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Abstract: In blankets of a fusion power reactor, liquid metal (LM) breeders, such as pure lithium or 

lead-lithium alloy, circulate in complex shape blanket conduits for power conversion and tritium 

breeding in the presence of a strong plasma-confining magnetic field. The interaction of the mag-

netic field with induced electric currents in the breeder results in various magnetohydrodynamic 

(MHD) effects on the flow. Of them, high MHD pressure losses in the LM breeder flows is one of 

the most important feasibility issues. To design new feasible LM breeding blankets or to improve 

the existing blanket concepts and designs, one needs to identify and characterize sources of high 

MHD pressure drop, to understand the underlying physics of MHD flows and to eventually define 

ways of mitigating high MHD pressure drop in the entire blanket and its sub-components. This 

article is a comprehensive review of earlier and recent studies of MHD pressure drop in LM blankets 

with a special focus on: (1) physics of LM MHD flows in typical blanket configurations, (2) devel-

opment and testing of computational tools for LM MHD flows, (3) practical aspects associated with 

pumping of a conducting liquid breeder through a strong magnetic field, and (4) approaches to 

mitigation of the MHD pressure drop in a LM blanket. 
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1. Introduction 

Development of a reliable, low-cost, and safe blanket system of a fusion power reac-

tor that provides self-sufficient tritium breeding and efficient conversion of the extracted 

fusion energy to electricity, while meeting all material, design, and configuration limita-

tions is among the most important fusion science and technology goals [1]. In the liquid 

metal (LM) blanket concepts, lithium-containing LMs are used to breed tritium with pure 

lithium (Li) and the eutectic lead-lithium alloy (PbLi) as the primary candidates. Such 

LMs can provide sufficient tritium breeding ratio and have high thermal conductivity 

(~101 W/m-K) and low viscosity (~10−7 m2/s) that make them very favorable for heat re-

moval. PbLi is considered by many researchers as a more attractive breeder/coolant op-

tion than pure Li due to its lower chemical reactivity with water, air and concrete, but 

PbLi is more corrosive and has higher density and more undesirable activation products. 

Among several feasibility constraints of LM blankets, magnetohydrodynamic 

(MHD) pressure drop is often considered as the most serious issue [2]. In a blanket, pure 

Li or PbLi circulates in complex-geometry circuits in presence of a strong plasma-confin-

ing magnetic field (4–10 T) to produce tritium and to remove heat generated by fusion 

neutrons. The flow of the electrically conducting breeder (σ~106 S/m) in a strong magnetic 

field induces electric currents, which, in turn, interact with the magnetic field resulting in 

strong flow opposing electromagnetic Lorentz forces, which can be several orders of mag-

nitude higher than viscous and inertial forces in ordinary flows. The associated MHD 
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pressure drop is typically high (up to several MPa), and can be unacceptable, because of 

several reasons: 

‐ Mechanical stresses in the structural walls are above the materials limit; 

‐ High pumping power that diminishes the overall blanket efficiency; 

‐ Unavailability of high capacity LM pumps. 

In accordance with the “Blanket Comparison and Selection Study” (BCSS) in the US 

[3], the maximum MHD pressure drop in a blanket should be limited to 2 MPa. Most of 

the blanket designs for which the pressure drop was demonstrated to be lower than 2 MPa 

meet the stress and pumping power requirements. Higher pressure drops might still be 

allowed but this needs to be confirmed through the thermo-mechanical analysis. Such an 

analysis might also require data on the pressure drop in the ancillary equipment as the 

entire pressure drop in the LM circuit is composed of the MHD pressure drop in the blan-

ket and the ordinary pressure drops in the ancillary components, such as a tritium extrac-

tion system and a heat exchanger, where LM flows do not experience MHD effects but are 

typically turbulent. 

To design new feasible LM breeding blankets or to improve the existing blanket con-

cepts and designs, one needs to identify and characterize sources of high MHD pressure 

drop, to understand the underlying physics of MHD flows and to eventually define ways 

of mitigating high MHD pressure drops in the entire blanket and its sub-components. The 

corresponding analysis requires significant involvement of Magnetohydrodynamics, the 

discipline that studies flows of electrically conducting fluids in a magnetic field. Several 

monographs on liquid metal Magnetohydrodynamics [4–12] pay special attention to LM 

MHD flows in fusion applications. In particular, Ref. [12] has a dedicated chapter on “Liq‐

uid Metal Magnetohydrodynamics for Fusion Blankets” by L. Bühler. Many journal re‐

views of MHD flows under blanket relevant conditions were also published over last sev-

eral decades [2,13–18], with significant emphasis on the pressure drop and related aspects 

of MHD flows. Dedicated MHD studies aimed at the evaluation of the MHD pressure 

drop for particular LM blanket concepts and designs were performed at different times in 

[19] for a self-cooled PbLi blanket, [20,21] and [22] for a DCLL blanket, [23,24] for HCLL 

blanket, and [25] and [26] for a WCLL blanket. 

This article summarizes earlier and recent studies of MHD pressure drop in LM blan-

kets with a special focus on (1) physics of LM MHD flows in typical blanket configura-

tions, (2) development and testing of computational tools for LM MHD flows, (3) practical 

aspects associated with pumping of a conducting liquid breeder through a strong mag-

netic field, and (4) approaches to mitigation of the MHD pressure drop in a LM blanket. 

2. Examples of LM Breeding Blankets and Their Pressure Drop 

During recent decades, various LM blanket concepts were proposed and intensively 

studied worldwide, including self-cooled, separately cooled and dual-coolant blankets. 

Historically, self-cooled blanket concepts were the first to be considered. Self-cooled con-

cepts have potential for simplifying the blanket design significantly, but studies found 

that the high velocity needed to cool the first wall resulted in untenable MHD effects such 

as large pressure drop. The high magnetohydrodynamic (MHD) pressure drop required 

at high flow rates resulted in pressure stresses exceeding the allowable structural material 

limits. Electric insulators for the first wall region (e.g., coatings) as a means of reduction 

of the MHD pressure drop have not been successfully developed. To solve the MHD prob-

lem, the separately cooled blankets were proposed, where the LM serves only as a breeder 

material while all the surface and volumetric heat is removed by a coolant like water or 

helium (He) gas. The separately cooled blanket concept suffers from low coolant exit tem-

perature dictated by the maximum allowable temperature of the structural material. Ad-

ditionally, the concept still suffers from some MHD effects due to magnetic field transients 

and the need to circulate the liquid metal for tritium recovery. A combination of both ideas 

led to proposing the dual-coolant blanket concept, where the surface heat flux on the first 
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wall is removed by a He coolant, while the liquid metal is used for “self-cooling” in the 

breeder zone. Typical examples that illustrate these LM blanket concepts are presented 

below. 

The US Self-cooled Lithium blanket with the vanadium alloy as the structural mate-

rial [3] is a typical example of self-cooled blankets. Although this concept was ranked 

highest in BCSS, its further development was suspended about 30 years ago due to low 

tolerance of insulating coatings to cracks and other insulation defects that are likely to 

occur and give raise to unacceptably high MHD pressure drop. Mainly because of this 

reason, almost no considerations are given to this concept nowadays. In this design, a 

toroidal–poloidal configuration is maintained to minimize the MHD pressure drop and 

to provide high heat flux removal capabilities at the same time. 

The design (Figure 1) is composed of slightly slanted poloidal manifolds and rela-

tively small toroidal channels where the Li velocity can be as high as 0.5–1 m/s to provide 

high heat removal capability. The toroidal channels are exposed to both the surface heat 

flux and volumetric nuclear heating. The poloidal manifold is protected by the toroidal 

channels both thermally from the surface heat flux and structurally from radiation dam-

age. A large cross-sectional area is maintained for the poloidal manifold to keep the ve-

locity low to reduce the MHD pressure drop. Although the toroidal flows do not create 

significant MHD pressure drops, large pressure losses occur when the liquid changes its 

direction from toroidal to poloidal. As a result, the overall pressure drop may exceed the 

nominal pressure drop limit of 2 MPa. As a means of reducing the MHD pressure drop, 

thin insulating coatings were proposed but, as mentioned above, their ability to tolerate 

small defects in the insulation is still questionable. 

 

Figure 1. The US self-cooled lithium/vanadium blanket [3]. 

The Helium-Cooled Lead Lithium (HCLL) blanket [27] belongs to the class of sepa-

rately cooled blankets. In the EU, this blanket concept is considered as a possible option 

for implementation in DEMO reactor and future power plants. It was also planned as a 

test blanket module (TBM) for testing in ITER until the recent change to the Water-Cooled 

Lead Lithium (WCLL) blanket [28]. The HCLL concept (Figure 2) relies on available struc-

tural materials and fabrication techniques but has much lower thermal efficiency and 

higher tritium loss compared to the DCLL blanket. In the HCLL, PbLi serves exclusively 

as a breeder material circulating at a very low velocity of 0.1–1 mm/s while the entire 

thermal power released in the blanket is removed by a He-cooling system. The MHD pres-

sure drop in the blanket itself is relatively low but that in the feeding ducts is expected to 

be high due to higher velocities compared to the blanket channels. Reference [29] reports 

maximum pressure drop of 0.332 MPa in outboard segment and 0.230 MPa in inboard 

segment of the EU DEMO HCLL blanket. Tritium permeation from PbLi into He flows is 

a serious safety issue for all HCLL blankets. Thus, it has to be ensured that all breading 

units in the HCLL have no stagnant flow regions to avoid high tritium losses. 
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Figure 2. The EU HCLL blanket. (a) general view; (b) Pbi flow path [27]. 

The Dual-Coolant Lead Lithium (DCLL) blanket [30] concept promises a solution to-

ward a high-temperature, high-efficiency blanket while using temperature-limited RAFM 

(Reduced Activation Ferritic/Martensitic) steel as structural material. 

In this concept (Figure 3), a high-temperature PbLi alloy flows slowly (velocity ~ 10 

cm/s) in large poloidal rectangular ducts (duct size ~ 20 cm) to remove the volumetric heat 

and produce tritium, while the pressurized He gas (typically to 8 MPa) is used to remove 

the surface heat flux and to cool the ferritic first wall and other blanket structures to 

<550°C. A few millimeter thick, low-conductivity flow channel insert (FCI) made of SiC 

ceramics is used for electrical and thermal insulation. The FCI is the most critical element 

of the DCLL blanket concept that needs to be qualified before the FCI could be imple-

mented in a future blanket. Several papers report the overall MHD pressure drop ΔP in a 

DCLL blanket around or smaller than 2 MPa. For example, the MHD pressure drop in the 

DCLL blanket of the US DEMO reactor was estimated at 0.4 MPa for the outboard (OB) 

and 1.17 MPa for the inboard (IB) blanket module [20]. Estimates in [21] for the US Fusion 

Nuclear Science Facility (FNSF) suggest ΔP = 0.98 MPa for the IB blanket and ΔP = 2.25 for 

the OB blanket. It is interesting that the total pressure drop in the OB blanket in [21] is 

more than two times higher compared to the IB blanket even though the magnetic field at 

the inboard is almost two times higher compared to the outboard. This result is different 

from conclusions in [20] and similar studies, where the IB pressure drop was always found 

to be higher than that at the OB. This surprising conclusion can be explained by combina-

tion of several factors, such as larger dimensions of the OB blanket, longer poloidal flow 

path, and higher neutron wall loading resulting in higher velocities in all OB blanket com-

ponents. 

    (a) (b) 
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Figure 3. Schematics of the DCLL blanket with poloidal channels and SiC flow channels inserts [30]. 

There are two approaches to the DCLL blanket configuration as shown in Figure 4. 

A full segment “banana” DCLL blanket (poloidal length ~10 m) stretches all the way from 

the bottom to the top of the vacuum chamber as that in the US FNSF design [21]. Contrary 

to this, the EU DCLL DEMO design [22] has a modular structure where several modules 

of about 2 m each are fed from the shared manifold situated at the back of the blanket. To 

our best knowledge, there has been no comparison analysis of the MHD pressure drop 

between the “banana” and modular blanket for the same fusion reactor and operation 

parameters. Therefore, it is not obvious which blanket configuration is advantageous in 

terms of the MHD pressure drop. Although the “banana” blanket has a long poloidal flow 

path, in the modular blanket the flow circuit is more complex, so that higher pressure 

losses can be expected in the modular blanket. 

 
 

(a) (b) 

Figure 4. Two possible designs of the DCLL blanket. (a) full segment “banana” blanket; and (b) 

modular blanket. 

The Water-Cooled Lead Lithium (WCLL) blanket [31] also belongs to the class of sep-

arately cooled blankets, similar to the HCLL concept. However, unlike the HCLL, cooling 

is performed with water at pressurized water reactor (PWR) conditions (water pressure 
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15.5 MPa, Tin/Tout = 285 °C/325 °C). Since PWR is a mature technology, many fusion re-

searchers consider that only small extrapolation from present-day knowledge both on 

physical and technological aspect is needed for a feasible WCLL blanket [31]. In the EU, 

this blanket concept is considered for testing in ITER, and also as a likely candidate for 

implementation in the EU DEMO reactor. In the US, water has not been chosen as a fusion 

power core coolant for decades because of potential safety issues associated with hydro-

gen generation in case of water-lithium reactions. In the WCLL concept (Figure 5), PbLi 

alloy serves as breeder, neutron multiplier and tritium carrier, while “Eurofer” RAFM 

steel is used as structural material. The breeder slowly recirculates in the blanket making 

10–50 recirculations a day (flow velocity ~ 1 mm/s). All heat generated in the blanket is 

removed with water flowing in numerous double-walled tubes. Since tritium can perme-

ate through the steel wall of the water pipes into cooling water, tritium extraction is re-

quired from both PbLi and water. 

. 

Figure 5. Schematics of the WCLL blanket. Shown is the CEA WCLL design for 2012 EU DEMO 

[31]. 

The PbLi MHD pressure drop in a simplified version of the WCLL blanket was esti-

mated in [32] using numerical computations. Due to the low PbLi velocity, the overall 

pressure drop of the elementary WCLL cell was found to be only 2055 Pa. This is signifi-

cantly lower compared to other LM blanket concepts. Recent detailed analysis of a full 

WCLL blanket design in [33] suggests significantly higher MHD pressure drops, 1.609 

MPa for the outboard and 2.435 MPa for the inboard module, such that insulating flow 

inserts or other insulating techniques may be required to reduce the MHD pressure drop, 

especially for the feeding/collecting pipes at the entrance/exit of the inboard module. 

3. Mathematical Formulation of the Problem 

3.1. Governing Equations of LM MHD Flows 

A sketch in Figure 6 shows a prototypic pressure-driven LM flow configuration, fea-

turing a complex geometry thin-walled duct, applied magnetic field 𝑩0 = (𝐵𝑥
0, 𝐵𝑦 

0 , 𝐵𝑧
0), 

volumetric heating  𝑞′′′, and gravity g = (g, 0, 0). The flow can change its direction and the 

duct can experience variations of the cross-sectional area along its axis as shown in the 

figure. Such a flow induces its own magnetic field 𝑩′, so that the total magnetic field is a 

PbLi flow 
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superposition of the applied and induced one: 𝑩 = 𝑩0 + 𝑩′. The associated induced elec-

tric current j = (𝑗𝑥, 𝑗𝑦, 𝑗𝑧) interacts with the magnetic field resulting in the electromagnetic 

Lorentz force 𝑭𝐿 = 𝒋 × 𝑩 opposing the flow. The flow in a blanket can also be affected by 

buoyancy forces that arise in the liquid due to density variations caused by neutron volu-

metric heating. A mathematical model for such a flow can be formulated in several ways, 

including a few choices for main variables, various approximations and coordinate sys-

tems (see, e.g., discussion in [34]). 

