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Abstract

The present paper reports on numerical investigations difceb structures in transient flow regimes
generated by the local action of the Lorentz force on an ebadly conductive fluid. The locally im-
posed non-uniform magnetic field generates similar effastsbserved for flows over submerged solid
obstacles. It is demonstrated that complex flow patterndeagenerated by imposing magnetic fields
of different strengths. The initial validation of the elexhagnetically extended Navier-Stokes solver on
unstructured numerical grids is performed in the low-Régamumber rang@é00<Re<400 for differ-

ent values of the magnetic interaction parameter. A gelyegabd agreement is obtained in comparison
with similar numerical studies of Votyaket al. (2007,2008) for the low-Reynolds number cases. Then,
a series of simulations are performed in transitional flogimees (Re=900) for different values of the
interaction parametefN(=3, ..., 25). Simulations demonstrated the appearance of vortexdsmgghe-
nomena similar to the flows behind solid obstacles. In cehti@ the solid obstacles, the magnetic
obstacles also generated the vortical flow patterns inbielentagnetically affected regions. This feature
can be used for the flow control of electrically conductivédiy for efficient enhancements of the wall-
heat transfer or for better mixing of passive scalars. Qedpie laminar inflow conditions, turbulent
bursts are observed in the magnetic wake region forihe900 case. The velocity spectra and spatial
distributions of the long-time averaged second-momentb®felocity field demonstrated that turbu-

lence was locally sustained in the proximity of the magnetike edge.
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1 Introduction

The predictions of electrically conductive fluid motion mansient and turbulent regimes in the pres-
ence of an imposed non-homogeneous magnetic field is theokélyd potential optimisation studies of
numerous industrial and technological processes. Suehaktions between flow and electromagnetic
field (EMF) are present in metallurgy (continuous steelingsiarc welding for joining metals, electro-
magnetic stirring and mixing), semiconductor productiory¢tal growth in steady, fixed and rotating
magnetic fields), aerospace (hypersonic aerodynamicalocatid thrust vectoring by magnetohydro-
dynamics (MHD) devices), or in the new generation of fusieactors (International Thermonuclear
Experimental Reactor (ITER) project). Since the experits@m such extreme conditions are difficult
to perform, numerical insights into flow/turbulence/EMEeiractions can provide important information

that can be used for control and further optimisations in@ewange of applications.

The present study explores similarity concepts betweersfeEmwund solid and magnetic obstacles.
Due to the active Lorentz force, a multi-vortex pattern caoun in the wake of a magnetic obstacle,
Fig. 1. In addition to the wake region, strong flow reorgatiigais also present inside the magnetic
obstacle. This feature makes it possible to enhance mixihgat transfer. The two-dimensional studies
of the flow past a magnetic obstacle for very Ig® (Re=100 and 200) were studied in Cuevast
al. (2006a, 2006b) and Beltragt al. (2010). It was shown that after reaching a critical threghol
of imposed magnetic field, the instantaneous velocity fielccaled the appearance of vortex shedding
behind a magnetic obstacle. Votyakeival. (2007, 2008) reported on a three-dimensional constrained
flow around a magnetic obstacle in a rectangular duct. TDhec Re<400 range was considered in this
study and different aspect ratios of the imposed magnettasle analysed. Stationary flow fields were
obtained and analysed in the central horizontal plane. akaly and Kassinos (2009) reported on the
analogy between streamlined magnetic and solid obstatlesy observed that for a Reynolds number
larger than a critical value, the braking of vortices (varglhedding) from the magnetic obstacle was
similar to those occurring past solid obstacles. Additi@mealysis of the core of the magnetic obstacle
was performed in Votyakov and Kassinos (2010). The two-dsi@nal numerical simulations revealed
a new recirculation patterns composed of many (even nunvbetites aligned along the spanwise line

crossing the magnetic gap.

The present study focuses on the generation of vorticattsires by imposed magnetic obstacles in
the transitional flow regimes. Spatial and temporal evohsiof turbulent bursts, identified as pockets

of high velocity fluctuations, will be analysed in details.



