as:

$+D[QpUU)=DD;—Dp+pg +JxB

where = py- % (Vi K)(D D]J)é, the viscous stress tensor

T

y = JU+(0U)", the rate-of-strain (or rate-of-deformation) tenso
U = effective viscosity

K = dilatational viscosity (=0 according to Stokes)

0

J

unit tensor
current density vector
total magnetic field (induced + external)

B

Generally, two approaches are used to evaluateutihent densityj;

1. One is through the solution of a magnetic iniduncéquation; and
2. The other is through solving an electric poedreguation.

2.1 Magnetic Induction Method
The magnetic induction equation that is derivednftbe Maxwell's equations:

a—B+UD]]B =BDDU-D>{£DX{EH
ot o y7.

where = magnetic permeability
o = electric conductivity

which can be expressed, using vector identitiea, mvective-diffusive equation generally use@kD:

0B _ 1
5+ [fuB) -—ﬂmo_m [{OB)+(BM)Uu+U(OB)
+ {D(yma)x(E+UxB)+Dx[iDym xBj}
Hn@ Hn

The terms in flower brackets are normally ignoi@drrent density), is computed using Ampére’s law:

of
Hr,

2.2 Potential Method

The current densityl, is expressed through the generalized Ohm'’s laheasuming negligible induced
magnetic field, as:

J=0(E+UxB,)

where ¢ = electric potential
Bo = external magnetic field
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E = electric field =—[ ¢ —%—? Helmholtz’s theorem.

A = vector field
For a static field, the Ohm’s law can be simplifeed
J=0(-0¢+UxB,)

The conservation of electric charges gives,

a—CI+DE|]=O
ot

The electric potential equation is then given by,

0fo(0g)]=0qo(UxB,)]
3 Implementation of MHD methods in Fluidyn
3.1 Magnetic Induction Method

The magnetic induction method has been implementdte NSNT module with the following boundary
conditions:

Boundary condition|  For an insulating | For a perfectly conducting ~ For a partially conducting
boundary, boundary, boundary,
Imposed boundary B =B 0B 0B _ B og,t,
condition — =0 —=—,, =
on on c, oa

WhereB, represents external magnetic field.

3.2 Potential Method

The electric potential method has been implemeintéioe NSNT module with the following boundary
conditions:

HOMIEEL e For an insulating For a perfectly conducting
boundary, boundary,
Imposed boundary Yo s -
condition 2 _(VxB, )b . © =,
on i

Where . is the specified potential at the boundary.

4 Parametric results

4.1 Input data

Following test cases have been performed on prelialescribed Hunt's duct flow configuration, on a
structured mesh, on several configurations of atsuh or conductive side walls and Hartmann wélts.
simplicity, only some of the results are describecdeafter for both inductive and potential method.
described in figure 2:
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MHD Sl No. Task Ha Hartmann Wall]  Side Wall ad il Sl Na. Task Hartmann Wall]  Side Wall
Method Method
[ (RN 15000 F—— ., ~0 I |IL2A 11 —_— =
2 LIA LD 25000 b= il 2 1.2A.11b o= 650
3 1.IA 1l 30006 k), =0 o, =0 3 1.2A.11¢ I 6000
. 4 [lIA2a 15000 _ b5..~0.01ab/, G otential 1 [1.2A.12a _— o 0.0Tob 1y
Bl N R S o —0.01abiL, olentd 5 [I2A.120 g s Jom 001G 1.,
6 [LIA12¢ 30000 o k.. ~0.01abt, 6 |1.2A.12¢ —_— o =0.01ab/ty
7 |I.1A13a 15000 F—— ..~ 0. 1ahit,, 7 [1.2A13a _ a0, 1Gh 1y,
] 1A 13b 2S00 k1= L., 0. Lahit, 8 |L.2A.13b I P
9 1LIA 3¢ 30006 b= L., = 0. 1ahit, 9 [1.2A.13¢ I 0 650 0. laby1,
‘I\lllll 51 No. Task Ha Hartmann Wall]  Side Wall stil) Sl No. T'ask Ha Hartmann Wall|  Side Wall
Method Method
T [LIB.1la 15000 o 0 5.0 — [ [12Blla ot € w0
2 1.1B.11b 250010 0 ] 2 1.2B.11b ot =0 G0
3 1.IB.11¢ 30000 ] ... =0 3 1.1B.11¢ I loan—10
Induction 4 [I.1B.12a 15000 1 =0.01obt,  |5.=0 i JI.2B.12a w00 lob/te__ |oe=0
5 1.1B.12b 23000 b 0016k, o, =0 Yolential 3 1.2B.12b =00 1ob/te  [6ea=0
] 1.1B.12¢ 30000 b, ~0.016bt, b0 6 1.28.12¢ T 0.0 1ob/'tw o0
7 1.1B.13a 1 30000 ki1 Labin, 5., =1 7 1.28.13a onw =0 L ol tw o ()
] 1.1B.13b 25000 0. lah/'t,, A 8 1.2B.13b o 0. 1 oy tw Fow U
9 J1.1B.13¢ 30000 S0 lob, a0 5 |1.2B.13c om0 Lob/tw  josw 0

