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Abstract: Liquid metals offer unique properties and their use in a nuclear fusion reactor, both 

as confined flows and free surface flow, is widely studied in the fusion community. The 

interaction between this conductive fluid and the tokamak magnetic fields leads to 

Magnetohydrodynamic (MHD) phenomena that influence the flow features. To properly design 

components that employ liquid metals, it is necessary to accurately predict these features and, 

although the efforts made in development, a mature code specifically customized to simulate 

MHD flows is still unavailable. In this work, the general purpose CFD code ANSYS CFX 18.2 

is validated for MHD free surface thin film flow with insulated walls, up to 𝐻𝑎 = 1000 and for 

several values of the characteristic width/thickness ratio, comparing the results with the 

theoretical relation available in the literature. For all the cases considered, the maximum 

integral error is found below 10 %. Successively, the validated code is used to investigate the 

MHD flow in a chute with a characteristic film ratio equal to 0.1 and for 𝐻𝑎 = 300. Uniform 

and non-uniform wall electrical conductivity cases are considered with the latter modelled by 

placing on the side walls and on the back wall localized regions with different conductivity. 

The electrical conductivity of the back wall is found to have a negligible effect on the global 

flow when the lateral wall in insulated, similarly to what is observed for the analogous bounded 

flow. Contrariwise, an electrically conductive lateral wall is found to enhance the free surface 

jet and to modify the Hartmann layer structure. 

Keywords: CFX; Free-Surface Flow; Magnetohydrodynamics (MHD); Non-uniform 

electrical conductivity; thin film flow. 

1. Introduction  Nuclear fusion is the process that powers the Sun and the 

stars and is considered a sustainable and CO2-free energy source that could be potentially used 

to meet the ever-increasing global energy demand. At the extremely high temperature needed 

to sustain the fusion reaction, the fuel is in the plasma state, that is completely ionized and 

dissociated in electrons and ions. In 2018, EUROfusion published a document entitled 

“European Research Roadmap to the Realisation of Fusion Energy” [1] , which outlined 8 key 

design issues to face the main challenges for the realisation of the first fusion reactor. The “M2. 

Heat-exhaust systems” mission is on the development of an adequate solution for high thermal 

loads to which the Plasma-Facing Components (PFCs) are subjected. The baseline strategy for 

the accomplishment of M2 is to optimize and understand operation with a conventional PFC 

(water-cooled, metallic armor, Eurofer heatsink) but, in parallel, an aggressive program to 

develop alternative solutions is necessary [1]. 

Liquid Metals (LM) have unequaled properties as plasma-facing materials in a fusion 

reactor because they can be re-circulated and regenerated, enhancing the performances and the 

lifetime of the components where they are employed. Compared to solid PFCs, LM-PFCs have 

the potential to provide enhanced power-removal capability, by evaporation and relocating the 

heat with a flowing stream; offer a “self-healing” surface that is practically free from permanent 

damage by erosion, neutron-induced swelling and plasma irradiation damage; eliminate issues 

as thermal stresses, local melting and recrystallization; reduce overall system down-time and 

repair cost and facilitate tritium production, retention, removal and handling [2–4]. However, 



it is still a challenging goal to form a continuously flowing LM film flow with both stable 

surfaces and uniform thickness due to magnetohydrodynamics (MHD) effects [5]. 

Since the liquid metals are electrically conductive, their movement is inducing internal 

currents when happening under an external magnetic field, as it is often the case in a fusion 

reactor. These currents will interact in turn with the magnetic field resulting in Lorentz forces 

that can affect both the macroscopic (e.g. velocity and free surface stability), and microscopic 

flow features (e.g. turbulence). This interaction leads to the development of rich physical 

phenomena, not encountered in classical fluid dynamics that present a complex coupled 

interplay of magnetic, inertial, viscous and surface tension forces. Furthermore, the Lorentz 

force is not uniformly distributed on the channel cross-section but is dependent on the overall 

magnitude and paths of the current inside the fluid, which in turn depends on the electric 

conductivity of the walls. These effects change the pressure drop and heat transfer performance 

of the system compared with those observed in hydrodynamic conditions. 

Despite the existence of certain theoretical and experimental results, presented in the most 

recent review available in literature by Molokov and Reed (2000) [6], interest in MHD film 

flow has increased only recently, due to their potential application in LM-PFCs, as the one by 

Abdou and other researchers at University of California - Los Angeles (UCLA), that designed 

a flowing liquid metal film concept as inner wall and divertor [7, 8]. The great success of lithium 

pellet injection experiment in the Tokamak Fusion Test Reactor (TFTR) (1994) has 

demonstrated the potential of lithium coated limiter and drawn a lot of interest on lithium, since 

then the research on LM-PFCs has become one of the key topics in fusion [9–11]. 