2 Mathematical formulation

The equations describing interactions between an impdsedys magnetic field and a flow of an in-
compressible, electrically conductive fluid consist of sarvation of mass, momentum and total electric
current, and is finally closed by an additional equation feceic potential, originating from Ohm’s law

for a moving conductor:

V-V=0, V.-B=0, V-J=0 (1)
[%—YHV V)V]:—varW?VJFJxB (2)
J=0(-Vo¢+VxB), V=V (VxB) (3)

Here,V, B, J and ¢ are the velocity, the magnetic field, the total electric entrand the electric
potential, respectively, Kenjere$ and Hanjali¢ (2000je strength of interactions between the fluid and
the electromagnetic field is described by the interactioampaterN that represents a ratio between the
Lorentz and the inertial forces, i.&/=0L,B2/pV;, Whereo is the electric conductivity, is the density

of the fluid andB, is the magnetic field intensity in the centre of the magnedje. g he Reynolds number

is defined aske=V; Ly /v, wherel} is the bulk horizontal inlet velocity,, the vertical half-distance of
the rectangular duct (in the y-direction) amthe kinematic viscosity. The Hartmann number represents
a ratio between the Lorentz and the viscous foréés,— BOLOW = v/NRe. The magnetic field
distributions originating from permanent magnets of ojjegsolarities and dimensionsM, <x<M,,

— M, <z<M.,, with separation between magneté<y<h and enclosed in a ferromagnetic yoke, can

’L

B.(z,y,z Z Z Z (1jk) arctanh
k=+1j=%1i=+1 )

be calculated from a semi-analytical simplification of thetBSavart’s and Maxwell equations, Akoun
k=41 j=%1i==%1
By(z,y,2) == > > > (ijk) arctan <( w _]h)(z ) : 4)

et al. (1984), Votyakowt al. (2008, 2009):
em):
B.(z,y,2)= > > > (ijk) arctanh<
(i,7,k
k=+1j=41i=+1 7“(2 Js )

wherer=y/(x — iM,)* + (y — jh)? + (= — kM.)%. The field is then multiplied such th&(0,0,0) =

Byy, where B, was selected to obtain desiréd value. With known components of the imposed
magnetic field, we have a fully closed system of equations, (EeB). Note that this system of equa-
tions is valid only for the one-way coupling between velpaind electromagnetic fields (no back-

reaction of the velocity field on the imposed magnetic field, when the magnetic Reynolds number



Re,,=VyL,/A<<1 (Kenjere&et al., 2006; KenjereS and Hanjalic, 2007a, 2007b; Kenjeré898). De-
spite the one-way coupling between velocity and imposedyetagfield (the imposed magnetic field is
constant in time), the Lorentz force is both space- and tile@endent (in contrast to situations where the
imposed Lorentz force was constant in time, e.g. ThibautRassi, 2003; Rosst al., 2006a, 2006b;
KenjereSet al., 2009; Kenjeres, 2008, 2009a, 2011). This is because okthavely high electric con-
ductivity of the fluid where also induced electric currentshibe taken into account (similar to Hanjalic
and Kenjeres, 2000, 2001; Kenjeres§ and Hanjali¢, 2004 wihere a uniformly imposed magnetic field
was applied over the entire flow domain). The direct influesicthe Lorentz force F=J xB) will be

confined to the region where the magnetic field is presentg@tte magnetic obstacle).

3 Numerical method

The system of equations (1)-(3) is discretised and solved fiyite-volume based numerical solver for
unstructured numerical grids, NiCembal. (2005). The numerical code is able to combine hexagonal
and tetrahedral control volumes (CVs), but since the ptgssimulated flows are in a simple rectangu-
lar geometry, a structured non-uniform rectangular megimployed. The mesh is refined in spanwise
direction in the proximity of the walls and in streamwiseedition in the proximity of the magnetic ob-
stacle edges (the entrance and the outlet of the magneticdigion). Convective and diffusive terms are
calculated by the second-order central-difference scHE&D&). Time integration is performed using a
fully implicit second-order three-consecutive-time llsvecheme. The value of the time step is set to
provide that CFEk=0.5. The SIMPLE algorithm is used for coupling velocity and pe® fields. The
linearised system of discretised equations is solved bydikgonally incomplete LU pre-conditioned
Cholesky Bi-Conjugate Gradient method (BiCG), Bargtthl. (1994). The message-passing-interface
(MPI) domain-decomposition directives are used to runexdlvthe parallel mode. The present simula-

tions were performed using 4-8 CPUs on the local Beowulfikioluster.