 

Figure 6. Sketch of a pressure driven LM flow in a complex geometry thin-walled duct with ap-

plied magnetic field and volumetric heating in the presence of gravity forces. 

All mathematical models of 3D LM MHD flows include the modified Navier–Stokes 

equations, energy equation and electromagnetic equations, which can be deduced from 

Maxwell’s equations. The fluid flow equations coupled with the energy equation are writ-

ten below in Cartesian coordinates x, y and z, using velocity V = (𝑈, V, W), pressure P, and 

temperature T as the main variables. Two basic approximations are employed. One is the 

so-called inductionless approximation (also known as the low magnetic Reynolds number 

approximation), where induced magnetic field is neglected compared to the applied one 

such that the Lorentz force term can be written using only applied magnetic field: 𝑭𝐿 =

𝒋 × 𝑩0 = (𝑗𝑦𝐵𝑧
0 − 𝑗𝑧𝐵𝑦 

0 , 𝑗𝑧𝐵𝑥
0 − 𝑗𝑥𝐵𝑧 

0, 𝑗𝑥𝐵𝑦
0 − 𝑗𝑦𝐵𝑥 

0 ). The second one is the Boussinesq approx-

imation, in which fluid density differences are ignored except where they appear in the 

buoyancy force term. 

−
1

𝜌

𝜕𝑃

𝜕𝑥
=

𝜕𝑈

𝜕𝑡
+

𝜕𝑈2

𝜕𝑥
+

𝜕𝑉𝑈

𝜕𝑦
+

𝜕𝑊𝑈

𝜕𝑧
− 𝜈 (

𝜕2𝑈

𝜕𝑥2
+

𝜕2𝑈

𝜕𝑦2
+

𝜕2𝑈

𝜕𝑧2 ) −
1

𝜌
(𝑗𝑦𝐵𝑧

0 − 𝑗𝑧𝐵𝑦
0) + 𝑔 − 𝑔𝛽(𝑇 − 𝑇0), (1) 

−
1

𝜌

𝜕𝑃

𝜕𝑦
=

𝜕𝑉

𝜕𝑡
+

𝜕𝑈𝑉

𝜕𝑥
+

𝜕𝑉2

𝜕𝑦
+

𝜕𝑊𝑉

𝜕𝑧
− 𝜈 (

𝜕2𝑉

𝜕𝑥2 +
𝜕2𝑉

𝜕𝑦2 +
𝜕2𝑉

𝜕𝑧2) −
1

𝜌
(𝑗𝑧𝐵𝑥

0 − 𝑗𝑥𝐵𝑧
0), (2) 

−
1

𝜌

𝜕𝑃

𝜕𝑧
=

𝜕𝑊

𝜕𝑡
+

𝜕𝑈𝑊

𝜕𝑥
+

𝜕𝑉𝑊

𝜕𝑦
+

𝜕𝑊2

𝜕𝑧
− 𝜈 (

𝜕2𝑊

𝜕𝑥2 +
𝜕2𝑊

𝜕𝑦2 +
𝜕2𝑊

𝜕𝑧2 ) −
1

𝜌
(𝑗𝑥𝐵𝑦

0 − 𝑗𝑦𝐵𝑥
0), (3) 

𝜕𝑈

𝜕𝑥
+

𝜕𝑉

𝜕𝑦
+

𝜕𝑊

𝜕𝑧
= 0, (4) 

𝜌𝐶𝑝 (
𝜕𝑇

𝜕𝑡
+

𝜕𝑈𝑇

𝜕𝑥
+

𝜕𝑉𝑇 

𝜕𝑦
+

𝜕𝑊𝑇

𝜕𝑧
) =

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑞′′′. (5) 

The three projections of the momentum equation on the coordinate axes include the 

electromagnetic Lorentz force. Equation (1) for the vertical velocity component 𝑈 also in-

cludes a temperature dependent term 𝑔𝛽(𝑇 − 𝑇0) associated with the buoyancy forces. 
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The velocity field is solenoidal so that the mass conservation equation Equation (4) ap-

plies. The temperature field is described by the energy equation Equation (5) with the 

volumetric source term 𝑞′′′ on its right-hand-side. In the energy equation, the Joule and 

viscous dissipation are neglected because in a LM blanket they are much smaller than the 

volumetric heating. The physical properties in the mathematical model are defined at the 

reference temperature T0: ρ is the density, ν is the kinematic viscosity, 𝛽 is the thermal 

expansion coefficient, 𝐶𝑝 is the specific heat, σ is the electrical conductivity and k is the 

thermal conductivity. Equations (1)–(5) can be used for both laminar and turbulent flows. 

It should be noted that the equations neglect some molecular non-equilibrium effects on 

the temperature and velocity filed, such as magnetization, polarization or Peltier, Thomp-

son, Seebeck and Doufour effects, which under the blanket conditions are weak compared 

to others [10]. 

The system of Equations (1)–(5) is not closed unless electromagnetic equations are 

added, from which the induced electric current can be computed. An electromagnetic for-

mulation based on the scalar electric potential 𝜑 as the principal electromagnetic variable 

is perhaps the most common one. With the help of 𝜑, the induced electric current can be 

computed using Ohm’s law: 

𝒋 = 𝜎(−𝛻𝜑 + 𝑽 × 𝑩0), (6) 

In turn, the electric current has to satisfy the charge conservation equation: 

𝜕𝑗𝑥

𝜕𝑥
+

𝜕𝑗𝑦

𝜕𝑥
+

𝜕𝑗𝑧

𝜕𝑥
= 0. (7) 

Equations (6) and (7) can be combined together resulting in an elliptic Poisson equa-

tion from which the electric potential and then the current density components can be 

computed: 

𝜕

𝜕𝑥
(𝜎

𝜕𝜑

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜎

𝜕𝜑

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜎

𝜕𝜑

𝜕𝑧
) =

𝜕

𝜕𝑥
(𝑉𝐵𝑧

0 − 𝑊𝐵𝑦
0) +

𝜕

𝜕𝑦
(𝑊𝐵𝑥

0 − 𝑈𝐵𝑧
0) +

𝜕

𝜕𝑧
(𝑈𝐵𝑦

0 − 𝑉𝐵𝑥
0). (8) 

Altogether, Equations (1)–(8) make a closed set of equations that need to be solved 

simultaneously in a multi-material domain composed of the electrically conducting liquid 

and a solid wall that, in general, has different physical properties than the liquid. In doing 

so, Equations (1)–(4) are applied to the liquid only, while Equations (5)–(8) to the entire 

domain. It needs to be stressed that the electric potential based formulation is valid as long 

as the induced magnetic field is much smaller than the applied one [8]. This in turn implies 

that the dimensionless magnetic Reynolds number Rem = 𝑈∗ L/νm has to remain much 

smaller than unity. This is typically the case in almost all liquid metal flows in a blanket 

due to the relatively low breeder velocities 𝑈∗, small characteristic blanket dimension L, 

and high magnetic viscosity νm. One possible exception is the plasma disruption scenario 

[35], where the transients in the magnetic field may result in very high LM velocities of 

the order of ~102 m/s [36], such that Rem > 1. In such abnormal scenarios, the induced mag-

netic field cannot be neglected anymore, therefore the full magnetic induction formulation 

has to be used. The obvious advantage of the 𝜑-formulation, especially in the case of nu-

merical computations, is that only one elliptic electromagnetic equation Equation (8) is 

required. The utilization of the magnetic field-based formulation requires three elliptic 

equations to be solved in a larger computational domain that includes not only the blanket 

but also some surrounding space (“vacuum”), where the induced magnetic field vanishes. 

This implies a significant computational effort compared to the 𝜑-formulation as solving 

elliptic equations is the most time-consuming part of the computations. When using the 

B-formulation, the electric current can be computed with the help of Ampèr’s law: 

𝒋 =
1

𝜇
𝛻 × 𝑩. (9) 

Several numerical examples where the B-formulation was employed are given in 

[37], including cases at Rem << 1, Rem ~ 1 and Rem >> 1. 
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In addition to the 𝜑- and B-formulation, we can refer to several electromagnetic for-

mulations of considerable use that implement the magnetic vector potential A, as well as 

the current vector potential T or some combinations of the above quantities, for instance 

A − 𝜑 [38]. Attempts on implementation of a formulation making use of the induced elec-

tric current j as the main electromagnetic variable are relatively recent. The equations for 

the induced electric current and thin wall boundary conditions were derived in [34]. The 

suggested formulation (denominated “j-formulation”) was then applied in the finite-dif-

ference computations of three common types of MHD wall-bounded flows: (i) high Hart-

mann number fully developed flows in a rectangular duct with conducting walls; (ii) 

quasi-two-dimensional duct flow in the entry into a magnet; and (iii) flow past a magnetic 

obstacle. 

Once the velocity field, temperature field and electric current density are known, the 

pressure field can be evaluated by solving a Poissson equation for pressure, which is de-

rived by taking a derivative of each projection of the momentum equation with respect to 

the corresponding coordinate and then adding all equations together: 

𝜕2𝑃

𝜕𝑥2
+

𝜕2𝑃

𝜕𝑦2
+

𝜕2𝑃

𝜕𝑧2
= 𝑆𝑝

𝑉 + 𝑆𝑝
𝑗

+ 𝑆𝑝
𝑇, (10) 

where 

𝑆𝑝
𝑉 = −𝜌(

𝜕2𝑈2

𝜕𝑥2
+

𝜕2𝑉2

𝜕𝑦2
+

𝜕2𝑊2

𝜕𝑧2
+ 2

𝜕2𝑈𝑉

𝜕𝑥𝜕𝑦
+ 2

𝜕2𝑉𝑊

𝜕𝑦𝜕𝑥
+ 2

𝜕2𝑊𝑈

𝜕𝑧𝜕𝑥
),  

𝑆𝑝
𝑗

=
𝜕

𝜕𝑥
(𝑗𝑦𝐵𝑧

0 − 𝑗𝑧𝐵𝑦
0) +

𝜕

𝜕𝑦
(𝑗𝑧𝐵𝑥

0 − 𝑗𝑥𝐵𝑧
0) +

𝜕

𝜕𝑧
(𝑗𝑥𝐵𝑦

0 − 𝑗𝑦𝐵𝑥
0),  

𝑆𝑝
𝑇 = 𝜌𝑔𝛽

𝜕𝑇

𝜕𝑥
.  

The first source term 𝑆𝑝
𝑉 on the right-hand side of Equation (10) is associated with 

the fluid motion. The second term 𝑆𝑝
𝑗
 is of electromagnetic nature. The third term reflects 

the effect of the axial temperature gradient in the fluid. 

3.2. Boundary Conditions 

To accomplish the mathematical formulation, boundary conditions need to be added. 

They are comprised of those at the solid–liquid interfaces, inlet/outlet boundary condi-

tions and those at the outer surface of the flow-confining electrically conducting solid 

walls. At the liquid-solid interface, it is assumed that the viscous liquid sticks to the rigid 

wall so that the so-called “no-slip” condition is applied, V = 0. In rare cases, for example 

at the interface between the PbLi breeder and SiC ceramics, a “slip” boundary condition 

may serve as a more appropriate condition: V = Vs, where Vs is the “slip” velocity [39]. If 

there is no contact resistance between the liquid and the wall, the electrical contact is per-

fect. This implies the wall-normal component of the electric current and the electric po-

tential to be continuous across the interface: 𝑗𝑛|𝑙 = 𝑗𝑛|𝑤  and 𝜑|𝑙 = 𝜑|𝑤 . The tangential 

component of the current experiences a discontinuity at the interface: 𝑗𝜏/𝜎|𝑙 = 𝑗𝜏/𝜎|𝑤 be-

cause the electrical conductivity of the wall 𝜎𝑤 is in general different from that of liquid 

𝜎𝑙 . When the electrically conducting wall is “thin”, i.e., the wall thickness tw is much 

smaller than the characteristic duct dimension L, tw << L, the so-called thin-wall boundary 

condition can be used [40]. Physically, the thin-wall boundary condition means that the 

electric current enters the thin wall from the liquid and then flows there in the tangential 

direction so that the electric potential does not vary across the wall to the leading order of 

approximation. This condition allows reducing the solution of Equation (6) to the fluid 

region. In the case of a “thick” conducting wall, the boundary conditions on the electric 

potential have to be imposed at the outer surface of the wall to enforce the wall-normal 

current density component to be zero. The temperature boundary conditions can be one 

of the three types, Dirichlet, Neumann or Robin, and can be imposed either at the liquid-

solid interface or at the outer wall depending on the problem. 
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Entrance and exit conditions depend on the specific flow configuration and operating 

conditions. For substantially long ducts in a constant transverse magnetic field, a fully 

developed velocity and current distribution, constant temperature and zero gradient pres-

sure can be imposed as the inlet boundary condition. At the outlet, an outflow boundary 

condition is often used for all quantities except for the pressure. The simplest and most 

commonly used outflow condition is that of a “continuative” boundary. Continuative 

boundary conditions consist of zero normal derivatives. This zero-derivative condition is 

intended to represent a smooth continuation of the flow through the outlet boundary. The 

pressure outlet boundary condition requires a constant pressure that can be set to zero. 

3.3. Dimensionless Form of of Governing Equations and Basic Dimensionless Numbers 

The governing equations of the LM MHD flow and the boundary conditions can be 

written in a dimensionless form, which is more tractable for order of magnitude analysis. 

In doing so, appropriate characteristic quantities (scales) are used: 𝑈∗  as the velocity 

scale, 𝐵∗ as a scale for the magnetic field, L as a characteristic dimension, and the charac-

teristic temperature difference in the fluid ∆𝑇 is used as a temperature scale. From these 

basic scales, other scales can be constructed: L/𝑈∗is the time scale, 𝑈∗𝐵∗
2𝐿𝜎 is the pressure 

scale, 𝑈∗𝐵∗𝐿 is the scale for the electric potential, and 𝑈∗𝐵∗𝜎 is the scale for the electric 

current density. When dividing each dimensional quantity by its scale, the governing 

equations take the following form: 

−∇�̃� =
1

𝑁
[

𝜕�̃�

𝜕�̃�
+ (�̃� ∙ ∇)�̃�] −

1

𝐻𝑎2
∇2�̃� − �̃� × �̃�0 −

𝒈

𝑔

1

𝑁

1

𝐹𝑟2
+

1

𝑁

𝐺𝑟

𝑅𝑒2
(�̃� − �̃�0), (11) 

∇ ∙ �̃� = 0, (12) 

𝜕�̃�

𝜕�̃�
+ �̃� ∙ ∇�̃� =

1

𝑅𝑒𝑃𝑟
∇ ∙ (�̃�𝛻�̃�) + �̃�′′′, (13) 

�̃� = −∇�̃� + �̃� × �̃�0, (14) 

∇ ∙ (�̃�∇�̃�) = ∇ ∙ (�̃� × �̃�0). (15) 

Here, the equations are written in the compact vector form. Symbol “tilde” indicates 

that the corresponding quantity is made dimensionless. The dimensionless electrical and 

thermal conductivities �̃� and �̃� are equal to 1 within the liquid. Within the wall, �̃� =

𝜎𝑤/𝜎𝑙 and �̃� = 𝑘𝑤/𝑘𝑙. The equations include fundamental dimensionless groups Re, Ha, 

N, Fr and Gr numbers that express ratios between various forces in the flow. The hydro-

dynamic Reynolds number 𝑅𝑒 =
𝑈∗𝐿

𝜈
 is the ratio of the inertia to viscous forces. The Hart-

mann number squared (𝐻𝑎 = 𝐵∗𝐿√
𝜎𝑙

𝜈𝜌
) expresses the ratio between the electromagnetic 

and viscous forces. The Stuart number (also known as the interaction parameter) N = 

Ha2/Re is the ratio of electromagnetic to inertia forces. The Froude number 𝐹𝑟 =
𝑈∗

√𝑔𝐿
 is the 

ratio of inertia to gravity. The Grashof number 𝐺𝑟 =
𝑔𝛽𝐿3𝛥𝑇

𝜈2  is the ratio between the buoy-

ancy and viscous forces. The characteristic temperature difference in Gr is typically de-

fined using the so-called neutron wall load (NWL), which is the integral of 𝑞′′′ over the 

radial depth of the blanket. For different LM blanket concept and designs, the NWL 

changes in the range from 0.7 MW/m2 to 2.5 MW/m2. One more dimensionless parameter, 

Pr = ν𝜌𝑙Cp/𝑘𝑙, is the Prandtl number, which is the ratio of momentum diffusivity to thermal 

diffusivity. Its small value in liquid metals of ~0.01 indicates that the heat diffusion in the 

liquid breeder dominates over the convection transport. For MHD flows in thin-walled 

ducts, another dimensionless parameter called “wall conductance ratio” can also be con‐

structed that characterizes the electrical conductance of the wall in comparison with the 

conductance of the liquid: 𝑐𝑤 = (𝑡𝑤 𝜎𝑤)/(𝐿𝜎𝑙). This parameter, which in blanket applica-

tions is typically much smaller than unity, strongly influences the MHD pressure drop in 

all LM blanket concepts unless the walls are electrically insulated. Typical values of the 
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key dimensionless parameters for the blanket concepts introduced in Section 2 of this pa-

per are shown in Table 1. 