Studies performed on the numerical modeling on MHD film flow are much less common 

than those dealing with a confined flow, where it has been possible to simulate flows with an 

Hartmann number, a dimensionless number that considers the strength of the magnetic field, 

equal to 104 [12]. To the best of our knowledge, only numerical simulations with significantly 

lower Hartmann number are present in literature for a MHD free surface flow. Perhaps the first 

numerical work was carried out by Kudrin (1993) et al. [13], that developed a finite-element 

solver for fully-developed film flow in a coplanar field. A most recent review was made by 

Morley (2004) [14] in the context of the APEX project at UCLA, where it was recognized that 

a numerical tool that can handle complex 3D free surface MHD flows is a necessity to obtain a 

better understanding of liquid wall flows and would be an extremely valuable aid in the design 

of LM-PFCs. Initially, efforts were made on developing an MHD module to work with the 

FLOW3D commercial CFD software package by Huang et al. (2002) [15]. Subsequently, to 

overcome the limitation of the existing codes, the development of a dedicated code, called 

HIMAG, was started [16, 17]. Recently, Khodak et al. [18] developed a numerical tool, based 

on a customized version of ANSYS CFX, capable of simulating flows and heat transfer in an 

MHD free-surface flow, modelling the gravity-driven flows of LM along the first wall of the 

proposed Fusion Nuclear Science Facility (FNSF) [19]. 

A well-known MHD effect is the dampening of velocity oscillations and, more in general, 

turbulent structures. These can potentially harm the PFC integrity due to heat transfer 

degradation. To counteract this issue, various surface topologies have been proposed to increase 

the disturbance in the fluids and enhance convective heat transfer, mostly focused on the wall 

conductivity dependence of the Lorentz force caused by MHD effects. Huang proposed a 

hemispherical protrusion wall based on the vortex induction [20] and investigated the heat 

transfer improvement by applying some electrically conductive ribbons aligned with the main 

flow direction, called “stripes”, on the insulated back wall of the chute [21]. Recently, 

Kawamoto studied a structure of partially insulated fins perpendicular to the divertor plate [22]. 

All of these studies have shown that working on the electrical conductivity of the wall can 

effectively enhance heat transfer by generating disturbance in the fluid and high-velocity region 

near the free surface. 



This paper investigates a single-phase MHD thin-film flow with the commercial CFD 

code ANSYS CFX 18.2, validating CFX through a theoretical solution up to 𝐻𝑎 = 1000 [23] 

for the case of the insulated wall. The second part of the paper investigates a prototypical case 

in the framework of LM-PFCs, that is a chute with non-uniform electrical conductivity, for both 

the back and lateral walls, parallel to the stream direction. 

2. Numerical model Figure 1a shows the computational domain: a rectangular 

and horizontal open channel characterized by a length 𝐿 in the streamwise direction 𝑥, a width 

𝑊 in 𝑧 direction that is the direction of the applied magnetic field 𝑩 and a uniform thickness 𝐻 

in the 𝑦 direction, aligned with the gravity acceleration −𝑔. The origin of the coordinate system 

is placed at the center of the model. The characteristic geometry parameter is the film aspect 

ratio 𝛼∗ = 𝐻/𝑊. The single-phase, isothermal, steady and fully developed flow of liquid 

lithium (𝜌 = 502 𝑘𝑔 𝑚3⁄ , 𝜇 = 5.08 ⋅ 10−4 𝑃𝑎 𝑠, 𝜎 = 3.34 ⋅ 106  𝑆 𝑚⁄  [24]) flows through the 

uniform and perfectly coplanar magnetic field 𝑩. 

2.1 Governing equations and dimensionless groups The MHD governing 

equations in ANSYS CFX 18.2 are implemented introducing a body force source term in the 

momentum equation (Lorentz force) and a formulation based on additional equations for the 

electric scalar potential 𝜑 [25, 26]. Under the assumptions considered in this work, the 

inductionless approximation is applicable and, therefore, the dimensionless governing 

equations used by the code are expressed as 

1

𝑁
[
𝜕𝒖

𝜕𝑡
+ (𝒖 ∙ ∇)𝒖] = −∇𝑝 +

1

𝐻𝑎2
∇2𝒖 + 𝒋 × 𝑩 + 𝑺𝑴 

(1) 

𝒋 = −∇φ + 𝒖 × 𝑩  (2) 

∇2𝜑 = ∇ ∙ (𝒖 × 𝑩)  (3) 

where 𝑝 is the pressure, 𝒖 the velocity field, 𝒋 the current density field, 𝐿𝑐 the characteristic 

length (half-width of the channel 𝑊/2), and 𝑺𝑴 = 𝜌𝒈 is a “general momentum source” that 

models the gravity effects that would not be simulated otherwise by the CFX buoyancy model 

because of the absence of density difference and isothermal assumption. The interaction 

parameter 𝑁 = 𝜎𝐿𝑐𝐵0
2 𝜌𝑢0⁄  gives the ratio of the electromagnetic forces to the inertia forces, the 