4 Results

4.1 Low Reynolds number range {00< Re<400)

The flow of an electrically conductive fluid (Galinstan,@g&ng 20 Smy.12, p=6360 kg/m?, 1=2.1624x 1073
Pas, 0=3.46x10° S/m) in a rectangular channel with electrically insulateallsvsubjected to a non-
uniform magnetic field in the low-Reynolds number flow regife00<Re<400) is considered first,
Fig. 2. The geometrical parameters are adjusted to be similh the parameters used in Votyakev
al. (2007,2008) in order to validate extensions of the Naviek&s solver with additional equations for
electrical potential and magnetic field, and, consequewithh additional Lorentz force in the momen-
tum equation, Egs.(1)-(3). A numerical meshlag?® CVs is employed with local refinements in the

proximity of the walls and the magnetic edges (the entrandetlae outlet of the magnetic field region).

The inflow conditions are specified from a fully-developeahilaar flow in a rectangular duct. No-
slip boundary conditions are applied for all velocity compnts at all walls. The electrically insulated
walls are imposed by specifying a zero-gradient of the gtegbtential (¢/0x,=0) to ensure zero
current through the walll, =0). The far-field (zero gradient) condition is imposed at théetd for all

variables.

The external magnetic field is imposed by solving equatidhsvith following parameters: N/, h,
M.)=(0.015, 0.015, 0.02) m. The strength of the imposed magfiekd B, was adjusted in order to get
proper values of the interaction paramedér The magnetic constrainment factor that defines the ratio
between the spanwise extension of the magnetic field ang&mgse channel lengthis=M, /L, =0.4.

Distributions of the magnetic field lines in characterigtianes are shown in Fig. 3.

The calculated flow patterns are shown in Fig. 4. Steady isolsitare obtained for all considered
cases. The appearance of vortical flow patterns occursratiehing a critical value of the interaction
parameter /), depending on the value of the Reynolds number. Fe+100 and the low interaction
parameter cas& =4, Ha=20, the magnetic field deflects the approaching fluid towardsithe walls
causing its acceleration and creation of two side-wall féitg. 4-top. Due to the relatively weak Lorentz
force suppression in the magnetic obstacle region, nocdative regions are created. With further
increase ofV to 11.25 (Ha=33.5), a vortex-pair is generated inside the magnetic obstaek &ig. 4-
middle. By keepingV=11.25 and increasing the Reynolds numberite=400 (Ha=67), additional

counter-rotating vortex pairs are generated in the magmetke region, Fig. 4-bottom. Identical reor-



ganisation of flow structures was presented in Votyadtoal. (2007, 2008). Since different numerical
discretisation methods (the finite-volume versus the fiditierences approach of Votyakat al.) and
different numerical mesh are used, we performed detailetpanisons with the results of Votyaket
al. (2007, 2008).

The non-dimensionalised streamwise velocity profilesrradised to maximum inlet velocity) along
the centreline are shown in Fig. 5. The characteristic vglased for non-dimensionalisation was the
incoming area-averaged streamwise velotify It can be seen that a very good agreement is obtained
for cases A and B - both in the front and behind the magnetitackss Comparison for the case C
shows some deviations - especially in the magnetic wakemegVhile both simulations predicted three
vortex pairs, the length of the recirculation defined by thezontal extension of the third vortex pair
is different. This can be a consequence of the different rdesisities used in the wake region - where
the presented simulations employed a significantly finermmeshis region than that used in Votyakov
et al. (2007, 2008) (where the finest mesh vgd$). Note also that we simulated a longer domain than
used in Votyako\et al. in order to allow the post-magnetic recovery of the flow. Thhigger domain is
also needed to properly capture the transient effects &hitgjher values oRe. It can be concluded that
generally good agreement between the present results sultsref Votyakowet al. (2007) is obtained
for the considered range of the low Reynolds numbers anchictien parameters, and that steady laminar

flow patterns are obtained.