Table 1. Examples of the dimensionless parameters in several blanket concepts for DEMO, ITER TBM and FNSF, including 

inboard (IB) and outboard (OB) blankets. Dimensional parameters 𝐵∗, 𝑈∗, and L are also shown. 

Parameter Li/V Self-Cooled, DEMO IB [3] HCLL, ITER TBM OB [27] DCLL, FNSF IB/OB [21] WCLL, DEMO OB [18] 

Ha 4.5 × 104 1.1 × 104 3.7 × 104/1.5 × 104 9.8 × 103 

Re 3.2 × 104 670 7.5 × 104/1.7 × 105 120 

Gr 6.0 × 108 1.0 × 109 6.6 × 1011/1.0 × 1012 5.4 × 1011 

N 6.0 × 104 1.8 × 105 1.8 × 104/1.3 × 103 8.0 × 105 

𝑩∗, T 10 4 10/5.5 4 

𝑼∗, m/s 0.5 0.001 0.087/0.203 0.0002 

L, m 0.05 0.07 0.152/0.109 0.117 

In what follows, we will consider a few particular flow geometries, including straight 

rectangular ducts with the cross section 2𝑎 × 2𝑏 and circular pipes with the radius R. 

Unless otherwise specified, the half-width of the duct b in the direction of the applied 

magnetic field (“Hartmann length”) and dimension R in the case of pipe flows are used 

as a characteristic length in the definition of all dimensionless parameters. The mean ve-

locity 𝑈𝑚 defined as 𝑈𝑚 =
1

𝑆
∫ 𝑈𝑑𝑠 (integration is performed over the cross-sectional area 

S) is used as the velocity scale. 

4. Special Classes of MHD Flows in a LM Blanket 

4.1. Fully Developed MHD Flows 

If the LM carrying duct of a blanket is long enough (typically more than a few char-

acteristic cross-sectional lengths) and the applied magnetic field does not exhibit signifi-

cant variations along the flow path, as it happens for example in poloidal flows of the 

DCLL blanket, the flow is likely to become fully developed. In the fully developed flows, 

inertia forces are zero. The main forces acting on the flow are those due to viscous friction, 

pressure, electromagnetic interaction, and buoyancy effects. Bellow, equations for a fully 

developed flow in a uniform transverse magnetic field 𝐵𝑧
0 are derived from the full equa-

tions without considering buoyancy forces. The basic characteristic features of fully de-

veloped flows allow for significant simplifications of the governing equations making the 

MHD problem more tractable for analytical studies, including analysis of the MHD pres-

sure drop. By definition, in the fully developed flow, the axial velocity component 𝑈 does 

not depend on the axial coordinate x: 𝑈 = 𝑈(y,z). The other two velocity components V 

and W in the plane of the applied magnetic field are zero. The pressure does not vary 

within the duct cross-sectional area but changes linearly with the axial coordinate, such 

that the pressure gradient in the fluid is constant: −dP/dx = Const(x,y,z). Other flow fea-

tures related to the induced magnetic field and the electric current can be easily deduced 

from the basic fully developed flow properties described above. The induced electric cur-

rents are closed in the cross-sectional duct area, including the liquid domain and the elec-

trically conducting wall, such that jx = 0, jy = jy(y,z) and jz = jz(y,z). Such a 2D electric current 

distribution in the cross-sectional plane suggests existence of only one non-zero compo-

nent of the induced magnetic field 𝐵𝑥
′ . The two electric current components can be com-

puted from it using Ampèr’s law: 𝑗𝑦 =
1

𝜇

𝜕𝐵𝑥
′

𝜕𝑧
 and 𝑗𝑥 = −

1

𝜇

𝜕𝐵𝑥
′

𝜕𝑦
. Outside the duct, in the sur-

rounding vacuum domain, the induced magnetic field is zero. Using these intrinsic fea-

tures of the fully developed flow, and also assuming that the conditions of the induction-

less approximation are met (i.e., Rem << 1), the governing equations can be written as fol-

lows: 

0 = −
𝑑𝑃

𝑑𝑥
+ 𝜈𝜌 (

𝜕2𝑈

𝜕𝑦2
+

𝜕2𝑈

𝜕𝑧2 ) +
1

𝜇
𝐵𝑧

0 𝜕𝐵𝑥
′

𝜕𝑧
 , (16) 
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0 =
𝜕

𝜕𝑦
(

1

𝜎𝜇

𝜕𝐵𝑥
′

𝜕𝑦
) +

𝜕

𝜕𝑧
(

1

𝜎𝜇

𝜕𝐵𝑥
′

𝜕𝑧
) + 𝐵𝑧

0
𝜕𝑈

𝜕𝑧
. (17) 

Equation (16) applies to the LM domain, while Equation (17) to both the liquid and 

the wall. The boundary conditions include the no-slip velocity at the inner duct walls and 

zero magnetic field at the interface between the wall and the surrounding vacuum. The 

electromagnetic internal boundary condition on the tangential component of the electric 

current at the liquid-wall interface can be rewritten in terms of 𝐵𝑥
′  by using Ampèr’s law: 

1

𝜎

𝜕𝐵𝑥
′

𝜕𝑛
|

𝑙
=

1

𝜎

𝜕𝐵𝑥
′

𝜕𝑛
|

𝑤
. (18) 

If the wall is thin, the derivative on the right side of Equation (16) can be substituted 

with a finite-difference formula, 
𝜕𝐵𝑥

′

𝜕𝑛
|

𝑤
= −

𝐵𝑥
′ |

𝑤

𝑡𝑤
. This results in the thin wall boundary 

condition, which is written bellow in the dimensionless form: 

𝑐𝑤
𝜕�̃�𝑥

′

𝜕�̃�
+ �̃�𝑥

′ = 0. (19) 

The case of �̃�𝑥
′ = 0 at cw = 0 at the liquid-wall interface corresponds to a non-conduct-

ing duct where all currents are closed in the liquid domain. Other asymptotic case of 
𝜕�̃�𝑥

′

𝜕�̃�
=

0 at 𝑐𝑤 → ∞ corresponds to a duct with perfectly conducting walls, such that the electric 

currents induced in the liquid domain close completely through the electrically conduct-

ing wall. Equation (19) was first introduced in [41] by Shercliff. It can be considered as a 

particular form of the more general thin wall boundary condition proposed later by 

Walker in [40] for 3D MHD flows: 

𝒋 ∙ 𝒏 = −
𝜕𝜑

𝜕𝑛
= 𝛻 ∙ (𝑐𝑤𝛻𝑡𝜑𝑤), (20) 

where 𝛻𝑡 denotes the component of the gradient tangential to the wall and 𝜑𝑤 is the elec-

tric potential at the wall. The thin wall boundary condition either in the form of Equation 

(19) or Equation (20) allows reducing the solution of the electromagnetic equation to the 

fluid region, such that a smaller total number of nodes is required in computations. It also 

simplifies analytical derivations in case the MHD problem for a fully developed flow is 

treated analytically. 

A typical example of fully developed flows is the so-called Hunt flow, which is a 

steady MHD flow in a rectangular duct with thin electrically conducting walls in a trans-

verse uniform magnetic field. Its characteristic features are common to many other MHD 

flows, including developing and complex geometry flows, providing the magnetic field 

has a component normal to the wall. Analytical solutions were obtained by Hunt [42] us-

ing the thin wall boundary condition Equation (19) for two particular cases of the wall 

electrical conductivity: (1) two perfectly conducting walls perpendicular and two thin 

walls of arbitrary conductivity parallel to the magnetic field, and (2) two non-conducting 

walls parallel and two thin walls of arbitrary conductivity perpendicular to the magnetic 

field. A particular case of the Hunt flow is the Shercliff flow in a duct with non-conducting 

walls (cw = 0), for which analytical solution was obtained independently in [43]. All solu-

tions were derived in the form of infinite series. 

Examples of the Hunt solution, including the Shercliff flow case, for a square duct, 

are shown in Figure 7. Shown is the velocity profile and the induced magnetic field dis-

tribution for cw = 0, cw = 0.05 and cw = 0.1 at Ha = 200. In this figure, the velocity is scaled by 

the mean velocity 𝑈𝑚, and the induced magnetic field by 𝑅𝑒𝑚𝐵𝑧
0. In the fully developed 

MHD flows, the induced axial magnetic field serves as a stream function of the induced 

electric current, such that the magnetic field isolines plotted in the figure also depict the 

electric current distribution. As seen from the figure, the flow has thin boundary layers at 

the duct walls and a core region. The electric currents generated in the core close their 

circuit through the boundary layers and/or the electrically conducting walls. The current 

density in the boundary layers and in the electrically conducting walls (in the case of high 
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wall electrical conductivity) is significantly higher compared to the core, where the cur-

rent is distributed uniformly. The greatest changes of the velocity profile occur in the 

boundary layers, while the core demonstrates almost uniform velocity distribution in both 

conducting and non-conducting wall cases. The two primary boundary layers at the duct 

walls perpendicular to the applied magnetic field are known as Hartmann layers. As 

shown by Hunt and Shercliff, their thickness is scaled as 1/Ha. 

 

Figure 7. Velocity profiles (top) and induced magnetic field distributions (bottom) in the MHD flow in a square duct with 

electrically conducting Hartmann walls and non-conducting side walls (Hunt flow) at Ha = 200: (a) cw = 0, (b) cw = 0.05, and 

(c) cw = 0.1. The applied magnetic field is along the z axis. 

The velocity in the Hartmann layers varies exponentially with the wall-normal coor-

dinate, from zero at the wall to the core value. The high velocity gradients in the Hartmann 

layers are caused by the Lorentz forces, which accelerate the flow near the Hartmann walls 

and decelerate it in the core region. Such a Lorentz force distribution is also responsible 

for flattening the velocity profile in the core. The two boundary layers at the walls parallel 

to the applied magnetic field are known as side (or Shercliff) boundary layers. These are 

secondary boundary layers with the electric currents flowing in the magnetic field direc-

tion, so that the electromagnetic force in the side layers is almost zero. The side layers 

have the thickness ~1/Ha1/2, i.e., they are significantly thicker than the Hartmann layers. 

The most noticeable feature of the Hunt flow in a duct with electrically conducting Hart-

mann walls is formation of the “M-shaped” velocity profile with high velocity jets at the 

side walls. These jets carry a significant portion of the flow rate, especially if the wall con-

ductance ratio is high. Unlike the Hunt flow, the Shercliff velocity profile does not exhibit 

the jet pattern. In the context of the main topic of the present article, the effect of magnetic 

field and the wall electrical conductivity on the MHD pressure drop is of particular inter-

est. This effect is demonstrated in Figure 8 where the MHD pressure drop was computed 

(c) (b) (a) 
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as a function of the applied magnetic field using the Hunt and Shercliff solutions for a 

PbLi flow in a 10 m long square duct. In the compliance with the earlier conclusions, the 

pressure drop in the Shercliff flow increases linearly with the magnetic field, while in the 

Hunt flow it changes as a square of the magnetic field. At the highest magnetic field of 10 

T that corresponds to the IB blanket, the pressure drop in the flow in the electrically con-

ducting duct is about 1.2 MPa. The pressure drop in the case of a non-conducting duct is 

almost three orders of magnitude lower. 

 

Figure 8. Effect of the magnetic field on the MHD pressure drop in the PbLi flow in a square duct at b = 0.1 m, l = 10 m, 

and Um = 0.1 m/s: (a) thin steel Hartmann walls with tw = 5 mm (Hunt solution 2), and (b) all walls are non-conducting 

(Shercliff flow). 

4.2. Quasi-Two-Dimensional Turbulent MHD Flows 

Under certain conditions, MHD flows in a blanket become unstable and eventually 

turbulent [44]. For relatively simple MHD flows in a straight rectangular duct with non-

conducting walls, the flow regime can be predicted with the so-called Ha−Re diagram 

(Figure 9), which was proposed for the first time by Smolentsev et al. in [2]. The two lines 

in Figure 9 subdivide the Ha-Re space into 3 sub-regions with substantially different prop-

erties. The upper straight line, Re = 200 Ha, is the laminar-to-turbulent threshold of the 

Hartmann boundary layers [7]. For Ha and Re above this line, the Hartmann layers are 

turbulent, and below are laminar. The stability and transition to turbulence of the Hart-

mann layers have received so far the most consideration of all studies of MHD turbulent 

flows as reviewed, for example, by Zikanov et al. [45]. The linear dependence of the critical 

Reynolds number on the Hartmann number can be explained by the fact that the ratio 

Re/Ha represents the Reynolds number based on the thickness of the Hartmann layer such 

that the instability mechanism is similar to that in ordinary boundary-layer hydrodynam-

ics and owns its origin to the development and growth of the Tollmien–Schlichting waves 

[46]. The lower line in the diagram represents the instability of the side boundary layers. 

The stability threshold of the side layers, assuming that the Hartmann layers are stable, 

was derived in [47] for the case of a non-conducting duct by using energy stability analy-

sis. The associated critical Reynolds number in the limit of a strong magnetic field is Re= 

65.32 Ha1/2. As applied to the side layer, the ratio Re/Ha1/2 represents the Reynolds number 

based on the boundary layer thickness. In the sub-region between the two threshold lines 

in the Ha-Re diagram, the Hartmann layers are laminar and stable while the side layers 

are expected to be unstable. The primary instability mechanism is the inflectional Kelvin-

Helmholtz instability associated with the inflection points in the velocity profile. The flow 

eventually turns to turbulence but it appears in a special form of quasi-two-dimensional 

(Q2D) turbulence. 
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Figure 9. Ha-Re diagram for MHD flow in a non-conducting rectangular duct. 

In the Q2D MHD turbulent flows, the turbulent structures appear as big comparable 

in size with the duct dimension columnar-like vortices with their axis aligned with the 

magnetic field direction. Unlike ordinary turbulence, such vortices are subject to the in-

verse energy cascade. The vortices are essentially 2D in the core region between the two 

Hartmann layers. Three-dimensional features can still be observed in the Hartmann lay-

ers, where almost all Ohmic and viscous losses occur, while the influence of inertia is neg-

ligible. The Q2D vortices do not induce much electric current and thus are weakly affected 

by the magnetic field. They persist over many eddy turnovers, until being damped via 

slow dissipating processes in the Hartmann layers. 