Hartmann number 𝐻𝑎 = 𝐿𝑐𝐵0√𝜎 𝜇⁄  represents the ratio of the electromagnetic forces to the 

viscous forces and characterizes the boundary layer. 𝐵0 and 𝑢0 are respectively the applied 

magnetic field and the mean velocity. The scaled variables of interest are [25]: the scaled 

pressure 𝑝0 = 𝜌𝑢0
2, the scaled electric potential 𝜙0 = 𝐿𝑐𝑢0𝐵0, the scaled electric current 

density 𝑗0 = 𝜎𝑢0𝐵0 and the scaled Lorentz force 𝐹𝐿0 = 𝜎𝑢0𝐵0
2. In all the following simulation 

𝑢0 is equal to 0.0625 m/s. At the walls perpendicular to 𝑩 the boundary layers (Hartmann layer) 

width is 𝛿𝐻 = 𝐿𝑐 𝐻𝑎⁄ , at the walls parallel to 𝑩 the boundary layer (side layer) width is 𝛿𝑆 =

𝐿𝑐 √𝐻𝑎⁄  (Figure 1b). 

2.2 Numerical strategy The simulations were performed with the “high-

resolution” advection scheme, using a single fluid domain. Since 𝑁 >> 1, all the simulations 

were carried as a laminar flow. All the simulations have been initialized with the respective 

hydrodynamic solutions to facilitate the convergence. Figure 1a shows the boundary conditions 

(BCs). No-slip boundary condition (𝒖 =  𝟎) was used for all the walls except for the top wall, 

where the free-slip BC is imposed to model the free surface (shear stress 𝜏 = 0). To get a fully- 

developed flow, translation periodicity BCs with the control of the mass flow rate (Γ𝑖 = Γ𝑜, 

𝑢𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑢0) was established between the inlet and outlet surfaces. Zero electric flux BC (i.e. 

𝜕𝜙 𝜕𝑛⁄ = 0) is employed to model a perfectly insulated wall (or wall section), whereas the 

ground BC (𝜙 = 0) is used for a perfectly conductive wall (or section). A non-uniform, 



structured, hexahedral mesh is used, refining the resolution to resolve the Hartmann and side 

boundary layer (see Figure 1b). 

  

Figure 1: a) Computational domain, BCs and sampling data locations (W0, W70, W99); b) Global 

mesh and detail of the lateral wall. 

3. Model validation The model validation for the insulated case was performed 

using the theoretical solution provided by Shishko et al. [27] which provides the scaled velocity 

distribution along the film thickness (𝑦-axis), considering the origin of the coordinate system 

at the center of the model, therefore −
𝐻

2
≤ 𝑦 ≤

𝐻

2
. Shishko employed the approximate variation 

Galerkin-Kantorovich method as done by Sidorenkov for a rectangular bounded channel [28] 

that allows to come up with a relatively simple theoretical solution using two basic functions in 

the 𝑧-direction, the parabola and the Hartmann profile. As stated by Molokov [6], this method 

is not especially accurate, because of a low number of the trial functions, but perhaps is the 

most significant theoretical results for liquid metal film flows. 

The quality of the numerical results was evaluated by comparing the integral of the 

velocity distribution through the thickness of the film at three different channel positions along 

𝑥 = 0: center (W0), 70% (W70) and 99% (W99) of the half-width, as shown in Figure 1a. 

3.1 Mesh sensitivity study A mesh sensitivity study for 𝐻𝑎 = 500 with 𝑎∗ =

0.03 (𝑊=100 mm, A) and 𝑎∗ = 0.044 (𝑊=90 mm, B) was carried out to analyze the effect of 

the mesh resolution in the MHD layers. Table 1 shows the results overview. Between 15 and 

20 elements in the Hartmann layer (𝑁𝐻) are required to have a good agreement with the 

reference solution. A finer resolution (A3) does not bring any significant improvement and, 

surprisingly, could lead to increased error in some cases (B3). It should be noted that CFX 

usually requires about 8 elements in the Hartmann layer for the treatment of insulated bounded 

flows, as it was demonstrated, for instance, in Refs. [29, 30]. Motivating this difference in 

behavior of the numerical model is not simple, but it could be related to the use of a free-slip 

BCs. Regarding the side layer resolution (𝑁𝑆), between 20 and 30 elements are required with, 

again, a possible degradation of the results observed for higher resolution [23]. The same 

resolution is usually required by CFX for the simulation of bounded flows [30]. 