4.2 Intermediate Reynolds number range Re=900)

Votyakov and Kassinos (2009) observed vortex shedding @pasagnetic obstacle d&e=900, N=9.
They studied two kinds of initial and inlet conditions: unipebed and perturbed case. For the un-
perturbed symmetric inlet velocity a symmetric vortex skind was observed. For the perturbed inlet

velocity, an asymmetric vortex shedding occurs.

To be able to access higher valuesafand NV than previously addressed, the configuration shown
in Fig. 2 is adjusted. In order to reduce numerical resofutequirements imposed by the presence of
the four walls (since both hydrodynamical and Hartmann blauy layers must be properly resolved in
the proximity of the walls), we will consider a configuratiatere the two-side walls are removed and
replaced by symmetry boundary conditions (i.e. walls inztarections are removed). A new numerical

mesh was created consisting 230 x 80x 100 control volumes that are refined in the proximity of the



remaining walls and edges of the imposed magnetic field. ftiserical mesh should be sufficiently

fine to properly resolve the flow for the selected valuget=900.?

4.2.1 Instantaneous features

In order to portray the electromagnetic field distributifmrsthe transient cases, lines of the total electric
current J) and contours of the electric potential)(in the central horizontal plane are shown in Fig. 6.
Note that distributions of the electric potential, and aqngently, of the total current are different for
various values ofV. This is because of the mutual interdependency betweegitsebnd electromag-
netic fields. Since the cross product of the velocity and iseglomagnetic field{ xB) is the source
term in the Poisson scalar equation of the electrical piat.(3), any change in the velocity fiel¥]

will influence the distribution of the electric potential)( This change in the electric potential will lead
to changes of the total electric curredi) @nd finally, through the Lorentz force effecBi{=J xB),

the underlying velocity field will be affected, and a full de of interactions will be closed. It can be
seen that a stronger magnetic field generates strongerielpotential differences, and consequently,
stronger electric currents, Fig. 6. The stronger totaltatecurrent generates a stronger Lorentz force

and imposes a stronger braking of the flow.

Time evolutions of the flow instabilities for a fixed value/®=900 and two values of the interaction
parameter =3 and 10;Ha=>52 and 95) are shown in Figs. 7 and 8. The characteristic floautyin
time for these particular parameterstis=20 sec. The instantaneous contours of the non-dimensional
streamwise velocity are shown in the central horizontah@l@g=0 m). The action of the Lorentz force
is already visible in the initial stage of the flow developmemhe strong flow suppression occurs in
the centre of the magnetic obstacle. Then, as time progetse wake region is created and strong
shearoV, /0z is generated between the slowly moving core and accelesadedets. This leads to an
elongated wake structure, which after reaching a critmadth, starts to oscillate in the form of periodic
vortex shedding. The dynamics of the development of the fimtabilities is similar for both values of
the interaction parameters. The most striking differerazesn the existence of the flow reversal region

in the magnetic wake faN=10 case, as well as in the streamwise extension of the magnakie.\W he

2The Kolmogorov length scales were estimated frpra (u3/a)1/4, where the dissipation rate of the turbulent kinetic
energy is evaluated as~ V/L, givingn ~ 6-:107° m. The used numerical mesh satisfies this requirement inisile
magnetic obstacle and in the proximity of the magnetic edgesther away, it is iRn<AV'/3<5y range, wher\V =

Ax - Ay - Az is volume of the numerical cell.



higher value of the interaction parametai-£10) generates a significantly shorter magnetic wake, Fig. 8.