As seen in Figure 9, DCLL and self-cooled Li/V blankets fall on the region where the 

flows are expected to be Q2D, while the flows in HCLL and WCLL blankets are seen to be 

laminar. No LM blankets exhibit 3D turbulence associated with the turbulezation of the 

Hartmann layers. 

A mathematical model for Q2D isothermal turbulent flows in a rectangular duct with 

non-conducting walls, often called “SM82”, was proposed by Sommeria and Moreau in 

1982 [48]. The 2D governing equations in SM82 model are obtained by integrating the full 

3D flow equations along the magnetic field lines, taking into account that (i) in the core 

region between the Hartmann layers, the flow variables do not vary along the magnetic 

field, (ii) within the Hartmann layers the velocity changes exponentially from zero at the 

wall to the core value, (iii) in the limit of a strong magnetic field the velocity component 

W in the direction of the applied transverse magnetic field is zero, and (iiii) the induced 

electric currents are closed within the cross-sectional plane inside the liquid. The result of 

the integration is the following: 

𝜕𝑈

𝜕𝑡
+

𝜕𝑈2

𝜕𝑥
+

𝜕𝑉𝑈

𝜕𝑦
= −

1

𝜌

𝜕𝑃

𝜕𝑥
+ 𝜈 (

𝜕2𝑈

𝜕𝑥2
+

𝜕2𝑈

𝜕𝑦2) −
𝑈

𝜏
, (21) 

𝜕𝑉

𝜕𝑡
+

𝜕𝑈𝑉

𝜕𝑥
+

𝜕𝑉2

𝜕𝑦
= −

1

𝜌

𝜕𝑃

𝜕𝑥
+ 𝜈 (

𝜕2𝑉

𝜕𝑥2
+

𝜕2𝑉

𝜕𝑦2) −
𝑉

𝜏
, (22) 

𝜕𝑈

𝜕𝑥
+

𝜕𝑉

𝜕𝑦
= 0. (23) 
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In these equations for a Q2D MHD flow, 𝑈 and V represent the average of the local 

velocity between the two Hartmann walls. The last terms on the right-hand-side of Equa-

tions (21) and (22), which are linear in 𝑈 and V, are the so-called Hartmann damping 

terms. They appear as a result of the integration and express the effect of viscos friction in 

the Hartmann layers on the core flow. The parameter 𝜏 = 𝐻𝑎−1𝑏2/𝜈 has dimension of 

time and represents a timescale for vortex damping due to Ohmic and viscous losses in 

the Hartmann layers. The SM82 model has limited applicability because of the assump-

tions of a rectangular duct with non-conducting walls and constant transverse magnetic 

field. In the past, there were some efforts to extend the model to electrically conducting 

ducts (see, e.g., discussion in [49]) but the obtained models were not able to correctly re-

produce the M-shaped velocity profile. A one-equation model for Q2D MHD turbulent 

flows was proposed in [50] and then successfully applied to simulate the Q2D flow be-

havior in “MATUR” experiment [51], where large Q2D vortices were generated in a cy‐

lindrical cavity by applying simultaneously electric currents and a magnetic field. The 

SM82 model is based on the assumption of columnar like vortices. This is a strong ideali-

zation as real vortices, even in the asymptotic limit of a strong magnetic field, would de-

part from the ideal Q2D behavior, e.g., exhibiting “barrel” shapes and Ekman pumping 

[52]. Modifications of the SM82 model that take into account moderate inertial effects in 

the Hartmann layers were proposed in [53]. 

The Q2D turbulent flows have been intensively studied recently in computations 

based on the SM82 model, including purely MHD flows [54] and flows with heat transfer 

[55–58]. To our best knowledge, no dedicated studies of the MHD pressure drop in Q2D 

turbulent flows have been performed yet. However, taking into account the Q2D flow 

properties, it appears that under the blanket conditions, additional MHD pressure losses 

that might be present in the flows in long poloidal ducts due to the Q2D vortices are low 

compared to other pressure losses. This conclusion is not necessarily true for more com-

plex flow conditions, such as 3D flow geometries, multi-component magnetic fields and 

buoyancy effects, and this needs to be verified in future studies. In particular, the asymp-

totic conditions required for establishing a Q2D flow might not be achieved in essentially 

3D blanket components with volumetric heating. In such flows, persistence of 3D turbu-

lence cannot be completely excluded and the associated contribution to the pressure drop 

can be important, especially in non-conducting ducts. 

4.3. MHD Flows with Buoyancy Effects 

A comprehensive review of MHD buoyant flows is given in [59]. To illustrate im-

portant characteristic features of MHD flows with buoyancy effects in long poloidal ducts 

of a LM blanket and to elucidate the principal effect of buoyancy forces on the pressure 

drop, let us consider a fully developed flow with volumetric heating, in which the LM 

moves upwards or downwards in a long vertical rectangular duct with thin electrically 

conducting walls in a uniform transverse magnetic field. The duct has a rectangular cross 

section 2a × 2b with the side 2b parallel to the applied magnetic field 𝐵𝑧
0, which is in the z 

direction. The net flow is a superposition of the main forced flow and a buoyancy-driven 

flow, resulting in the mixed convection flow regime. All features of fully developed MHD 

flows, as discussed earlier, are also inherent to the reference mixed convection flow, so 

that the governing equations can be obtained from the full 3D equations in the same man-

ner as described in Section 4.1: 

0 = −
𝑑𝑃

𝑑𝑥
+ 𝜈𝜌 (

𝜕2𝑈

𝜕𝑦2
+

𝜕2𝑈

𝜕𝑧2 ) +
1

𝜇
𝐵𝑧

0 𝜕𝐵𝑥
′

𝜕𝑧
+ {

−𝜌𝑔 + 𝜌𝑔𝛽(𝑇 − 𝑇0) 𝑖𝑛 𝑢𝑝𝑤𝑎𝑟𝑑 𝑓𝑙𝑜𝑤

+𝜌𝑔 − 𝜌𝑔𝛽(𝑇 − 𝑇0) 𝑖𝑛 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑓𝑙𝑜𝑤
= 0, (24) 

0 =
𝜕

𝜕𝑦
(

1

𝜎𝜇

𝜕𝐵𝑥
′

𝜕𝑦
) +

𝜕

𝜕𝑧
(

1

𝜎𝜇

𝜕𝐵𝑥
′

𝜕𝑧
) + 𝐵𝑧

0
𝜕𝑈

𝜕𝑧
, (25) 

𝜌𝐶𝑝𝑈
𝜕𝑇

𝜕𝑥
= 𝑘 (

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
) + 𝑞′′′. (26) 
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The source term on the right-hand-side of the energy equation Equation (26) stands 

for the volumetric heating that in the blanket conditions is attributed to the interaction of 

the neutron flux from plasma with the breeder. It can be described with the exponential 

function, such that 𝑞′′′ quickly drops from 𝑞0 at the “hot” wall of the duct y = −a to 

𝑞0𝐸𝑥𝑝 (−
2𝑎

𝑙
) at the “cold” wall y = a: 

𝑞′′′ = 𝑞0𝐸𝑥𝑝 (−
𝑦+𝑎

𝑠
). (27) 

The parameter 𝑠 is the decay length that characterizes radial attenuation of the neu-

tron flux in the breeder. The solution for the temperature T is sought linear in 𝑥 and that 

for the pressure P quadratic in 𝑥, such that 

𝑇(𝑥, 𝑦, 𝑧) = 𝑇0 + 𝛾𝑥 + 𝜃(𝑦, 𝑧), (28) 

−
𝑑𝑃

𝑑𝑥
= {

𝜌(𝐺 + 𝑔) − 𝜌𝑔𝛽𝛾𝑥 𝑖𝑛 𝑢𝑝𝑤𝑎𝑟𝑑 𝑓𝑙𝑜𝑤

𝜌(𝐺 − 𝑔) + 𝜌𝑔𝛽𝛾𝑥 𝑖𝑛 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑓𝑙𝑜𝑤
. (29) 

Here, G and 𝛾 are two new constants. 𝜌𝐺 stands for the pressure head of the exter-

nal pump. This constant needs to be adjusted in the course of computtions to assure that 

∫ ∫ 𝑈(𝑦, 𝑧)
𝑎

−𝑎
𝑑𝑦𝑑𝑧

𝑏

−𝑏
= 𝑄, (30) 

where 𝑄 = 4𝑎𝑏𝑈𝑚 is a given volumetric flow rate. The constant 𝛾 is defined from the 

global energy balance ∫ ∫ (𝑞′′′ − 𝜌𝐶𝑝𝛾𝑈)
𝑎

−𝑎
𝑑𝑦𝑑𝑧

𝑏

−𝑏
= 0, such that 𝛾 =

1

2

𝑞0

𝜌𝐶𝑝𝑈𝑚

1−𝑒−2𝑚

𝑚
, where 

𝑚 = 𝑎/𝑠. After substituting Equations (28) and (29) into Equations (24) and (26), the mo-

mentum and the energy equation become independent of 𝑥: 

0 = 𝜌𝐺 + 𝜈𝜌 (
𝜕2𝑈

𝜕𝑦2
+

𝜕2𝑈

𝜕𝑧2 ) +
1

𝜇
𝐵𝑧

0 𝜕𝐵𝑥
′

𝜕𝑧
+ {

 𝜌𝑔𝛽𝜃 𝑖𝑛 𝑢𝑝𝑤𝑎𝑟𝑑 𝑓𝑙𝑜𝑤
−𝜌𝑔𝛽𝜃 𝑖𝑛 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑓𝑙𝑜𝑤

, (31) 

𝜌𝐶𝑝𝑈𝛾 = 𝑘 (
𝜕2𝜃

𝜕𝑦2
+

𝜕2𝜃

𝜕𝑧2
) + 𝑞′′′. (32) 

The set of Equations (25), (31) and (32) can be used to compute the three un-

knowns 𝑈(𝑦, 𝑧), 𝜃(𝑦, 𝑧) and 𝐵𝑥
′ (𝑦, 𝑧). The boundary conditions on 𝑈(𝑦, 𝑧) and 𝐵𝑥

′ (𝑦, 𝑧) 

are the same as those defined in Section 4.1 for fully developed isothermal flows. The 

boundary condition on 𝜃(𝑧, 𝑦) is the zero Neumann boundary condition at the liquid-

wall interface to assure the adiabatic boundary. 

To illustrate main features of the flow, we performed computations using a newly 

developed finite-difference code that extends a purely MHD code for isothermal fully de-

veloped MHD flows in [60] to the coupled MHD flow/heat transfer problem. In this par-

ticular analysis, there are three dimensionless parameters: m, Ha and Gr/Re. Figure 10 

shows one computed case for the upward flow, including the velocity profile, induced 

magnetic field distribution and temperature distribution in a non-conducting square duct. 

All quantities shown in the figure are made dimensionless: the velocity 𝑈 is scaled by the 

mean velocity 𝑈𝑚, the magnetic field 𝐵𝑥
′  by 𝑅𝑒𝑚𝐵𝑧

0, and the temperature 𝜃 by 𝑞0𝑏2/𝑘𝑙. 

This characteristic temperature difference is also used in the Grashof number. The Reyn-

olds number is built using 𝑏2𝐺/𝜈 as a characteristic velocity, and m = 1. Compared to the 

Shercliff flow shown in Figure 7a, the mixed convection flow at the same Hartmann num-

ber Ha = 200 exhibits significant changes in the velocity profile: higher velocity near the 

“hot” wall and lower velocity near the opposite “cold” wall. The magnetic field distribu‐

tion in the mixed convection flow is also different. There is a pronounced asymmetry in 

𝐵𝑥
′  between the “hot” and “cold” walls with higher electric current density near the “hot” 

wall where the velocity and the temperature are also higher. 
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Figure 10. Computed MHD fully developed upward (buoyancy-assisted) mixed convection flow of PbLi in a non-con-

ducting square duct with volumetric heating at Ha = 200, Re/Gr = 103 and m = 1: (a) velocity distribution, (b) induced 

magnetic field, and (c) temperature. 

As seen from Equation (27), in the mixed convection flows, there is an additional 

pressure drop 𝛥𝑃 = 𝜌𝑔𝛽𝛾𝑙2. In the downward flows, this extra pressure drop stands for 

the work done by the flow to overcome the flow opposing buoyancy force. From this point 

of view, the downward flows can be considered as “buoyancy-opposed” flows. In the 

upwards flows, this 𝛥𝑃 acts in the opposite way, accelerating the liquid, and thus is re-

sponsible for additional pumping. Correspondingly, the flows can be referred to as “buoy‐

ancy assisted”. It is interesting to estimate such a 𝛥𝑃 compared to other pressure losses 

or to the entire pressure loss in the blanket. Similar to the example shown in Section 4.1, 

let us consider a PbLi flow in a 10 m long square duct with b = 0.1 m at 𝑈𝑚 = 0.1 m/s. 

Using 𝑞0 = 15 MW/m3, which is typical to the DCLL blanket, 𝛾 was computed as 36.7 

K/m and 𝛥𝑃 = 61 × 103 Pa. This 𝛥𝑃 is significantly lower than the maximum allowable 

blanket pressure drop of 2 MPa. Compared to the pressure drop data plotted in Figure 8 

for a single duct, the 𝛥𝑃 of 61 × 103 Pa is much higher than the friction pressure loss in 

Figure 8b for a non-conducting duct but lower than the total pressure drop in Figure 8a 

for a conducting duct. Therefore, it can be concluded that the MHD pressure drop in a 

blanket caused by buoyancy forces should be taken into account, especially in the case of 

electrically insulated walls. 

5. Origins of the MHD Pressure Drop in a Blanket 

Let us consider a steady MHD flow in a thin-walled duct subject to a space varying 

magnetic field as shown in Figure 6. To simplify the analysis let us assume a straight duct 

such that the flow occurs vertically along the x axis without any changes in the flow di-

rection. Let l be the duct length and S is the cross-sectional area (not including the duct 

walls). In general, S can vary along the flow path: S = S(x). The main origins of the MHD 

pressure drop in a blanket can be illustrated by the example of such a flow by integrating 

the momentum equation over the cross-sectional area of the duct. The result of integration 

of the projection of the momentum equation on the x axis Equation (1a) can be presented 

in the following form: 

−
𝑑�̅�

𝑑𝑥
= 𝛱𝐼 + 𝛱𝐼𝐼 + 𝛱𝐼𝐼𝐼 + 𝛱𝐼𝑉 + 𝛱𝑉 . (33) 

Here, �̅�(𝑥) =
1

𝑆
∬ 𝑃(𝑥, 𝑦, 𝑧) 𝑑𝑦𝑑𝑧  is the pressure averaged over the cross-sectional 

duct area. The 𝛱 =  𝛱(𝑥) terms on the right side of Equation (33) includes forces of differ-

ent nature in the liquid and express various effects of the flow and induced electric cur-

rents on the pressure gradient along the flow path: 

(a) (c) (b) 
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𝛱𝐼(𝑥) =
1

𝑆
∬(

𝜕𝑈2

𝜕𝑥
+

𝜕𝑉𝑈

𝜕𝑦
+

𝜕𝑊𝑈

𝜕𝑧
)𝑑𝑦𝑑𝑧,   (34) 

𝛱𝐼𝐼(𝑥) = −
𝜈𝜌

𝑆
∬(

𝜕2𝑈

𝜕𝑥2
+

𝜕2𝑈

𝜕𝑦2
+

𝜕2𝑈

𝜕𝑧2
)𝑑𝑦𝑑, (35) 

𝛱𝐼𝐼𝐼(𝑥) = −
1

𝑆
∬(𝑗𝑦𝐵𝑧

0 − 𝑗𝑧𝐵𝑦
0)𝑑𝑦𝑑𝑧, (36) 

𝛱𝐼𝑉 = 𝜌𝑔, (37) 

𝛱𝑉(𝑥) = −
𝜌𝑔𝛽

𝑆
∬(𝑇 − 𝑇0)𝑑𝑦𝑑𝑧. (38) 

Further integration of Equation (33) with respect to x from x = 0 to x = l results in the 

equation for the pressure drop: 

𝛥𝑃 = �̅�(0) − �̅�(𝑙) = ∫ (𝛱𝐼 + 𝛱𝐼𝐼 + 𝛱𝐼𝐼𝐼 + 𝛱𝐼𝑉 + 𝛱𝑉)𝑑𝑥
𝑙

0
= 𝛥𝑃𝐼+𝛥𝑃𝐼𝐼+𝛥𝑃𝐼𝐼𝐼 + 𝛥𝑃𝐼𝑉 + 𝛥𝑃𝑉. (39) 

Each of the pressure drop components in Equation (39) is further explained below. 