3.2 Parametric study Since the velocity profiles are sensitive to both the 

variation of the geometry (𝛼∗) and to imposed magnetic field (𝐻𝑎), a parametric study was 

carried out in the range 0.044 ≤ 𝑎∗ ≤ 0.2 and 500 ≤ 𝐻𝑎 ≤ 2000 (Table 2). A mesh with 20 

elements both in the Hartmann and side layer thickness is employed. The errors obtained are 

quite limited up to 𝐻𝑎 = 1000, whereas it was impossible to obtain a convergent solution for 
𝐻𝑎 = 2000. 

Figure 2 shows the scaled velocity distributions 𝑢 𝑢0⁄  along the 𝑦-axis, as a function of 

𝑦/𝐿𝑐 for all the cases reported in Table 2 along with the sampling positions reported in Figure 

1a. The thin line represents the reference solution provided by Shishko [27] while the thick one 

represents the solution provided by CFX. An increase in 𝐻𝑎 correspond with the progressive 

definition of a core region at the film center, where a quasi-slug flow with a flow rate almost 



equal to the mean flow rate is observed, and with the appearance of the well-known Hartmann 

layers on the lateral walls, with a thickness 𝛿𝐻 = 𝐿𝑐 𝐻𝑎⁄ , and of the side layer on the back wall, 

with a thickness 𝛿𝑆 = 𝐿𝑐 √𝐻𝑎⁄  (Figure 2D). Similarly, an increase of 𝛼∗ with a fixed 𝐻𝑎, 

corresponds to an increase of the MHD effects through the flow. This behavior can be explained 

due to the increase in the “active length” of the currents path, with respect to the “passive 

length”, with the film aspect ratio 𝛼∗ (Figure 2 A, B, C). 

As shown in Figure 2, the numerical solution agrees well with the reference one, except 

near the free surface. This discrepancy is observed on all the three sample lines and it could be 

attributed to two distinct causes. As mentioned above, the reference solution is derived from an 

approximate numerical method and, therefore, it is not completely accurate, at least not as much 

as analytical solutions obtained with less demanding assumptions like, for instance, the 

Shercliff one [6, 31]. Furthermore, the Shishko theoretical relation is developed under the 

condition 𝐻𝑎 ≫ 1. Even if large 𝐻𝑎 = 500 ÷ 1000 may not fully satisfy this assumption and, 

therefore, it is conceivable that the discrepancy we observe may be caused by this deviation 

from the ideal condition of 𝐻𝑎 → ∞. Indeed, it can be seen how the deviation between the 

numerical result and the reference solution is reduced passing from 𝐻𝑎 = 500 to 𝐻𝑎 =  1000. 

Nevertheless, it can be said with confidence that the code is able to recreate all of the 

fundamental features of the MHD flow and, therefore, it is suitable to perform numerical 

analyses to support the design of LM-PFCs up to 𝐻𝑎 =  1000. 

Table 1: Mesh information and results for the mesh sensitivity 

 𝑵𝑺 𝑵𝑯 N. of elements W0 Error (%) W70 Error (%) W99 Error (%) 

A1 30 17 96  000 6.7 8.1 11.0 

A2 37 17 118  400 8.7 9.8 8.5 

A3 30 35 120  000 6.8 8.2 11.0 

B1 20 15 110  880 6.2 3.8 8.4 

B2 30 20 181  440 6.0 3.9 8.4 

B3 60 58 725  760 15.3 15.5 33.0 

Table 2: Results of the parametric study 

 𝐻𝑎 𝛼∗ 𝑊(𝑚𝑚) 
W0 Error 

(%) 

W70 Error 

(%) 

W99 Error 

(%) 

A 500 0.044 90 6.0 3.9 8.4 

B 500 0.2 50 3.9 2.4 2.4 

C 500 0.1 50 7.2 4.7 4.3 

D 1000 0.1 50 1.8 4.1 4.1 

E 2000 0.1 50 Did not converge 

 



𝐻𝑎 = 500, 𝛼∗ = 0.044 (𝐴)

 

𝐻𝑎 = 500, 𝛼∗ = 0.2 (𝐵)

 

𝐻𝑎 = 500, 𝛼∗ = 0.1 (𝐶)

 

𝐻𝑎 = 1000, 𝛼∗ = 0.1 (𝐷)

 

Figure 2: Scaled velocity distribution for cases A, B, C and D. The red line corresponds to the W0 

position, the green one with the W70 position and the blue one with the W99 position (Fig. 1a). The thin 

line is the reference solution, the thick one the CFX solution. 