For this particular value of Reynolds numbéte=900), the inner and connecting vortex pairs are
generated forV>5, Fig. 9. These vortex pairs are very stable in time and oréyatitached vortex pair
is highly intermittent. It can be seen that the vortex sheddiffects are triggered by instabilities of
the attached vortex pair. For all our simulations, symmatrfully developed profiles were imposed
- without any additional perturbations which were imposed/otyakov and Kassinos (2009) - and
asymmetric patterns emerged. In order to confirm the flowlgtalmside and in the proximity of the
magnetic obstacle region, profiles of the instantaneoaasiwise velocity along ther, y)=(0.07,0.)m

line for different interaction parameters are depictediq B-top.

The side jets are caused by a local flow deceleration in thizadgrart due to the magnetic obsta-
cle - since the mass conservation must be satisfied. The sg@melocity components exhibit a fully
symmetrical behaviour with respect to the centreline, Bigottom. The higher peaks are again asso-
ciated with stronger magnetic damping of the flow in the cdntegion. The profiles of the velocity
components at an arbitrary time instant along the cengdln different values ofV are plotted in
Fig. 10. Three characteristic regions can be distinguisthieel region from the inlet till the magnetic
centre - characterised by strong suppression of the flow ppeasance of flow reversal (for higha,

a magnetic wake region - a stable region characterised byédweity, and finally, a highly intermittent
region characterised by strong fluctuations of all veloc@ynponents. Now we will analyse time series
of velocity components at two monitoring locations behihd thagnetic obstacle for different values
of 3<N<25: inside the magnetic wake region, MON1(0.15, 0., 0.)m, Eiy. and at the edge of the
magnetic wake region MON2(0.35, 0., 0.)m, Fig. 12. As praslg discussed, the velocity fluctuations
are significantly stronger for the second location. Whetbadirst monitoring location is just behind
the second vortex pair that is quite stable in time, the sgeoanitoring location lies in the region of
the influence of the initially stable third vortex pair. Asne progresses, this third vortex pair starts to
be elongated in the spanwise direction and the flow separdtas is a very intermittent mechanism
that triggers the generation of additional eddies that areed by the underlying flow in the streamwise
direction. Note the appearance of the transient bursts K5 sec, Fig. 12. This is the moment when

the break-up of the attached vortex pair occurs.

The power spectra of the non-dimensional velocity comptsantwo monitoring locations and for
two selected values of the interaction parametér3 and 15, are shown in Figs. 13 and 14. The

appearance of the distinct peak frequency of the spanwiseityecomponent is already visible at the



first monitoring location, Fig. 13. This characteristic péastrongly increased at the second monitoring
location, Fig. 14. It is interesting to observe that the actualue of the vortex shedding frequency of
f=0.11 Hz is identical for both values of the interaction parameigris gives following value of the
Strouhal numberSt=f D /V,=0.144, whereD is the cross-stream size of the magnet=(211,). For
their two-dimensional simulations, Cuewvasal. (2006b) observed the characteristic valuese£0.1.

Similarly, for three-dimensional simulations, VotyakawiaKassinos (2009) reported that=0.25.

For both values of the interaction parameter, the energh®ffluctuations is the smallest for the
vertical velocity component at the first monitoring locatid=ig. 13. This is changed for the second
monitoring location where the vertical velocity comporseistnow overtaking its spanwise component
for N=15 case, Fig. 14-bottom. It indicates the development of theetllimensional instabilities. The
Kolmogorov inertial range with characteristic -5/3 slop@bserved for the second monitoring location
and N=15. It proves the localised state of the developed turbuleht@salocation, Fig. 14-bottom. To
provide more insights into turbulence behaviour and itsiap@edistribution, the second-order moments

of the velocity field are analysed next.