FIG. 2 — Parametric configurations

Properties of materials both for fluid and struetare taken as in following table:

Property Solid Fluid
: (Ferritic Martensitic Steel) (Lead - Lithium)
Density (ka/m™) 7871 8563.43
Electrical Conductivity (8/m) Varies depending on the case 7.5e5
Viscosity (Pa.s) -- 0.002116

4.2 Parametric results
Case 1.1A.11c and 1.2A.11c are presented heredftefollowing conditions:

1AL TIc Induction 0000 Chw— a1
Pressure
Gradient used for a mean velocity of 0.18m/s = 609%8a/m.
— Analytical + Fluidyn — Analytical * Fluidyn
8000 - 8000 -
0005 7000 A
6000 - 5000 4
5000 5000 4
L] 4000 - 3 4000
D 3000 4 5 3000 4
2000 4 2000
1000 1000 |
0 ’ ! ' ; ' . 0 : preseas ; porasen :
025 0.00 0.25 050 0.75 1.00 1.25 1.50 175 2.00 025 0.00 025 050 075 100 125 150 1.75 2.00
-1000 - -1000
Zeta=Z/b Zeta=2Z/b
8000 + 8000 ~
7000 + 7000 +
6000 1 6000 A
5000 + 5000 +
5 4000 - ] 4000 +
> 3000 + > 3000 +
2000 A 2000
1000 + 1000 +
0 ! i | ‘ : i 0 ‘ ‘ i e : ‘
-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06
-1000 - -1000 -
Zeta=2Z/b Zeta=2Z/b
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8000 8000 -
7000 A 7000 4 TRt
6000 Analytica-Ha=15000 6000 1 Analytica-Ha=15000
5000 4 + Fluidyn-Ha=15000 5000 | * Fluidyn-Ha=15000
— Analytica-Ha=25000 — Analytica-Ha=25000
S 4000 - = Fluidyn-Ha=25000 £ 4000 - + Fluidyn-Ha=25000
5 3000 4 Analytica-Ha=30000 5 3000 4 Analytica-Ha=30000
= Fluidyn-Ha=30000 = Fluidyn-Ha=30000
2000 - 2000 -
1000 - 1000 -
! ",
0+—= ";Wme ] 0+ Tiggron: |
-0.01 0.02 0.03 0.04 0.05 -001 0.00 0.01 0.02 003 0.04 0.05
-1000 - -1000 -
Zeta=Z/b Zeta=ZIb
Umax (m/s) Uc (mfs) Umax/Uc Flow rate (m’/s) Umax {m/s) Uc (m/s) Umax/Uc Flow rate (m’/s)
Analytical (j=200) | 24.89309 0.003416 7287.204 0.0072 Analytical (j=200) [ 24.89309 0.003416 7287.204 0.0072
Fluidyn 24.45 0.00341 7170.088 0.007208 Fluidyn 24.8776 0.003435 7242.387 0.007204
Error (%) 1.780 0.176 1.607 0.111 Error (%) 0.062 0.556 0.615 0.056

FIG. 3 — Velocity profile across side layer (fulchzoomed view) + comparison of profiles for diéfet Ha
values. Left — induction model, Right — potentiaidsl

Summary:

S - . - Analytical| Fluidyn | Error

5L MNo. T'ask Ha |Hartmann Wall] Side Wall Sl Sa— s

Ue m's Ue m's Yo

I L 1A g 5000 fs, S ™l 00480 0 004ETR 0319

2 LA LT R5000 fm,, = Tow ™0 000375 00373 0455

3 LA Le BO0O0O fm, m Saw ™l 000343 000341 0531

4 LA Za 15000 |, o0 0 lobit, [0 00979 000978 D085

5 1A L2 R5000 fm, = w0 0lob't, 000876 [DO0BE] D616

B L 1A 12 BOOOO fry,, = Sow ™00 bty | (RDB 44 00851 [0616

FIG. 4 — Summary of parametric study

5 Conclusions

Following conclusions and discussions were dravigr @resent benchmarking exercise:

- In general, the Fluidyn results match very well @énalytical solutions: error < 1%.

- Both induction and potential methods yield resaftsimilar accuracy.

- Most difficult case to converge numerically is @ikinsulated case
Following tables show the comparison of no of cygceend CPU hours used in induction and potential
method.

Hart- Induction Method Potential Method
5L MNo. | mann Side Wall Ha
Wall
Nog of |~CPU Time No ol  FCPU Tinwe
cycles Hours cyeles Hours
1 ol = Ty 0 15000 94000 32 3000 4
2 oy Ty 2E000 | 207000 58 2aE000 108
3 e Ta 30000 | 1556000 288 2TE000 123
4 oy T 0, 0 el J15000 | 221000 54 2ROOG0 124
5 e Tun 0. 0 Lerhyty, PS000 | 227000 &0 323000 154
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