4. Non-uniform wall electrical conductivity study A chute with 𝛼∗ = 0.1 (𝑊 =

50 𝑚𝑚, 𝐻 = 5 𝑚𝑚, 𝐿 = 50 𝑚𝑚) and for 𝐻𝑎 = 300 is investigated to describe the flow for the 

case of uniform and non-uniform wall electrical conductivity. Non-uniformity is obtained by 

placing perfectly conductive strips on the perfectly insulated wall, as shown on Figure 3 where 

the red color indicates the insulated portion of the wall while the blue color the conductive 

portion. For the uniform case, perfectly insulating (#1) and conductive walls (#2) are considered 

and used as a reference for the analysis performed on the non-uniform configurations. 

Regarding the non-uniform study, several configurations have been considered, which are 

presented in Figure 3. Test cases #3 and #4 feature insulated lateral walls, and one and three 

conductive strips on the back wall, respectively. Test cases from #5 to #9 feature an insulated 

back wall and different strips position on the lateral wall: on the center with two different size 

(#5, #6), on the upper corners (#7), on the lower corners (#8) and on all the corners (#9). Finally, 

it has been considered the case with perfectly conductive lateral walls and an insulated back 

wall (#10). Table 3 shows the results of this study, which are compared with those for 

hydrodynamic conditions (#0), where 𝑢𝐹𝑆
∗ = 𝑢𝐹𝑆/𝑢0 is the dimensionless velocity peak of the 

free surface and ∆𝑝∗ = Δ𝑝/𝑝
0
 is the dimensionless pressure drop. It’s useful to introduce the 



ratio of the conductive area to the total area for the lateral wall 𝜉𝐿𝑊 = 𝐴𝐿𝐶/𝐴𝐿, for the back wall 

𝜉𝐵𝑊 = 𝐴𝐵𝐶/𝐴𝐵 and for the total surface 𝜉𝑇𝑂𝑇 = 𝐴𝐿 + 𝐴𝐵, where 𝐴𝐿 and 𝐴𝐵 are the surface of 

respectively the lateral and back wall and the subscript “C” denotes the conductive section in 

the respective surfaces. It was used a mesh with the same layout described in Section 2.2 with, 

in addition, 20 elements in the proximity of the electrical discontinuity. 

In general, and as pointed out by Shishko in [27], it has been observed that when the 

lateral wall is insulated, the electrical conductivity of the back wall has negligible effects on the 

flow characteristics. On the other hand, a conductive lateral wall greatly influences the flow 

structure and, in this case, the conductivity of the back wall has a much more relevant effect on 

the flow. When the lateral walls are conductive may exist two different flow regimes dependent 

on the values of the thickness of the film, flow rate, Hartmann number and the thickness and 

electrical conductivity of the walls. For large Hartmann number, beyond a critical value, the 

“slow regime” occurs, characterized by strong non-uniformity velocity distribution where there 

is virtually no movement of the liquid metal in the core and the entire flow is carried by two 

jets formed near the back wall and the free surface. For small Ha, the regime becomes “fast” 

and its characterized by a monotonic velocity profiles through the thickness of the film [27]. 

Due to the values of the parameters in this study, only the fast regime occurs. 

 

 

Figure 3: Cases of the electrical non-uniformity conductivity study. Due to symmetry, only half of 

the channels is represented. 

Table 3: Results of wall electrical conductivity study 

 #0 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

𝝃𝑳𝑾 0 0 1 0 0 0.2 0.5 0.250 0.250 0.5 1 

𝝃𝑩𝑾 0 0 1 0.20 0.60 0 0 0 0 0 0 

𝝃𝑻𝑶𝑻 0 0 1 0.182 0.545 0.018 0.045 0.023 0.023 0.045 0.091 

∆𝑝∗ 0.014 0.304 2.328 0.304 0.311 0.433 0.777 0.389 0.322 1.221 1.257 

𝒖𝑭𝑺
∗  1.72 1.74 3.99 1.74 1.76 1.95 2.30 1.84 1.84 2.77 2.66 



4.1 Uniform wall electrical conductivity  Figure 4 and Figure 5 show the 

scaled velocity distribution 𝑢 𝑢0⁄  and the scaled current density streamlines and electric 

potential distribution on the half cross-section respectively for the insulated case (#1) and the 

conductive case (#2). In the case of the insulated chute (Figure 4), the currents close in the thin 

Hartmann boundary layer and 𝑢𝐹𝑆
∗  is found to be close to its hydrodynamic value (#0), whereas 

the pressure drop is about 20 times more (see Table 3), since at the hydrodynamic pressure loss 

is added the MHD pressure loss. The absence of the no-slip condition on the free surface, that 

can be considered a side wall for the MHD phenomenon, results in a non-uniform distribution 

of the electric potential in the magnetic field direction (Figure 4). This behavior, which does 

not occur for the analogous insulated bounded flow, results in a non-specular distribution of the 

electric currents with respect to the average plane between the back wall and the free surface 

(dashed line in Figure 4 down). This causes the current loops to be shifted toward the free 

surface close to the Hartmann wall. This causes a Lorentz force that, as in the analogous 

bounded flow, is opposite to the pressure gradient in almost all the cross-section but, unlike the 

confined case, is not symmetrical near the side wall with respect to this plane (Figure 6 up 

detail) and causes the peculiar the velocity distribution close at the corner between the lateral 

wall and the free surface (Figure 4). 