𝜟𝑷𝑰 is the pressure loss associated with inertial forces. In the fully developed flows, 

this loss is zero because 𝑈 does not change with x and V = W = 0. In developing flows, 

𝛥𝑃𝐼 can be comparable with or even higher than other pressure drop components, espe-

cially if the duct has sudden changes of the cross-section or/and if the applied magnetic 

field exhibits significant variations along the flow path. The latter happens, for example, 

in a blanket supply pipe where it crosses the magnetic field lines at the exit from the vac-

uum chamber. The gradients of such a “fringing” magnetic field can reach very high val‐

ues of ~50 T/m resulting in strong 3D electromagnetic forces localized over a short axial 

section of the pipe, generally much shorter than the characteristic duct length. The associ-

ated pressure drop can be described as a local pressure drop. It should be noted that the 

electric currents do not enter 𝛥𝑃𝐼 . However, there is an indirect effect of the induced cur-

rents on this pressure loss through changes of the cross-sectional velocity components V 

and W by the Lorentz force components 𝐹𝐿𝑦 and 𝐹𝐿𝑧. In general, analysis of 𝛥𝑃𝐼 involves 

solution of the full 3D MHD problem using numerical computations. 

𝜟𝑷𝑰𝑰 is related to viscous friction in the flow. Viscous friction is one of the main 

sources of the pressure loss in ordinary laminar and turbulent flows. Typically, it is char-

acterized using the resistance factor 𝜆, which is a dimensionless proportionality coeffi-

cient between the pressure drop and the dynamic pressure 
𝜌𝑈𝑚

2

2
: 

𝛥𝑃 = 𝜆
𝑙

𝐿

𝜌𝑈𝑚
2

2
. (40) 

In MHD flows in a blanket, viscous friction is significantly higher compared to anal-

ogous ordinary flows because the MHD boundary layers are much thinner, and associated 

velocity gradients are much steeper. The difference in the viscous friction between ordi-

nary and MHD flows can be demonstrated by the example of the so-called Hartmann flow 

[61], which is the MHD analog of a classical laminar Poiseuille flow of viscous Newtonian 

fluid between two infinitely long parallel plates (Figure 11). 
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Figure 11. Sketch of a fully developed flow of electrically conducting viscous fluid between two 

infinitely long parallel plates. Without a magnetic field the velocity profile is parabolic (Poiseuille 

flow). With the magnetic field, the velocity profile has a uniform core and thin boundary layers 

with the thickness scaled as 1/Ha (Hartmann flow). 

In the Poiseuille flow, the resistance factor is 𝜆0 = 6/𝑅𝑒. In the analogous Hartmann 

flow in a channel with non-conducting walls, the velocity profile is strongly affected by 

the applied wall-normal magnetic field resulting in the formation of the Hartmann bound-

ary layers with the thickness ~1/Ha, where the velocity changes exponentially from zero 

at the wall to the core value. The associated resistance factor due to the viscous friction at 

the walls at high Ha (see, e.g., [8]) is: 

𝜆𝑓 =
2𝐻𝑎

𝑅𝑒
. (41) 

For blanket relevant Ha numbers shown in Table 1, the resistance factor in the Hart-

mann flow is about 104 times higher compared to the Poiseuille flow at the same Re num-

ber. In the above formulas for the resistance factor, both Ha and Re are constructed using 

the channel half width b. 

𝜟𝑷𝑰𝑰𝑰 is the pressure loss associated with the flow opposing electromagnetic Lorentz 

force, which arises from the electromagnetic interaction between the induced cross-sec-

tional currents jy and jz and the transverse component of the applied magnetic field: 𝐹𝐿𝑥 =

𝑗𝑦𝐵𝑧
0 − 𝑗𝑧𝐵𝑦 

0 . The axial current component jx does not have a direct effect on 𝛥𝑃𝐼𝐼𝐼. In a fully 

developed flow in a conduit with non-conducting walls, 𝛥𝑃𝐼𝐼𝐼 is zero because the electric 

currents close their circuit in the cross-sectional plane inside the liquid. In ducts with elec-

trically conducting walls, the induced current is closed through the wall, such that the 

result of the integration of the Lorentz force term is non-zero. The associated pressure 

drop depends on the magnetic field strength and the wall electrical conductivity and 

thickness. Typically, this component of the MHD pressure drop in ducts with electrically 

conducting wall is very high compared to others. For example, in the Hartmann flow be-

tween two electrically conducting plates, the resistance factor associated with the pressure 

opposing Lorentz force (see, e.g., [6]) is: 

𝜆𝑒𝑚 = 2
𝑐𝑤

1+𝑐𝑤

𝐻𝑎2

𝑅𝑒
. (42) 

By comparing 𝜆𝑓 and 𝜆𝑒𝑚, it can be seen that at blanket relevant Ha and 𝑐𝑤~0.1, 

𝜆𝑒𝑚/𝜆𝑓~103. An equation showing conditions when the pressure loss related to the Lo-

rentz forces becomes dominating over the viscous friction loss, i.e., 𝜆𝑒𝑚  ≫ 𝜆𝑓, can be ob-

tained from Equations (41) and (42), resulting in: 

𝑐𝑤 ≫
1

𝐻𝑎
. (43) 

Physically, Equation (43) suggests conditions when the electric currents generated in 

the flow close their circuit through the electrically conducting wall rather than the Hart-

mann layer. Due to the dominating role of the Hartmann layers in all wall bounded MHD 

flows, such a simple criterion can be used even for ducts of a complex shape. 

𝜟𝑷𝑰𝑽 is simply a hydrostatic pressure drop. 
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𝜟𝑷𝑽 is the pressure drop associated with buoyancy forces. In downward, buoyancy 

opposed flows, the buoyancy forces act against the flow resulting in pressure losses. In 

upward, buoyancy assisted flow, the buoyancy forces act in the flow direction and thus 

can be responsible for additional pumping effect. 

6. 2D and 3D MHD Pressure Drop 

Conventionally, the MHD flows in a blanket are viewed as either 2D or 3D. The as-

sociated pressure drops in the 2D and 3D blanket hydraulic elements are often referred to 

as 2D (𝛥𝑃)2𝐷 or 3D (𝛥𝑃)3𝐷 MHD pressure drop. The 2D flows occur in long straight 

ducts of rectangular cross-section or circular pipes in a uniform magnetic field, which do 

not exhibit significant variations of the cross section along the flow path, as shown in Fig-

ure 12a,b. If the liquid carrying conduit is sufficiently long, the originally 3D MHD flow 

in the inlet section becomes fully developed at some distance from the inlet as described 

in Section 4.1. Such fully developed flows are envisaged in the parallel poloidal ducts of 

the DCLL blanket and also in the radial supply pipes (except for the fringing magnetic 

field zone and short flow development sections) in almost all LM blanket concepts. The 

induced currents in the 2D flows close their circuit in the cross-sectional planes. When 

interacting with the applied transverse magnetic field such currents are responsible for 

the flow opposing Lorentz force. The two major pressure losses in the 2D flows are there-

fore those due to viscous friction (𝛥𝑃)2  and due to the flow opposing Lorentz force 

(𝛥𝑃)3, such that (𝛥𝑃)2𝐷 = 𝛥𝑃𝐼𝐼+𝛥𝑃𝐼𝐼𝐼. As shown above by the example of the Hartmann 

flow, if the walls are electrically conducting such that Equation (43) applies, then 𝛥𝑃𝐼𝐼𝐼 >> 

𝛥𝑃𝐼𝐼 and (𝛥𝑃)2𝐷 = 𝛥𝑃𝐼𝐼𝐼. Otherwise, in the case of non-conducting walls or if the insulat-

ing flow channel inserts are used, the pressure drop in a fully developed flow orinates 

almost exclusively from the viscous friction, so that (𝛥𝑃)2𝐷 = 𝛥𝑃𝐼𝐼 A simple formula for 

the MHD pressure drop in a fully developed flow in the conduit with the walls of high 

electrical conductivity (𝑐𝑤 ≫ 1/𝐻𝑎) can be obtained by estimating the electric current den-

sity in the core of the flow directly from Ohm’s low, 𝑗 = 𝜎𝑈𝑚𝐵𝑧
0, and then multiplying it 

by the transverse magnetic field 𝐵𝑧
0. In such a way, the 2D MHD pressure drop is simply 

described as 

(𝛥𝑃)2𝐷 = 𝐾𝑝𝜎𝑈𝑚(𝐵𝑧
0)2𝑙. (44) 

The dimensionless coefficient 𝐾𝑝 depends on the shape of the conduit, the wall elec-

trical conductivity (cw) and the magnetic field strength (Ha). This coefficient can be ob-

tained from analytical solutions of evaluated from the experimental or numerical data. 

Apart from the long pipes and rectangular ducts (Figure 12a,b), other blanket ele-

ments can demonstrate very complex geometry as shown in Figure 12c–h. In such ele-

ments as bends, ducts with sudden change of the cross-section, expansions and contrac-

tions, manifolds and U-turns, the flows are essentially 3D. Notice that any of the 2D or 3D 

elements shown in Figure 12 can include insulating FCIs that can also have a strong effect 

on the MHD pressure drop. In the 3D MHD flows, all three velocity components are im-

portant and are often of the same order of magnitude. The induced electric currents form 

complex 3D circuits (Figure 13) with dominating axial currents, which are responsible for 

electromagnetic forces acting in the directions perpendicular to the main flow. Unlike the 

cross-sectional currents, which close through the electrically conducting walls, the axial 

currents in the 3D flows form circuits closing mostly inside the liquid. Such currents and 

associated pressure losses cannot be reduced by insulation. 
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Figure 12. Basic 2D [(a) and (b)] and 3D [(c)–(h)] hydraulic elements of LM blankets: (a) circular pipe, (b) rectangular duct, 

(c) single-channel bend, (d) multi-channel bend, (e) sudden change of cross-section, (f) expansions and contractions, (g) 

manifold, (h) U-turn. All 2D and 3D elements can include FCIs to reduce the MHD pressure drop. 

 

Figure 13. Example of induced 3D electric currents in the flow with sudden expansion computed in [62] at Ha = 1465 and 

Re = 50. The liquid moves from left to right. The magnetic field is in the transverse direction along the longest duct wall. 

Near the inlet inside the small duct, and also at the exit inside the larger duct, the currents are 2D. The 3D current circuits 

are clearly seen right upstream and downstream of the expansion. 

The effect of the axial currents on the pressure loss is indirect, through formation of 

secondary flows. Such secondary flows often appear in the form of internal shear layers. 

The associated 3D MHD pressure drops can be comparable or even higher than the 2D 

MHD pressure drop in fully developed flows. It should also be mentioned that the 3D 

effects can be caused by axial variations of the applied magnetic field and by sudden 

changes of the wall electrical conductivity (not shown in Figure 12). 

In general, the 3D MHD pressure drop can include all components as shown on the 

right side of Equation (33). The contribution of each component, compared to others, de-

pends on the flow and applied magnetic field. In any case, under the blanket conditions, 

the inertia pressure loss (𝛥𝑃)1 in the 3D MHD flows in a blanket is one of the most im-

(d) (c) (b) (a) 

(e) (f) (g) (h) 
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portant components. To incorporate the inertia and electromagnetic effects, the correla-

tions for the 3D MHD pressure drop are often constructed in the form adopted from the 

hydraulics of ordinary flows for local pressure losses, with the pressure drop coefficient 

𝜉 depending on the interaction parameter: 

(𝛥𝑃)3𝐷 = 𝜉(𝑁)
𝜌𝑈𝑚

2

2
. (45) 

The experimental data suggest 𝜉 = 𝑘𝑝N, where 𝑘𝑝 is the empirical coefficient that 

depends strongly on the flow geometry. Typically, for flows with geometrical changes in 

a uniform magnetic field 0.2 < 𝑘𝑝 < 2 [63–66]. For example, 𝑘𝑝 =  0.625 was proposed from 

the numerical data obtained in [67] for the blanket inlet manifold with electrically con-

ducting steel walls and 𝑘𝑝 = 0.184 for the manifold with non-conducting walls. In these 

studies, the interaction parameter was constructed using the half width of the expansion 

section and corresponding mean velocity. Equation (45) can also be applied to pipe or 

duct flows in a fringing magnetic field. For instance, in Ref. [20] 𝑘𝑝 = 0.2 was used in the 

analysis of the MHD pressure drop in the radial access pipes of the DCLL blanket. 

7. MHD Pressure Drop in Electrically Coupled Blanket Components 

Electromagnetic coupling of flow in neighboring fluid domains is another important 

consideration that needs to be taken into account when designing a blanket. The coupling 

occurs via the exchange of electric currents through common walls if the blanket ducts are 

not ideally electrically insulated. This can lead to modifications of the flow and cause 

higher pressure drops compared to those in separated channels. The increase in the MHD 

pressure drop in parallel ducts due to the electromagnetic coupling is known as multi-

channel or Madarame effect named after H. Madarame [68]. He first suggested that the 

entire blanket system needs to be analyzed to reveal global current circuits and their effect 

on the MHD pressure drop that would not be observed if the analysis is limited to single 

components. As reported in [68], if there is a current leak through a shared wall, the cur-

rent density in the liquid increases, and the MHD pressure drop becomes 10–100 times 

higher than that in the case the currents do not leak. An experimental study of MHD flows 

in electrically coupled bends [69] was the first experimental evidence of the Madarame 

effect that further showed that an electrical decoupling of radial channels can significantly 

reduce the pressure drop. 

In the past, to characterize the electromagnetic coupling effects, fully developed 

MHD flows were investigated using model flow geometries of three electrically conduct-

ing channels coupled electrically at either Hartmann walls [70] or walls parallel to the 

magnetic field [71]. The relevance of the electromagnetic coupling effect to blanket flows 

is obviously more important for those concepts where the breeder velocities are low (<1 

mm/s) such that electrical insulation as a means for MHD pressure drop reduction is not 

considered. For the HCLL blanket, numerical studies of electrically coupled flows were 

performed in [72] using a fully developed flow model. Coupled flows in the WCLL blan-

ket have been simulated numerically in [25]. Both studies show a strong influence of the 

flow coupling effect on the MHD pressure drop. Electromagnetic coupling can also sig-

nificantly affect the feasibility of a self-cooled blanket design, as shown in [3]. It was 

demonstrated that a large-scale toroidal-poloidal current loop establishes across common 

walls of the radial ducts. 