4.2.2 Long-time averaged fields

Now we focus on the long-time averaged velocity fields. Aftaching a fully developed flow with
distinct vortex-shedding structures, we started to coBeatistics for evaluation of the first- and second-
order moments. In order to get fully statistically convergaveraging samples, we usgo! instan-
taneous realisations. Three-dimensional represengabbrhe long-term averaged velocity field for
Re=900 and for two different values of the interaction paramétet 3 and 10, are shown in Fig. 15.
For the weak magnetic interaction paramet®3), the averaged flow is slightly deflected from the
magnetic region and accelerated in the spanwise directiel), (but there is no visible recirculation,
Fig. 15-top. In contrast to that, for the intermediate iat#éion numberV=10, both the inner and con-
necting vortex pairs are generated in the averaged flow fiédd, 15-bottom. The contours of the mean
streamwise and spanwise velocity components in the cembraontal plane =0 m) are shown in
Fig. 16. The length of the magnetic wake extension is quiferdint for considered values of the inter-
action parameters\(=3 and 10). A stronger imposed magnetic field generates afisgmily shorter
wake. The flow is also rapidly deflected and accelerated irspla@wise direction due to the magnetic
blockage effect in the central part of the domain. This is aislicated by the contours of the normalised

spanwise velocity componenity/V;) in Fig. 16.



The turbulent activities are confined in distinct pocketthef flow where a strong shear takes place,
Fig. 17. Note that the approaching flow is in the laminar flogimee (Re=900). The turbulent kinetic
energy has maximum values in the proximity of the edge of takenextension where two side jets
meet ¢=0.55 and 0.35 m, forN=3 and 10, respectively). Two expanding wakes (characteliyea
low turbulence intensity) originating from the edges of thagnetic obstacle are observed for the low
interaction parameter\(=3), Fig. 17-top. These expanding wakes are not present fdnitiesr value
of the interaction parameteN(=10), Fig. 17-bottom. After reaching a maximum, the turbuleiniekic
energy is progressively decaying, indicating the flow retamsation farther downstream. Despite the
appearance of the strong vortex shedding intermittencyse@ by the magnetic obstacle, the turbu-
lence is not able to be fully sustained farther downstreartti®considered value @te=900. A similar
mechanism of vortex bursting in a laminar environment asuacgoof turbulence was addressed in ex-
perimental studies of Cuypeesal. (2003). In their studies, the initial vortex was generatgéIsmall
step obstacle that was added to a laminar boundary layewasdtrongly enhanced by sucking the flow
though the slots on each lateral wall. By analysing the tieriiikinetic energy spectra at different loca-
tions inside the flow, they identified the existence of antinkrange turbulent behaviour, characterised
by the —5/3 Kolmogorov law, at the location where the vortex bursts. Tovjgle more insights into
energy redistribution among the fluctuating velocity comgrats inside the turbulent pockets, the turbu-
lent stresses are shown in Figs. 18 and 19./Fe1f3 case, the streamwise turbulent stress is the largest,
Fig. 18. Despite the zero mean value of the vertical velooitsnponent I,/ 1;) at this location, the
vertical turbulent stres3{v, /V;?) is significant. It is smallest among the normal stress carepts due
to the vertical confinement of the flow by channel walls. Thewmad turbulent stress components exhibit
entirely different behaviour for the higher interactiorrgraeter (V=10), Fig. 19. Now, the spanwise
turbulent stress is the largest{,) whereas the vertical turbulent stress is the smaligst) indicat-
ing the redirection in the turbulent kinetic energy excteanghe fluctuations in the vertical direction
(7,7,), although the smallest in intensity, occupy a larger pbdiomnain compared to its streamwise and
spanwise components, which are much more focused arouriddaigon where magnetic wake ends.
The turbulent shear stress component also exhibit diftdsehaviour for different values aV. For
the low interaction number cas&/3), two regions with high values of turbulent shear stressy)
of opposite signs are symmetrically placed with respeché&dentreline, Fig. 18. Additional regions
with secondary peaks of high turbulent shear stress in bo#imd z-direction are present for the higher

interaction (V=10) case.
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5 Summary and conclusions