The presence of the conductive walls changes the electric potential distribution and 

increase the potential difference between the walls, at which 𝜙 = 0 due to the perfectly 

conducting assumption, and the free surface (Figure 5). The electric currents flow through the 

walls and tend to close preferentially through the back wall. Since the free surface does not 

allow the currents to cross the boundary, these are aligned with the magnetic field there and 

close through the boundary layer, where they assume the greatest intensity (Figure 5). This 

causes a different Lorentz force distribution on the cross-section compared to the insulated case 

(Figure 6), which opposes the pressure gradient almost everywhere but assume an increasingly 

smaller value as it approaches the free surface, where it becomes positive and an intense jet is 

formed (Figure 5). It is important to note that the Lorentz force opposes the pressure gradient 

also near the lateral wall, because the current there is almost aligned with the magnetic field, 

and this cause a change in the Hartmann layer structure (Figure 5), which appears to be no 

longer characterized by 𝛿𝐻 = 𝐿𝑐 𝐻𝑎⁄ , like it is instead the case for #1 and its analogous bounded 

case, the Shercliff flow. This behavior has been described already by Shishko [27], who 

considered this case theoretically, but it appears to have no parallel with the analogous bounded 

flow, the Uflyand flow, in which all the bounding walls are perfectly conductive [32]. It is 

reasonable to assume that this difference is related to the presence of the free surface, which 

behaves like a perfectly insulating wall in our case and in the one considered by Shishko, 

whereas in the Uflyand flow the opposite perfectly conductive wall allows the exchange of 

currents between the side walls, which prevents the formation of this characteristic boundary 

layer. Furthermore, for the preservation of the flow rate, the great intensity of the free surface 

jet causes a counter flow area near the back wall, which is marked in Figure 5 with a red cross. 

The pressure drop and the peak of the free surface velocity are respectively 170 and 2.3 higher 

with respect to #0 case (Table 3). 



 

Figure 4: Scaled velocity distribution (up) and scaled current density streamlines and electric 

potential distribution (down) on the half-cross section for the insulated (#1) case. The dashed 

represent the average plane between the back wall and the free surface. 

 

Figure 5: Velocity distribution (up) and current density streamline and electric potential distribution 

(down) on the half-cross section for the conductive (#2) case. The red cross in the upper figure mark 

the counter flow zone. 



 

Figure 6: Lorentz force distribution on the half-cross section and detail of current streamlines in the 

Hartmann layer:  perfectly insulated #1 (up) and conductive case #2 (down) 

4.2 Non-uniform wall electrical conductivity  In this case, the effect on the flow 

of partially conductive back and lateral walls is investigated by applying several configurations 

of perfectly conductive strips (Figure 3), represented with a blue line in Figure 7, Figure 8 , 

Figure 9 and Figure 10. In these figures, the velocity distribution 𝑢 𝑢0⁄ , the current density 

streamlines and the electric potential distribution on the half cross-section are shown, 

respectively, for the #4, #6, #9 and #10 cases. 

When the lateral wall is insulated, the electrical conductivity of the back wall is found to 

have a negligible effect on the global flow, as observed by Shishko [27] and similar to what is 

known for the analogous bounded flow [25]. Indeed, the distribution of the electric potential 

across the cross-section is quite similar with respect to the insulated case #1 (cfr. Figure 4 and 

Figure 7), where the maximum value is assumed near the perfectly conductive strips and is 

therefore equal to 0. The currents flow through the back wall conductive strips (Figure 7) but 

in the remaining part of the cross-section their distribution is practically equivalent to the 

insulated case and therefore produces the same distribution of the Lorentz force, justifying the 

negligible effect of the electrical conductivity of the back wall. The pressure drop and 𝑢𝐹𝑆
∗  are 

quite similar in the cases #1, #3 and #4, as shown in Table 3, even if the back plate in #4 features 

60% of its surface as perfectly conductive. 