Multi-channel effects and flow coupling in 3D flows were studied by Stieglitz & Mo-

lokov [69] and by Reimann et al. [19]. One of the important observations from these stud-

ies is a significant increase of the MHD pressure drop as the number of electrically coupled 

ducts increases. Another important conclusion is that in 3D MHD flows the coupling ef-

fect is more pronounced compared to 2D flows as seen, for example, by comparing results 

for multi-bends [19] against the case of connected straight ducts [71]. 
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8. Approaches to Calculation of the MHD Pressure Drop in a Blanket 

Each blanket configuration can be viewed as a nontrivial network of various con-

nected components with a certain flow resistance. By the analogy with an electric circuit, 

the resistance law for each hydraulic component “i” can be written in the form similar to 

the electric Ohm’s law, such that (𝛥𝑃)𝑖 = 𝑄𝑖𝑅𝑖, where (𝛥𝑃)𝑖 is the pressure drop, 𝑄𝑖 is 

the volumetric flow rate, and 𝑅𝑖 is the hydraulic resistance (with a unit of 𝑃𝑎 ∙ 𝑠/𝑚3). 

In this analogy, the flow rate is similar to the electric current and the pressure drop 

to the voltage. Typically, a LM blanket has many components, some of them can be par-

allel and some are serial. The overall resistance of the network can be expressed in terms 

of all particular resistances by making use of Kirchhoff’s laws: the current first law (which 

states that current flowing into a node must be equal to current flowing out of it), and the 

voltage second law (which states that the sum of all voltages around any closed loop in a 

circuit must equal zero). Once the overall resistance of the hydraulic circuit is known, the 

pressure drop of the entire blanket system can easily be calculated for a given blanket flow 

rate. An example of a hydraulic network for a modular IB DCLL blanket of three modules 

is shown in Figure 14. 

 

Figure 14. Schematics of modular IB DCLL blanket of three modules and an equivalent hydraulic 

network. 

Various resistances in Figure 14 are associated with MHD flows in the corresponding 

blanket components: 

R1 is associated with the poloidal flow in the “cold” feeding duct; 

R2—radial flow from the cold duct to a module; 

R3—flow in the expansion at the entry to a module; 

R4—poloidal (upward) flow in the front duct facing the plasma; 

R5—flow in the U-turn at the top of the module; 

R6—poloidal (downward) flow in the return duct; 

R7—flow in the contraction at the exit from the module; 

R8—radial flow from the exit of a module to the collecting “hot” duct; 

R9—poloidal flow in the “hot” collecting duct. 

A formula for the overall (equivalent) resistance of the hydraulic network shown in 

Figure 14 has been obtained with the help of the MATLAB software by applying Kirch-

hoff’s laws. Due to the large number of the resistances shown in Figure 14, this formula 

has several tens of terms and is not shown here. However, such formulas can be easily 
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derived and applied to the analysis of the MHD pressure drop of any blanket, providing 

all resistances are known. Below, we outline several approaches that can be used to eval-

uate resistances (pressure drops) of all elementary components that build up the hydraulic 

network. In general, a physical experiment or 3D computations can be used to provide 

such data. 

8.1. Exact Analytical Solutions 

Since the MHD flow equations are in general non-linear, analytical solutions have 

been limited to a class of fully developed flows where non-linear inertia terms are not 

present. Only a small number of such solutions is available. Several examples of analytical 

solutions for fully developed MHD flows were already shown in Section 4.1 for the Hunt 

and Shercliff flows, in Section 4.3 for a flow with internal heating, and in Section 5 for the 

Hartmann flow. Another example is a fully developed LM flow in a circular pipe with 

non-conducting walls. The exact analytical solution, including the MHD pressure frop, 

was obtained in [73] by Gold. Recently, two analytical solutions were derived in [74] for 

rectangular ducts with walls of arbitrary electrical conductivity and thickness. Unlike the 

majority of studies for electrically conducting ducts, these solutions do not use the thin 

conducting wall approximation. It needs to be mentioned that almost all analytical solu-

tions were obtained in the form of infinite series, which require summation of many terms. 

In doing so, special care has to be taken to assure series convergence, especially at high 

Ha. 

8.2. Asymptotic Solutions 

Several approximate correlations for the MHD pressure drop have been obtained 

based on the asymptotic models for a fully developed flow. These models identify a few 

characteristic regions in the flow at high Ha with different properties. For each region, 

certain assumptions and simplifications can be made allowing for approximate asymp-

totic solutions. For example, in the case of the fully developed MHD flow in a rectangular 

duct under a strong transverse magnetic field, the flow at high Ha exhibits distinctive 

Hartmann and side boundary layers and the core region (Figure 15). There are also four 

corner regions (also shown in Figure 15), with the properties different from the Hartmann 

and side layers. 

 

Figure 15. Asymptotic structure of a dully developed MHD flow in a rectangular duct with either conducting or non-

conducting walls in a transverse magnetic field. 

Below, several correlations are presented for a rectangular duct and a circular pipe. 

Rather than the dimensional pressure drop, the correlations introduce the dimensionless 
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flow resistance coefficient λ (see Equation (40)). In the case of a rectangular duct, the for-

mulas show λ as a function of the Hartmann number Ha, Reynolds number Re, wall con-

ductance ratio cw, and the duct aspect ratio 𝛽 = 𝑎/𝑏. In these formulas, the Hartmann and 

Reynolds numbers are built using the dimension b, the half width of the duct in the direc-

tion of the applied magnetic field. In the case of the pipe flow, Ha and Re are built using 

the inner pipe radius R. 

8.2.1. Rectangular Duct with Non-Conducting Walls in a Transverse Magnetic Field 

This is the most studied case, including theoretical and experimental studies. An ap-

proximate correlation that takes into account flow resistance in the Hartmann and side 

layers was obtained by Shercliff in [43]: 

𝜆 =
2𝐻𝑎

𝑅𝑒
(1 −

1

𝐻𝑎
−

0.852

𝛽𝐻𝑎1/2)
−1

. (46) 

The first and the second term correspond to the Hartmann flow, while the third one 

takes into account the shear layers at the side walls parallel to the applied magnetic field. 

Per Shercliff [43], the applicability of the formula is limited to the condition 𝛽𝐻𝑎1/2 ≫ 18. 

The formula has been verified in various experimental studies (see, e.g., [75]). It was 

shown that the formula can be used even at 𝛽𝐻𝑎1/2  ≈ 5. Moreover, at 𝛽 > 3 the re-

sistance coefficient can be computed from the Hartmann flow solution. In doing so, the 

discrepancy with the full correlation is smaller than 5%. 

8.2.2. Rectangular Duct with Non-Conducting Walls in an Inclined Magnetic Field 

In blanket conditions, the duct flows always experience two transverse components 

of the magnetic field, the large toroidal component 𝐵𝑧
0 and a smaller radial or poloidal 

component 𝐵𝑦
0. Such a flow was considered in [6]. In the asymptotic limit of 𝐻𝑎 ≫ 𝛽 and 

also providing 𝐵𝑧
0 ≫ 𝐵𝑦

0, the following formuala was obtained: 

𝜆 =
2𝐻𝑎𝑧

𝑅𝑒
{1 −

1

𝐻𝑎𝑧
+

𝛽

√2(𝐻𝑎𝑧)3/2 [−
32

15
+

4

3𝐻𝑎𝑧
−

16𝐻𝑎𝑦

105𝐻𝑎𝑧
]}

−1

, (47) 

where 𝐻𝑎𝑧 and 𝐻𝑎𝑦 are built through 𝐵𝑧
0 and 𝐵𝑦

0 correspondingly. This formula agrees 

well with the theoretical study by Alty for the flow in an inclined magnetic field [76]. 

8.2.3. Rectangular Duct with Non-Conducting Hartmann Walls and Ideally Conducting 

Side Walls in a Transverse Magnetic Field 

Asymptotic formula was obtained by Hunt and Stuartson [77] for Ha >> 1: 

𝜆 =
2𝐻𝑎

𝑅𝑒
[1 −

0.956

𝛽𝐻𝑎1/2
−

1

𝐻𝑎
]

−1
. (48) 

8.2.4. Rectangular Duct with Ideally Conducting Side and Hartmann Walls in a Trans-

verse Magnetic Field 

A correlation was proposed in [7] as follows: 

𝜆 =
2𝐻𝑎2

𝑅𝑒

1

1 − 𝐻𝑎−1 − 2.4𝐻𝑎−3/2𝛽−1
 (49) 

It has to be noted, that this formula at high Ha and high 𝛽 approaches asymptotically 

the resistance law in the Hartmann flow with ideally conducting walls (𝑐𝑤 → ∞): 𝜆 =
2𝐻𝑎2

𝑅𝑒
. 

This can be explained by the fact that the electric currents are closed through the walls, 

such that the flow opposing Lorentz force is uniform over the entire cross section. 
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8.2.5. Rectangular Duct with Thin Electrically Conducting Walls in a Transverse  

Magnetic Field 

Asymptotic solution was obtained by Tillack [78] using the electric circuit analogy: 

λ =
2Ha2

Re
[

1

3β

Ha1/2

1+cSwHa1/2
+

1+cHw

Ha−1+cHw
]

−1

. (50) 

In this formula, the expression in the brackets on the right-hand-side corresponds to 

the overall resistance of the circuit. The first term accounts for the side wall in parallel 

with the side layer. The second term accounts for the Hartmann wall in parallel with the 

Hartmann layer, both in series with the core. The side and the Hartmann walls are allowed 

to have different wall conductance ratio: 𝑐𝑆𝑤 for the side wall, and 𝑐𝐻𝑤 for the Hartmann 

wall. The equation has been tested by comparing with analytical and numerical solutions, 

in particular with the theoretical work of Walker [40]. In that work, solutions are obtained 

in the limiting cases 𝐻𝑎−1 ≪ 𝑐𝑤 ≪ 𝐻𝑎−1/2 and 𝐻𝑎−1/2 ≪ 𝑐𝑤 ≪ 1. In these cases, the cor-

relation proposed by Tillack agrees exactly with the results in [40]. 

8.2.6. Circular Pipe with Thin Electrically Conducting Walls in a Transverse Magnetic 

Field 

Similar to rectangular ducts, the asymptotic approach can be applied to fully devel-

oped flows in a circular pipe where the flow structure of thin boundary layers and the 

core resembles that in the rectangular ducts. The asymptotic method was first used by 

Shercliff for a non-conducting circular pipe [43]. Later this technique was extended to the 

case of electrically conducting walls in the studies by Kulikovsky [79] and Chang and 

Lundgren [80]. Below is the asymptotic formula at Ha >> 1 obtained in [8] for the conduct-

ing thin-walled circular pipe: 

𝜆 =
3𝜋𝐻𝑎

4𝑅𝑒
[1 + 0.833𝑐𝑤𝐻𝑎 − 0.019(𝑐𝑤𝐻𝑎)2]. (51) 

In the case of non-conducting walls (𝑐𝑤 = 0), the results obtained with this formula 

agree well with the correlation obtained by Shercliff [81] based on the asymptotic flow 

model of the constant velocity core and gradient near-wall boundary layers: 

𝜆 =
3𝜋𝐻𝑎

4𝑅𝑒
(1 −

3𝜋

2𝐻𝑎
)

−1
. (52) 

The contribution of the second term in the parenthesis at Ha >> 1 can be neglected 

resulting in a very simple correlation: 

𝜆 =
3𝜋𝐻𝑎

4𝑅𝑒
. (53) 

8.3. Asymptotic Numerical Techniques. Core Flow Approximation 

This approach is also based on the asymptotic flow model but unlike the method 

discussed in Section 8.2, which is limited to simple flow geometries, this one can be ap-

plied to more complex flows, which in principle do not allow a simple analytical solution. 

Numerical computations are thus required but they are less demanding compared to the 

full 3D computations due to significant simplifications of the mathematical model. 

These simplifications become possible because of high Ha and N in blanket applica-

tions as seen in Table 1. High Ha allows for the inviscid approximation, the viscous term 

on the right-hand side of Equation (9) can be neglected. Making a use of high N allows for 

the inertialess approximation, the inertia terms in Equation (9) can also be omitted. When 

used together, these two approximations allow for a special approach, where a mathemat-

ical complexity of the original 3D problem is reduced to 2D. This asymptotic approach, 

which is typically referred to as “the core flow approximation” had originated from the 

fundamental study of Kulikovskii [79]. In the core flow model, the entire domain is sub-

divided into the internal core that occupies most of the flow region, and thin boundary 

layers, including those at the flow confining solid walls and internal shear layers. In the 
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core, the flow is inviscid and inertia-less, resulting in a very simple momentum equation 

where the electromagnetic and buoyancy forces are balanced by the pressure gradient. 

Viscous and inertia forces may be important in the boundary layers. These considerations 

lead to simplifications that allow for analytical integration of the basic equations in the 

applied magnetic field direction (without taking into account buoyancy forces). This re-

duces the 3D problem to coupled 2D equations for the pressure and the wall potential. 

Once these 2D equations are solved, the 3D solution can be reconstructed for almost any 

desired duct geometry. Solving the 2D equations requires numerical computations. It 

should be noted that using the core flow approximation is meaningless if the goal is to 

access convective instabilities or MHD turbulence, where inertia forces are important. If 

this is not the case, the core flow approximation can be especially effective for complex 

flow geometries to access the pressure drop in the flow. There are many examples of suc-

cessful application of the asymptotic methods to various LM blanket components, includ-

ing flows in circular and rectangular ducts of constant and variable cross-section [82,83] 

flows in uniform and non-uniform strong magnetic fields [82,83], complex geometry flows 

(bends, expansions, U-turns, manifolds) [82–85] and multiple adjacent ducts [71,83,85–87]. 

8.4. Full Numerical Computations 

As shown above, analytical solutions can be obtained only for fully developed flows 

for a limited number of cases. The asymptotic methods, both analytical and numerical, are 

more flexible but are also limited, including restrictions on the flow geometry and/or 

physical phenomena. Theoretically speaking, full numerical computations can be applied 

to any blanket flow, regardless its complexity. Due to the recent significant progress in the 

development of computational methods and especially due to the modern mesoscale com-

puters, full numerical computations of high Ha MHD flows in blanket relevant geome-

tries, including computations of the MHD pressure drop, have reached a high maturity 

level such that computing 3D MHD flows for the entire blanket system seems to be pos-

sible in the foreseeable future. In practice, full blanket computations are still challenging. 

This section presents a brief retrospective review of numerical computations of MHD 

flows with respect to LM blankets. 

Historically, the Hartmann number is used as the principal metrics to judge about 

the computational progress as the computational time grows dramatically with Ha at the 

rate ~Ha2. A diagram summarizing progress in high Ha computations is shown in Figure 

16. MHD computations for duct flows were pioneered in the 1970s but at that time were 

limited to Hartmann numbers of a few tens [88]. The computations progressed quickly 

over the next decades reaching Hartmann numbers on the order of hundreds in the late 

1980s (e.g., [89]) and a few thousands around 2010 [90]. Significant acceleration in MHD 

computations can be seen at around 2005 due to development of a new consistent and 

conservative scheme [91]. However, the progress has been different between simple ge-

ometry flows (e.g., in a straight rectangular duct) and more complex flows in blanket-

relevant geometries as also shown in Figure 16. At present, computations for simple ge-

ometry flows can be performed at any blanket relevant Hartmann numbers. Computa-

tions for complex 3D blanket components are less advanced but are rapidly progressing 

to the target Ha number. 
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Figure 16. Progress in numerical computations of MHD flows. 

All present Computational Magnetohydrodynamics (CMHD) codes used for anal-

yses of MHD flows with heat and mass transfer in fusion LM applications subdivide into 

three major groups [92]. The first group is comprised of customized commercial multi-

purpose CFD codes with a built-in or a user-defined MHD module. Four typical examples 

of such codes are FLUENT (now a part of ANSYS), CFX (also a part of ANSYS), SC/TETRA 

by CRADLE and FLUIDYN by TRANSOFT International. Another code, which can be 

added to this group, is OpenFOAM, an open-source multi-purpose CFD toolbox with a 

built-in electromagnetic module developed by OpenCFD Ltd. COMSOL Multiphysics 

also provides an MHD capability that can be utilized either through the built-in physics 

modules or through the user-defined equation-based module. 