We performed numerical simulations of the flow of an elealtycconductive fluid under the one-way
coupled influence of a locally imposed non-uniform magnigid. A fully coupled system of equations
involves solving the Navier-Stokes equations for veloaihd pressure fields, and a simplified set of
the Maxwell’s equations for distributions of the imposedgmetic field and generated electric currents.
The velocity and electromagnetic fields are mutually codipteough the scalar equation of the electric
potential, the total electric current and finally, througk &action of the Lorentz force in the momentum
equation. Detailed validation of the newly developed sof@e fully-unstructured meshes is performed
for the low Reynolds number flows {0<Re<400) and intermediate values of the interaction param-
eter4</N<11.25. Generation of multi-vortex patterns inside and behindrttagnetic field region is
clearly demonstrated. Obtained results demonstrated dagr@ement with available data presented in
literature under similar conditions, Votyakeval. (2007, 2008). Then, a series of simulations for an
intermediate Reynolds numb&®¢=900) and various values of the interaction parameter/{ <25) are
performed. In contrast to the previous simulations for tivedr Reynolds numbers that produced stable
flow patterns, thee=900 case produced vortex shedding. We have visualised the tahgymamics of
the vortical structures in the magnetic obstacle wake. Debpg differences of vortical flow structures
inside the magnetic obstacle for different values of theraattion parameter\), the shedding frequency
of the detached vortices was not affected/¥y The velocity spectra at characteristic locations in the
magnetic wake revealed imprints of fully-developed tuemgle. By analysing the long-term averaged
second-moments of the velocity fields, it is concluded thdiulence was locally sustained in the prox-
imity of the magnetic wake edge. A rapid turbulence decaycated that flow will fully relaminarise

farther downstream.
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Nomenclature

By
D7L0
M, h, M,
Vo
VWL
Re — Joko
v
~ WoLo
Re,, = 3
O'BZLO
N=—
p Vo

se= 12
b
f
\%
B
E
F=JxB
J

Greek symbols

R ©

>

magnetic field intensity in the centre (T)
characteristic dimensions (m)
characteristic magnet dimensions (m)
characteristic velocity (m/s)

Reynolds number (-)
magnetic Reynolds number (-)

magnetic interaction parameter (-)
Hartmann number (-)

Strouhal number (-)

Pressure (Pa)

vortex shedding frequency (Hz)
velocity (m/s)

magnetic field (T)

electric field intensity (V/m)
Lorentz force density (N/r)
total current density (A/f)

electric potential (V)
fluid density (kg/m)
kinematic viscosity (rf/s)

magnetic diffusivity (m/s)

o electric conductivity (S/m)

k magnetic constrainment factor (-)
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Table 1: Overview of simulated configurations.
Re[ | NF | Ha[ | [BollT]
100 4. 20. 0.05
100 | 11.25] 33.5 | 0.084
400 | 11.25| 67. 0.168
900 3. 52. 0.13
900 | 10. 95. 0.24
900 15. 116. 0.3
900 25. 150. | 0.375
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Figure 1: Similarity concepts of flow around solid (Pier, 2D(Qgray area, -top) and magnetic obstacle
(gray area, -bottom). The attached vortices are genematiuiwake of the solid obstacle, while in the
wake of the magnetic obstacle, due to localised effectseoktitentz force, inner (first pair), connecting

(second pair) and attached (third pair) can be formed, Vatyat al. (2008).
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Figure 2: A sketch of the rectangular duct configuration witlocally imposed magnetic field (perma-
nent magnets) and electrically insulated walls with addmeordinate system: side{y plane), top
(zr—z plane) and front{—y plane) view. Note that all length scales are non-dimendiggdwith a half
duct height. The direction of magnetisation of the permanegnets is indicated by arrows in the front

view. The flow direction is from left to right - in the- direction.

18



Figure 3: Contour plot of the magnetic field3| in T) normalised to the central value between the
magnetic pair: front viewA{—y plane) -left, top view of the central plane-{ = plane) - right. All length

scales are non-dimensionalised with a half duct heighty Gudlines indicate the magnet edges.
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Case A:Re=100, N=4, Ha=20

Figure 4: Vortical patterns in a stable flow regime for a lowyRa&ds number Re=100, 400) around a
magnetic obstacle with different strengths of the imposegmetic field (V=4, 11.25) inside a rectan-
gular duct with electrically-insulating walls, visualgby stream-traces in the central horizontal plane.