Contrariwise, when the lateral wall is conductive, more interesting phenomena appear. It 

is important to note that the percentage of the conductive surface area on the Hartmann (lateral) 

wall greatly influences the velocity distribution (Figures 8, 9 and 10): both the free surface 

velocity and pressure drop increase with this parameter. It is interesting to note that not only 

the percentage of the conductive portion of the lateral wall (𝜉𝐿𝑊) is relevant, but also the 

location of that portion: indeed both the #6 and #9 case have the same lateral plate conductive 

portion (𝜉𝐿𝑊 = 0.5), but the values of the free surface peak velocity and pressure drop are higher 

for the latter (Table 3), in which the conductive strips are placed close to the free surface and 

back wall. This can also be partially observed between case #7 and #8, where the lower 

percentage of the conductive surface on the lateral wall (𝜉𝐿𝑊 = 0.25), generates an increase in 

the pressure drop only when the conductive corners are placed close to the free surface. The 

distribution of the electric potential is quite similar between the #6 and #9 cases, and they both 



do not differentiate much from the insulated #1 case, but the currents flow through the 

conductive strips (Figure 8 and 9 down) that, being placed in a different position, cause the 

onset of a very different distribution of the Lorentz force in these two cases. 

The case #6 Lorentz force distribution is analogous to #1 (cfr. Figure 6 up with Figure 11 

up), except for the region close to the conductive section. The Lorentz force is aligned with the 

pressure gradient in proximity of the insulated portion of the lateral wall, where the currents 

flow through the Hartmann layer, but is opposing it near the conductive strip. This phenomenon 

smooths the velocity gradient between the no-slip BC and the core velocity, and changing the 

Hartmann layer structure, with a similar mechanism to that observed in case #2 (Figure 5). In 

fact, close to the conductive wall, the flow is almost stagnant, but the classical Hartmann layer 

is, instead maintained at the wall insulated sections (Figure 8), generating a strong velocity 

gradient on the 𝑦-direction. 

Instead, case #9 shows a very different Lorentz force distribution, due to the inversion of 

the current (−𝑦 direction) in the proximity of the lower conductive wall section (Figure 11 

down). This causes the velocity distribution shows in Figure 9, where a counter flow zone 

generated in that region and the Hartmann layer structure reappears only near the insulated 

portion. The structure of the free surface jet is nearly unchanged compared with #2 thanks to 

the effect of the upper corner conductive wall section. 

The weak influence of the back wall conductivity on the flow features, indeed relevant 

only when also the lateral wall is conductive, can be seen comparing case #2 and case #10 (cfr. 

Figure 5 and 10). Indeed, when only the lateral wall is conductive, the electric potential 

distribution is like the insulated #1 case since the ground BC for the potential on the back wall 

is removed. This situation causes a similar distribution of the currents in the cross-section 

(Figure 10 down) with the exception in the proximity of the lateral wall, where in this case the 

currents flow through the conductive wall rather than in the Hartmann layer. The distribution 

of the Lorentz force, showed in Figure 12, explain the absence of the counter flow near the back 

wall for this case, since the Lorentz force in that position does not oppose the pressure gradient 

and the free surface jet is quite smaller compared with #2. 

 
Figure 7: Velocity distribution (up), current density streamlines and electric potential distribution 

(down) on the half cross-section for the #4 case. 



 
Figure 8: Velocity distribution (up), current density streamlines and electric potential distribution 

(down) on the half cross-section for the #6 case. 

 
Figure 9: Velocity distribution (up), current density streamlines and electric potential distribution 

(down) on the half cross-section for the #9 case. The red cross in the upper figure mark the counter 

flow zone. 



 
Figure 10: Velocity distribution (up), current density streamlines and electric potential distribution 

(down) on the half cross-section for the #10 case. 

 
Figure 11: Lorentz force distribution on the half-cross section for the #6 case (up) and #/9 case 

(down). Detail of the force distribution close to the Hartmann wall and current streamlines.  



 
Figure 12: Lorentz force distribution on the half-cross section for the #10 case (up). Detail of the 

force distribution close to the Hartmann wall and current streamlines. 

 

4.3 Effect of wall conductivity on free surface velocity promotion  As it is 

shown in Table 3, the peak velocity of the free surface is greatly modified depending on the 

layout considered for the chute and lateral wall. It could be argued that a high velocity of the 

film close to the free surface is beneficial for fusion applications, both in divertors and 

flowing first walls, since it allows for a faster recycling of the liquid armor. Unfortunately, 

conductive walls and substrate comes with a significant pressure penalty compared with the 

baseline insulated case. From the point of view of LM-PFC design, the question is what chute 

layout is the most efficient at maximizing the free surface velocity without introducing too 

large of a pressure penalty. 

The parameter 𝑢𝐹𝑆
∗  is maximized for #2, featuring uniform perfectly conducting walls, 

where the velocity is more than doubled compared with #1. Unfortunately, this is 

accomplished with a 666% increase in pressure loss, which is likely not acceptable. 