The second group includes massive “home-made” solvers, which are specially de‐

veloped for MHD applications. Among such codes are HIMAG (USA) [93] and an MHD 

code called “MHD-UCAS” (China) [94]. Unlike the commercial codes, these codes do not 

have a convenient user interface and typically need to be modified for a particular prob-

lem. This makes such codes less attractive to the potential users compared to the commer-

cial codes. The advantages of such codes are, however, their focus on MHD problems and 

flexibility compared to “black-box” commercial codes. 

The third group is represented by research codes, which are typically limited to a 

special type of flows and/or relatively simple flow geometries. A few relevant examples 

are the research codes based on asymptotic techniques, which can be applied to inertialess 

flows (see, e.g., [82]), and 2D codes for analysis of MHD pressure drop in fully developed 

flows (see, e.g., [60]). Many other examples of research codes can be found elsewhere. As 

a matter of fact, the most of the progress on blanket design & analysis has been achieved 

so far using the research codes. A special group of research codes that address MHD tur-

bulent flows includes Direct Numerical Simulation (DNS) [95] and Large Eddy Simulation 

(LES) [96] for simple geometries. 

An important step in the development of CMHD tools is the code validation and 

verification (V&V). An international V&V campaign of MHD codes for fusion applications 

was initiated in [92]. Five test cases were proposed, including MHD fully developed, 3D 

flows, and flows with heat transfer. In the framework of this campaign, several compari-

sons between the codes were performed recently [97,98] to qualify these codes as a poten-

tial design and analysis tool for blanket applications. 

Without pretending for a full review, here we would like to refer to the most inter-

esting numerical studies of the pressure drop in MHD flows relevant to LM blankets. It 

should be mentioned that only a few of them have approached the target Ha numbers. 
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Most of them are still limited to the conditions of a physical experiment, where the strong-

est magnetic field does not exceed ~2 T or Ha ~ 2000. To our best knowledge, there is only 

one computational study [67] where high Ha number computations (Ha = 1.1 × 104 in the 

poloidal flows and Ha = 3.3 × 104 in the manifold) were performed for a full blanket geom-

etry. The most interesting conclusions from this study on the part of the MHD pressure 

drop are summarized below in Section 9.1. 

Many computational 2D and 3D studies were performed over the last decade to ac-

cess effectiveness of the insulating FCIs in rectangular duct flows with the main focus on 

reduction of the MHD pressure drop. First numerical studies [99,100] used a finite-differ-

ence method to solve coupled fully developed flow and induction equations for SiC FCIs 

with and without pressure equalization slots, using electrical and thermal conductivity of 

SiC as parameters at Ha = 15,900. This high Ha corresponds to 4 T magnetic field of the 

reference US DCLL outboard blanket of the DEMO reactor. More recent studies in 2D 

[22,101–106] and 3D [107–111] further investigated various flow features to characterize 

effects of the FCI on the flow. Such FCI parameters were investigated in the computations 

as the FCI thickness, size of the thin gap between the FCI and the steel wall, location and 

size of the pressure equalization openings either in the form of a slot or holes, and FCI 

deformations for a wide range of electrical conductivities. The most important conclusions 

from these studies are summarized in Section 10.1.1. 

Significant amount of computational work has been done to address the 3D MHD 

pressure drop and its mitigation for complex geometry blanket components. There is a 

decent number of studies [62,112–119] of prototypical manifold-like MHD flows that var-

ied in flow geometry (flows with expansions or contractions, and with and without the 

parallel channels), wall electrical conductivity (electrically conducting versus insulating 

walls), magnetic field direction (geometry changes are either in the plane perpendicular 

or parallel to the magnetic field) and range of flow parameters (various Ha and Re num-

bers). Additionally, there are several studies for flows in a U-bend [97,120–123]. In the full 

3D computations, the Hartmann number was typically limited to several hundreds, rarely 

to a few thousands, while the Reynolds number was set at several thousands or less. These 

limitations in magnitudes of the flow parameters are due to various numerical issues of 

MHD flows such as the need for extremely high computational resources at high Ha and 

Re associated with the fine resolution of the MHD boundary layers. Many numerical stud-

ies have been performed for flows with expansions and, to our best knowledge, only two 

for contractions [115,118]. Higher MHD pressure drops were observed for the ducts that 

featured sudden geometry changes in the plane parallel to the applied magnetic field com-

pared to the perpendicular field orientation. Additionally, much higher MHD pressure 

drops occur in electrically conducting ducts compared to the ducts with insulating walls. 

A special category of MHD flows with a high impact on the MHD pressure drop is 

the flow in a fringing magnetic field. In these flows, induced 3D electrical currents are 

responsible for the formation of M-shaped velocity profiles and often higher, compared 

to fully developed flows, 3D MHD pressure drops. In blanket applications, flows in a 

fringing magnetic field occur in ducts or pipes of the LM supply system. 3D numerical 

computations for such flows were performed for rectangular ducts in [124–128] and cir-

cular pipes in [124,129–133,134]. In the computations, the main transverse component of 

the applied fringing magnetic field was approximated with a hyperbolic function to take 

into account steep variations of the magnetic field with the axial distance. The effect of 

two other applied magnetic field components on the flow has been discussed in 

[126,127,129]. These additional field components were included in the analysis in 

[126,127,130,131,133,134]. Comparisons between the reduced and full applied magnetic 

field models were performed in [129] for pipe flows. The results show a moderate, but 

systematic, improvement of the flow predictions compared to the experimental data if the 

full magnetic field model is used. The studies of the flows in a fringing magnetic field 

show significant similarities with MHD flows in ducts with variable cross-section in a 

uniform magnetic field, including a non-uniform velocity distribution with the near-wall 
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jets, and induced electric currents with the dominating axial component. Another im-

portant observation (see, e.g., [131,132,134]) is that the effect of the 3D currents on the 

MHD pressure drop is not always strong. In fact, if the magnetic field gradient is not suf-

ficiently steep, as it often happens in the experiments, the MHD pressure drop in the flow 

in a fringing magnetic field can be accurately predicted by using correlations for a fully 

developed flow, providing the dependence of the applied magnetic field of the axial co-

ordinate is taken into account. This observation agrees well with the earlier experimental 

data and conclusions in [135]. However, this is not necessarily true for flows in a fringing 

filed under blanket conditions, where the magnetic field gradients are much steeper. To 

our best knowledge, the threshold values of the field gradient, have not been evaluated 

yet. 

8.5. Experiments 

The MHD pressure drop can also be obtained from experimental studies. Once the 

experimental data are collected, the results can be matched with either Equation (44) for 

∆P in 2D flows or Equation (45) in the case of 3D flows. In doing so, the coefficients Kp (in 

Equation (44)) or kp in Equation (45) can be tabulated as a function of the duct and flow 

parameters. As a matter of fact, the experiments and analytical studies guided the devel-

opment of LM magnetohydrodynamics in the earlier years. The significant increase in the 

drag and turbulence suppression in channel flows in the presence of a wall-normal mag-

netic field were first investigated in the experiments by Hartmann in Lazarus in 1937 [136]. 

Further experiments also demonstrated suppression of flow instabilities and turbulence 

as the magnetic field increases for various liquid metals, flow configurations and wall 

materials [7]. Later, experimental observations of high-amplitude low-frequency fluctua-

tions in duct flows in a strong magnetic field [13] led to the development of the concept 

of Q2D MHD turbulence. All correlations for MHD pressure drop shown in Section 8.2 

have been verified in the experimental studies. Here, we would like to refer to the exper-

iments and analysis by Miyazaki et al. in [137] and [138] where good accuracy of simple 

correlations for the MHD pressure drop in rectangular duct and circular pipe flows were 

confirmed with the experimental data. Even now, when the numerical computations take 

a leading role in the blanket design and analysis, the importance of experiments as a pri-

mary validation tool is very high. 

9. Examples of 3D Numerical Computations of the MHD Pressure Drop 

9.1. MHD Flow Computations for a PbLi Blanket Prototype at Ha~104 

A computational study has been conducted internationally as a joint project between 

the UCLA, US and UCAS, China [67]. The computed blanket prototype (Figure 17) has all 

generic sub-components intrinsic to both the US DCLL blanket and Chinese dual-func-

tional lead-lithium (DFLL) blanket [139]. 
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Figure 17. The PbLi blanket prototype with radial supply ducts, inlet and outlet manifolds, poloidal channels and a U-

turn section at the top [67]. Four cases of electrical insulation 1–4 have been considered. 

In the considered blanket model, PbLi at 450 °C flows upwards in three front breed-

ing ducts that face the plasma. At the top of the blanket, the liquid makes a U-turn and 

flows downwards in three return poloidal ducts. The liquid is distributed into three front 

poloidal ducts from the inlet manifold at the bottom. The outlet manifold that collects PbLi 

from the three return ducts is also located at the bottom of the module. The manifold ex-

pansion/contraction ratio in this blanket model is 6. The computations of the MHD PbLi 

flow in the module were performed for a high Hartmann number of 3.4 × 104 in the man-

ifold region and 1.1 × 104 in the poloidal channels on a very fine mesh of ~ 320 × 106 cells 

to accurately capture all flow features using a finite-volume code “MHD-UCAS” [94]. As 

shown in Figure 17, four cases have been simulated, including: Case 1 for electrically con-

ducting walls, Case 4 for non-conducting walls, and Cases 2 and 3 with partial electrical 

insulation of the blanket conduits using SiC flow channel inserts (SiC FCIs) placed at se-

lected locations. In these four cases, the computed MHD flows were analyzed for: (1) 

MHD pressure drop, (2) flow distribution, (3) flows in particular blanket sub-components, 

(4) 3D and flow development effects, and (5) unsteady flows. 

The overall pressure drop ΔP in the blanket is defined as a difference between the 

inlet and outlet pressures (Figure 18). As expected, the highest ΔP occurs in a conducting 

blanket (Case 1). Both 3D and 2D flow effects in this blanket are responsible for high MHD 

pressure drop of 2.33 MPa. The case with ideal electrical insulation (Case 4) has demon-

strated reduction of the MHD pressure drop of almost one order of magnitude compared 

to Case 1, resulting in ΔP = 0.257 MPa. In the case of electrically conducting walls (Case 

1), the radial supply ducts that deliver liquid breeder to the blanket module and collect 

the liquid at the exit of the blanket are responsible for 54% of the entire ΔP while only 

33.1% occurs in the two manifolds. The contributions of other sub-components are signif-

icantly smaller. In the non-conducting blanket (Case 4), the two manifolds contribute to-

gether 93.1% of the entire pressure drop. The difference in the MHD pressure drop con-

tributions from various components between these two cases can be explained by the rel-

ative strength of 2D and 3D currents in electrically conducting cases versus insulated 

ducts. In Case 1, the MHD pressure drop is dominated by strong cross-sectional currents 

closing through the electrically conducting walls. In Case 4, most of the MHD pressure 

drop comes through the 3D axial currents that close their circuits inside the liquid up and 
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downstream of the sudden changes in mean velocity. In the present blanket design stud-

ies, the maximum allowable MHD pressure drop is considered at 2 MPa. Comparing all 

computed cases 1, 2, 3 and 4 suggests that partial insulation can still provide sufficient 

reduction of the MHD pressure drop. This conclusion is however limited to outboard 

blankets. Inboard blankets that experience about two times stronger magnetic fields will 

likely require insulation of the entire blanket to assure that the MHD pressure drop is 

acceptable. 

 

Figure 18. Pressure drop along the module centerline (left) and the summary of the MHD pressure drop for the four 

insulation cases (right). 

9.2. Computations and Analysis of MHD Pressure Drop in the Inlet and Outlet Manifolds of the 

DCLL Blanket 

Manifolds are the key subcomponents of a blanket as they are responsible for the 

distribution of the LM flow from a radial supply duct at the blanket inlet to the breeding 

zone (inlet manifold) and collecting the liquid from the breeding zone into the exit radial 

duct at the blanket outlet (outlet manifold). Though these manifolds are small in size com-

pared to the full length of the liquid metal circuit, they are known to be the main contrib-

utors to the overall blanket pressure drop [20,21,67] due to 3D MHD effects that occur 

near sudden changes in the duct geometry. As a matter of fact, of all 3D blanket compo-

nents, manifolds exhibit major pressure losses in the blanket. Several designs of inlet and 

outlet manifolds have been proposed in engineering blanket studies for the DCLL blanket. 

Of them, the most attractive one uses a co-axial pipe for supplying “cold” breeder to the 

blanket entrance through the annulus of the co-axial pipe and taking out “hot” PbLi from 

the blanket exit towards the ancillary equipment through the inner pipe [140]. Such a de-

sign has several potential advantages over other designs, including reduced size, lower 

inner steel wall temperature, and lower tritium loss from the PbLi breeder. However, this 

design has potential issues associated with possibly high MHD pressure drop due to elec-

tromagnetic coupling between the LM flow inside the annulus and that in the inner pipe 

which have not been fully resolved yet [20]. A conservative manifold design [21] relies on 

two separate manifolds at the blanket inlet and outlet, and correspondingly, one inlet and 

one outlet pipe to feed the module and to extract PbLi from the blanket. For such a mani-

fold solution, the MHD pressure drop is expected to be lower compared to the novel de-

sign that has a co-axial pipe supply system, but the pressure drop is still expected to be 

high due to the 3D MHD effects and this is estimated to account for almost half of the 

entire pressure drop of the blanket [21]. 
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Here, we report recent results of the MHD pressure drop analysis for the non-con-

ducting inlet [62] and outlet manifold [141] of the same geometry. A 3D geometrical model 

used in the computations with the MHD solver HIMAG is shown in Figure 19. Notice that 

the vertical parallel channels are not included in the model as the first computations in 

[62] showed that they provide only a small contribution into the MHD pressure drop com-

pared to the sudden change of the duct area. The flows corresponding to the inlet mani-

fold feature sudden expansion, while flows in the outlet manifold experience sudden con-

traction. Although the flow geometry is the same, the pressure drop between the two 

flows is not necessarily the same because of the inertial effects. 

 

Figure 19. The simulation geometry is a duct with a sudden expansion or contraction depending on the flow direction. 

The flow in the inlet manifold features expansion (the flow direction is from left to right), while the flow in the outlet 

manifold (the flow direction is from right to left) experiences contraction. 

Computations for the inlet manifold were performed first [62]. As a result of the 96 

computations for 1000 < Ha < 6570, 50 < Re < 2500 and 4 < rexp < 12 accurate correlations for 

the 3D MHD pressure drop were established. Here, the Hartmann and Reynolds number 

are based on the dimension and the velocity of the large duct and rexp is the expansion 

ratio. In doing so, two flow regimes (originally postulated by Hunt and Leibovich [142]) 

were observed: (1) an inertial-electromagnetic (IE) regime characterized by the balance of 

inertia and Lorentz forces inside the internal boundary layer at the sudden change in duct 

aspect ratio, and (2) a viscous-electromagnetic (VE) regime characterized by the balance 

of viscous and Lorentz forces. As determined in [62], flows with Re⁄√Ha > 3 are in the IE 

regime while those with Re⁄√Ha < 3 are in the VE regime. Most of the blanket flows are 

expected to be in the IE regime where inertial forces are especially important. 