The location of the permanent magnets is indicated by a lelctangle.
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Figure 5: The non-dimensionalised profiles of the streamwedocity along the centreline in the duct
middle plane for three characteristic steady flow patte@ase A -Re=100, N=4; Case B -Re=100,
N=11.25; Case C -Re=400, N=11.25; Comparisons with results obtained in Votyalkehal. (2007).
Dashed vertical lines indicate borders of the magneticambst Note that the origin of the coordinate

system is now moved to the magnet cenirfgis maximum of the inlet velocity.
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Re=900, N=3, Ha=52
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Figure 6: Instantaneous snapshots (for an arbitrary tiragint) of contours of the electric potential

(¢) and the total-electric current lined)(in the central horizontal plane for different strength<shoeé
imposed magnetic fieldy=3, 10 and25, respectively.
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Re=900, N=3, Ha=52
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Figure 7: Time evolution of the flow instabilities faRe=900 and N=3. Contours of the non-
dimensional streamwise velocityy(/ 1) in the central planey(= 0 m) at different time instants:=5,
25, 100, 1000 sec. The characteristic flow-through time=420 sec.
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Figure 8: As in previous figure, only fde=900,N=10.
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MON1(z=0.15m,y =0 m, z=0 m)

TRAn
PP O0TWw
[N @)

l.l.l.l.

0 250 Time [s] 500

TR
PP OTWw
[ =)

Time [s] 500

Z2ZzzZz2Z2

PR O01TWw
()=

250 Time [s] 500

Figure 11: The time-series of the velocity components atitodng point(0.15, 0., 0.) m, for different

values of the interaction parameté¥£3, ..., 15) and fixed value of the Reynolds numbes=900.
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Figure 12: Same as in the previous figure only at monitoriegtion(0.35,0.,0.) m
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Figure 13: The power spectra of the non-dimensionalisextitglcomponents at a characteristic location
in the central horizontal plane (0.15, 0., 0.) m for two valwé the interaction numbefy=3 and 15.

The time step used wast=0.5 sec.
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Figure 14: Same as in the previous figure, only at (0.35, Pmo.
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Figure 15: A zoom-in of 3D streamtraces (coloured by strem@welocity) of long-term averaged
velocity fields forRe=900 and N=3 (-top) andN=10 (-bottom).
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Re=900, N=3, Ha=52

\WANGE e |

0.10 0.30 0.50 0.70 0.90 1.10 1.30 1.50 1.70 1.90

0 0.1 0.2

0.3X [m] 0.4 0.5

0.6 0.7

VIV, [-]

-0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35

<

0 0.1 0.2 0

.3X [m] 0.4 0.5 0.6 0.7

Re=900, N=10, Ha=95

v./v, - TR T

-0.14 0.16 0.46 0.76 1.06 1.36 1.66 1.96

0.3x‘[nll]‘01;1 ‘ ‘0.‘5‘ ‘ ‘0.|6‘ o ‘017I ‘
v,/ v, 1 TR T

-0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35

0 o1 02

0.3X [m] 0.4 0.5 0.6 0.7

Figure 16: Contours of the long-term averaged non-dimerdstreamwise and spanwise velocity com-

ponents in the central horizontal plang=0 m) for fixed value ofRe=900 and two different values of
N=3 (-top) andN=10 (-bottom).
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Re=900, N=3, Ha=52
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Figure 17: Contours of the non-dimensional turbulent kinetergy (TKE) in the central horizontal
plane (/=0 m) for the fixed value ofRe=900 and two different values of the magnetic interaction pa-

rameterN=3 (-top) andN=10 (-bottom).
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Re=900, N=3, Ha=52
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Figure 18: Contours of the normal and shear turbulent stsgissthe central horizontal plang=£0 m),
Re=900, N=3.
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Re=900, N=10, Ha=95
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Figure 19: Same as in the previous figure, only &o«10.
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