Moreover, the large flow reversal close to the back wall is harmful for the potential for tritium 

accumulation and could cause issues for liquid recycling and heat removal. Looking at Table 

3, we find that three other cases have a significant increase of 𝑢𝐹𝑆
∗  (> 30% compared with 

#1): #6, #9, and #10. Among these, #10 can be discarded, since it has a slightly higher 

pressure penalty compared with #9, but lower free surface velocity. Both cases #6 and #9 

feature half of the Hartmann wall surface as conductive, with the latter performing better in 

free surface promotion (+32% versus +59%), and are characterized by a quite large pressure 

penalty (+155% against +300%). The flow reversal observed in #9 is not a desired feature, 

for the same reasons of #2, and, therefore, it is possible to conclude that #6 is the best 

configuration to maximize 𝑢𝐹𝑆
∗ , if relatively large pressure penalty is deemed acceptable. 

Even if case #6 is the one where 𝑢𝐹𝑆
∗  features its largest value, it is hardly the most 

“efficient” in terms of increase of flow promotion per additional pressure loss compared with 

the perfectly insulated chute. We can define the free surface promotion efficiency as the 

figure of merit 

𝜂 =  

[𝑢𝐹𝑆
∗ − 𝑢𝐹𝑆

∗ (#1)]
𝑢𝐹𝑆

∗ (#1)

[Δ𝑝∗ − Δ𝑝∗(#1)]
Δ𝑝∗(#1)

 

Where 𝑢𝐹𝑆
∗ (#1) and Δ𝑝∗(#1) are the free surface velocity and pressure loss of the perfectly 

insulated chute. Larger 𝜂 corresponds to a higher percentage increase in free surface velocity 

compared with the corresponding increase in pressure penalty associated to the presence of a 

conductive surface. In Figure 13, it is possible to observe how most cases have 𝜂 ≈ 0.2, 

which means that for a 100% increase in pressure loss, a 20% flow promotion is obtained. 



The case #8, lower corner conductive, is the most efficient, whereas case #4 and case #5 are 

other interesting outliers, even if it should be noted that for the former the flow promotion is 

insignificant (≈ 1%). Therefore, it can be concluded that the chute with a conductive section 

(𝜉𝐿𝑊 = 0.2 − 0.5) placed in the middle of the Hartmann wall is the most promising 

configuration in promoting the flow surface velocity, when accounting for both absolute and 

relative increase weighted against the pressure loss penalty. 

 
Figure 13: Free surface promotion efficiency (𝜂) for the chutes with 𝑢𝐹𝑆

∗ − 𝑢𝐹𝑆
∗ (#1) > 0. 

 

5. Conclusions The free-slip single-phase thin film MHD flow has been 

investigated with the Ansys CFX 18.2 code. The numerical model is validated up to 𝐻𝑎 =
1000 for the case of insulated walls and 0.044 ≤ 𝑎∗ ≤ 0.2. A good agreement is found with 

the theoretical solution presented by Shishko [27]. 

Consequently, the flow in a chute with insulating, conductive, and partially conductive 

walls has been investigated to highlight the effect of discontinuous wall conductivity on the 

back wall and Hartmann walls. A partially conductive back wall has a negligible effect on the 

flow where also the lateral wall is insulated, consistently to the analogous bounded case [25], 

whereas the transition from insulating to conductive Hartmann (lateral) wall causes larger 

pressure losses, higher free surface velocity, structural change in the Hartmann boundary layer, 

where 𝛿𝐻 ≠ 𝑂(𝐻𝑎−1), and eventually, counterflow. The location of the conductive sections on 

the Hartmann wall influences the flow features, resulting in higher free surface velocity and 

pressure drop when these are close to the back wall and free surface. The presence of a 

conductive back wall, with a conductive lateral wall, have a great influence on the flow 

characteristics, greatly enhancing the free surface velocity and pressure drop. These phenomena 

could be interesting for the PFC applications, where increasing the free surface velocity with a 

contained pressure drop could be an attractive solution. In this case, the best compromise is to 

have a partially conductive lateral wall with the conductive portion at the center of the wall 

(case #6), instead of a totally conductive wall (Table 3). 

The partially conductive lateral wall configuration (case #5 and #6) should be investigated 

in a next work considering conductive sections with finite wall conductivity and thickness, in 

order to approach more realistic conditions that are encountered in the design of LM-PFC. In 

particular, it would be interesting to confirm if flow promotion performances could be higher 

for a more realistic case, since it is well known that jet peak velocity in a MHD bounded flow 

are generally higher for a finite conductivity wall than for a perfectly conducting one [25]. Case 

#8, conductive lower corner, can also be considered as a candidate for further study due to its 

high flow promotion efficiency. 



From a theoretical point of view, a more in-depth study appears to be warranted to 

completely characterize the anomalous Hartmann layer structure observed for a conductive 

Hartmann wall. In particular, case #2 and #9 could benefit by a more thorough investigation to 

assess the effect of Ha and finite wall conductivity. Onset and extension of flow reversal regions 

are also a topic of interest and should be characterized in detail. 
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