The obtained correlations demonstrate promise for predicting the 3D MHD pressure 

drops ∆𝑃3𝐷 in electrically insulated inlet manifolds, which feature sudden expansions of 

the duct geometry in the magnetic field direction: 

𝑉𝐸 𝑟𝑒𝑔𝑖𝑚𝑒: ∆𝑃3𝐷 =
𝜌𝑈2

2
(𝑘𝑣𝑒𝑁𝐻𝑎−1/2 + 𝑑𝑣𝑒) for  

𝑅𝑒

√𝐻𝑎
< 3, (54) 

𝐼𝐸 𝑟𝑒𝑔𝑖𝑚𝑒: ∆𝑃3𝐷 =
𝜌𝑈2

2
(𝑘𝑖𝑒𝑁2/3 + 𝑑𝑖𝑒) for 

𝑅𝑒

√𝐻𝑎
> 3. (55) 

Here, kve, dve, kie, and die are functions of the expansion ratio, rexp: 

𝑘𝑣𝑒 = 0.31𝑟𝑒𝑥𝑝 + 3.08, (56) 

 𝑑𝑣𝑒 = 342.92𝑟𝑒𝑥𝑝 − 1563.85, (57) 
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𝑘𝑖𝑒 = 0.33𝑟𝑒𝑥𝑝 + 1.19, (58) 

 𝑑𝑖𝑒 = −11.55𝑟𝑒𝑥𝑝
2 + 85.43𝑟𝑒𝑥𝑝 − 264.39. (59) 

In more recent studies [141], the extent to which these correlations can be applied to 

electrically insulated outlet manifolds, which feature sudden contractions, is investigated 

in both VE and IE regimes for Reynolds numbers 50 < Re <1500, Hartmann numbers 2500 

< Ha < 5475, and the contraction ratio of 10. As seen from Figure 20 the pressure losses 

between the contraction and expansion are nearly identical with slightly higher magni-

tudes in the contraction cases. The small discrepancy in the MHD pressure drop between 

contractions and expansions (<8%) suggests that the correlations Equations (54)–(59) for 

the 3D MHD pressure drop in a duct flow with a sudden expansion are also applicable to 

the duct flows with a sudden contraction. These correlations were applied to the analysis 

of the MHD pressure drop for the IB and OB DCLL blankets in the US FNSF design [21]. 

It was found that the MHD pressure drop of the two manifolds in the IB blanket design is 

0.392 MPa. This is 40% of the overall pressure drop. As for the OB blanket, the contribution 

of the two manifolds is 0.626 MPa or 26%. 

 

Figure 20. Dimensionless 3D MHD pressure drop P* scaled by the dynamic head in a LM duct flow with sudden expansion 

or contraction. (a) Effect of the Reynolds number. (b) Effect of the Hartmann number. 

10. Practical Approaches to Mitigate the MHD Pressure Drop 

Any LM blanket consists of many standard components (ducts, pipes, manifolds, 

bends, etc.) but their number, dimensions, constructive features and the way how they are 

implemented in the design with respect to the magnetic field lines and the heating sources 

may vary significantly between different concepts and designs. This can strongly affect 

the MHD pressure drop, which is one of the main optimization parameters. When doing 

the optimization studies, a blanket designer has to follow several design rules, which are 

outlined in this section. The goal of the optimization studies is two-fold. First, it needs to 

be proven that the blanket is designed in a right way to assure the overall MHD pressure 

drop to be below the 2 MPa limit. Second, the design needs to be adjusted to reduce the 

MHD pressure drop as much as possible without diminishing the main blanket functions 

and its overall efficiency. As described below, a few optimization approaches that can be 

utilized in the optimization studies are related to the electrical insulation, shape of the 

breeder carrying ducts, changes in the flow direction, cross-sectional variations of the 

blanket conduit, and the electromagnetic coupling between adjacent ducts. 



Fluids 2021, 6, 110 36 of 45 
 

10.1. Electrical Insulation 

As discussed earlier in this article, at high Ha, the pressure drop in electrically insu-

lating ducts and pipes increases linearly with the strength of the applied magnetic field, 

while in electrically conducting ducts it grows as Ha2 due to higher currents closing 

through the electrically conducting walls. The walls often have higher electrical conduc-

tivity than the LM breeder itself resulting in high electric current densities in the core of 

the flow. For example, RAFM steel has electrical conductivity about two times higher than 

PbLi. Electrical decoupling between the liquid breeder and the electrically conducting 

walls can significantly reduce the electric current density, and as a consequence, the MHD 

pressure drop. Taking into account high Ha in blanket applications, the reduction of the 

MHD pressure drop in long poloidal breeding ducts or radial supply pipes by electrical 

insulation can achieve, in theory, three orders of magnitude compared to the ducts with-

out insulation. Strictly speaking, using electrical insulation in self-cooled blankets is man-

datory. Otherwise, at high breeder velocities of 0.5–1 m/s in self-cooled blankets, the MHD 

pressure drop in the breeding zone can easily reach 10 MPa or higher. The electrical insu-

lation is usually not considered for low breeder velocity HCLL and WCLL blankets within 

the breeding zone, but it might be needed inside the pipes of the supply system where the 

breeder velocity is significantly higher. In the DCLL blanket, the electrical insulations is 

mandatory for all IB blankets where the magnetic field is ~10 T. The magnetic field of OB 

blankets is two times lower ~5 T, such that the requirements on the electrical insulation 

may be mitigated, but insulating FCIs can still be needed for thermal insulation to reduce 

the heat leakage from the PbLi into the cooling He streams. 

Several practical solutions have been proposed as electrical insulation means for LM 

blankets, including insulating coatings, laminated walls and flow channel inserts. How-

ever, neither of them has ever been tested in the real blanket conditions, including flowing 

liquid breeder in a strong magnetic field, high temperature and a neutron flux. Neverthe-

less, many computational studies and laboratory experiments have been performed to 

address the effectiveness of the electrical insulation and to formulate requirements on the 

physical properties, thickness and location of the insulating components. In theory, such 

insulating techniques, are capable to provide MHD pressure drop reduction in a blanket 

by a factor 10–1000. In practice, the pressure drop reduction factor is always lower because 

of local insulation defects and discontinuities. 

10.1.1. Flow Channel Inserts 

Using SiC FCIs in a DCLL blanket can reduce or even eliminate many critical blanket 

problems, such as high MHD pressure drop, corrosion of RAFM steel in the flowing PbLi, 

and high tritium permeation into the cooling He streams. FCIs can also minimize the heat 

loss from PbLi into He, therefore enabling high-temperature (HT) DCLL blanket designs 

with PbLi temperatures up to 750°C, resulting in a high thermal efficiency >40% [143]. The 

FCIs are put inside the blanket conduits with a thin ~2 mm gap between the FCI and the 

structural electrically conducting walls to accommodate possible thermal expansions of 

the FCI. The FCI may also have a pressure equalization opening (either a pressure equal-

ization slot or holes) to possibly reduce the pressure difference between the bulk liquid 

inside the FCI and that in the gap. From the engineering point of view, it is not possible 

to fabricate one long FCI segment covering the entire blanket interior. Therefore, many 

shorter FCI segments 0.3–0.5 m each have to be used. To reduce the electrical current leak-

age through the junction between two FCIs, they have to overlap at the unction, similar 

to roof tiles. 

SiC-based ceramics are considered to be attractive materials for fission and fusion 

applications [144] due to their favorable thermophysical properties, outstanding 

hightemperature strength, creep resistance, oxidation resistance and radiation tolerance. 

There are two different approaches to developing SiC materials of desirable thermophys-
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ical/thermomechanical properties that could be shaped into FCIs of required configura-

tions and dimensions. In the first approach (see, e.g., [145]), a 2D fiberreinforced SiC com-

posite material (SiC/SiC composite) is proposed to allow for a relatively thin FCI wall of 

about 5 mm. In the second approach, a foambased SiC material has also been considered 

as a possible candidate [146]. The idea is to utilize a core of low-density SiC foam, sealed 

at all surfaces with a protective layer of CVD SiC. A potential advantage of this 

foambased SiC is that it does not require costly high-quality fibers and can have low ther-

mal (~1 W/m-K) and electrical (~1 S/m) conductivity. 

A possible alternative to a SiC FCI is the so-called “sandwich” FCI proposed earlier 

in [147]. Such a multi-material FCI has an internal insulating layer of Alumina protected 

with thin steel sheets on both sides thus providing significant electrical insulation. 

In the blanket conditions, SiC materials should be able to withstand both thermal and 

irradiationinduced stresses caused by thermal expansion and differential swelling [148]. 

The allowable thermal stress in the FCI is typically limited to 120 MPa, which corresponds 

to a maximum temperature drop across the FCI wall of about 150–200 K. These tempera-

ture limitations can be met using a conventional onelayer FCI. In some cases, for example 

for FCIs located in the front poloidal ducts of a DCLL blanket, nested FCIs may be needed 

to tolerate a temperature drop greater than 200 K as proposed in [101]. 

The effectiveness of the FCIs as electrical insulators in LM flows was demonstrated 

in experiments [149] and computations [100]. The pressure drop reduction factor was 

computed in [100] for PbLi poloidal flows in a 4 T magnetic field based on the fully devel-

oped flow model for a 5 mm SiC FCI using electrical conductivity as a parameter. It was 

shown that for the FCI electrical conductivity of 1 S/m (achievable with foam-based SiC 

FCI) the pressure drop reduction factor is 300. In practice, providing the entire blanket is 

insulated with FCIs, the reduction of the MHD pressure drop would be significantly lower 

as shown, for example, in [67,100,107]. The main reason is the significant contribution of 

the 3D blanket components, for which the 3D currents cannot be reduced with the insula-

tion. Another reason is the discontinuities in the FCI due to junctions between two FCI 

segments and pressure equalization openings in the FCI through which the electric cur-

rents can leak into the conducting structural wall. Experimental and theoretical studies of 

the flows with FCIs [150–153] predict moderate increase of the MHD pressure drop if the 

FCIs are not continuous. For example, experimental study [153] suggests that a thin gap 

between two FCI segments in a circular pipe with the radius R could be responsible for 

an extra 3D MHD pressure drop equivalent to a fully developed flow with the FCI with 

the length of 24R. The effect of overlapped FCI segments on the MHD pressure drop was 

also studied for a pipe flow theoretically at Ha = 14,000 in [154]. The study suggests an 

additional pressure drop of 0.4 MPa. 

One more practical FCI issue is the development of cracks in the FCI. This is more 

critical to foam-based SiC FCIs rather than the composites because of the risk of liquid 

metal ingress into the porous bulk material through the cracks in the protective layer. As 

shown in the experiments and also supported by modelling in [104], such cracked FCIs 

will be infiltrated quickly with liquid metal. Due to high porosity such an FCI would not 

serve its insulating functions anymore, resulting in high MHD pressure drop, even ex-

ceeding the pressure drop of a bare duct. 

10.1.2. Electroinsulating Coatings 

Similar to FCIs, the 2D MHD pressure drop could be effectively reduced by applying 

insulating coatings directly to the electrically conducting structural walls [155]. To do their 

job, such coatings need to have low electrical conductivity and be thick enough to assure 

sufficient electrical resistance. Either oxides, such as Al2O3, CaO, MgO and Y2O3 or ni-

trides, such as A1N and Si3N4 were considered in the past as candidate materials. They 

have sufficiently low electrical conductivity such that the thickness <0.2 mm can provide 

required MHD pressure drop reduction as demonstrated, for example, in [156]. However, 

there are many practical issues associated with the fabrication of the coatings and their 
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stability in the harsh blanket environment. Both oxides and nitrides need to be applied 

onto the structural material with sufficient bonding. When doing this, it is problematic to 

keep the coating intact in a long run under thermal cycling conditions. The coatings are 

likely to suffer from the radiation effects and will experience mechanical stability issues. 

Their insulating properties can also degrade in time due to radiation effects. Development 

of cracks in the coating is one of the most serious feasibility issues as the electric current 

can leak through even tiny cracks of a few microns. The influence of cracks in perfectly 

insulating coatings on the MHD flow in a circular pipe was studied in [156] and that for a 

rectangular duct in [60,157]. The worst case occurs when two small line cracks are formed 

at the walls of the conduit parallel to the applied magnetic field. In the computed cases, 

the flow pattern near the crack shows a reversed flow and a more than 10 times increase 

of the MHD pressure drop compared to the coating with no cracks. These examples sug-

gest that the number of cracks should not exceed a certain limit. In practice, it is hard to 

control the crack formation and their development, so that in spite of significant promise, 

utilization of thin insulating coatings in blanket applications looks questionable. 

10.2. Slotted Channel Geometry 

Using ducts with high aspect ratios such that the short wall of the duct is perpendic-

ular to the applied (toroidal) magnetic field, called slotted channels, is an easy way to 

significantly reduce the MHD pressure drop compared to a square duct of the same cross-

sectional area. The slotted channel concept was conceived at Efremov Institute, Russia 

(see, e.g., [158]) for reducing the MHD pressure drop in Li cooled blanket designs. This 

concept requires, however, the so-called anchor links, cylinders placed between the two 

walls for the purpose of strengthening the blanket construction. The anchor links them-

selves can be responsible for additional MHD pressure drop. 

10.3. Poloidal, Toroidal and Radial Flows 

Purely toroidal unidirectional flows are not affected by the toroidal magnetic field 

because such a flow does not generate an electric current since V × B0 = 0. The radial and 

poloidal field components can influence the flow but they are much smaller compared to 

the toroidal field and cannot be responsible for strong Lorentz forces. Therefore, a toroidal 

blanket where most of the breeder flows occur along the magnetic field lines may exhibit 

lesser pressure drop compared to poloidal or radial blankets. However, a purely toroidal 

blanker is an idealization. In practice, there are always blanket components where the 

flow is radial or poloidal. Moreover, strong MHD pressure losses can be expected when 

the flow changes its direction from radial to toroidal as it happens when the LM is redis-

tributed at the entrance to the blanket to feed the cooling channels at the FW. This occurs 

in the inlet manifold, where the flow is essentially 3D resulting in high 3D MHD pressure 

drop. High pressure losses can also be expected in the flow in the outlet manifold where 

the liquid is collected before leaving the blanket. 

10.4. Geometrical Discontinuities 

All geometrical discontinuities, such as corners, bends, sudden cross-sectional 

changes (e.g., expansions and contractions) are responsible for generating 3D currents that 

close mostly in the liquid metal such that the pressure losses cannot be sufficiently re-

duced by means of wall insulation. Expansions and contractions in the direction of the 

magnetic field cause maximum 3D pressure drop, while changes of flow geometry in 

plane perpendicular to the magnetic field do not produce significant extra pressure losses 

compared to locally fully developed flows [78]. If possible, bends or expansions that turn 

the flow into the direction of the magnetic field should be avoided. In case it is not possi-

ble, optimization studies could be recommended to possibly lead to the configurations 

where the 3D currents are minimal. As suggested in [113], the MHD pressure drop in the 
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flows expanding in the magnetic field direction can be reduced if the transition from a 

small duct to a large duct occurs gradually without sudden changes in the flow geometry. 

11. Concluding Remarks 

Among many potential issues associated with the development of feasible blanket 

designs, high MHD pressure drop remains one of the most important problems. Experi-

mental and theoretical studies of LM MHD flows in blanket applications have been con-

ducted for several decades attaining at present a significant progress, such that almost all 

physical mechanisms responsible for high pressure losses in LM flows in a blanket are 

understood and well characterized. This turns considerations of high MHD pressure drop 

in blanket flows from the fundamental level to a more practical plane, indicating the need 

for further development of the effective design and analysis tools that could be routinely 

used in the near future to design a new blanket or optimize an existing blanket. As can be 

seen from the discussions of various aspects of the MHD pressure drop in this article, 

there can be two approaches to the analysis of the MHD pressure drop. 

One is based on the equivalent electric circuit as described in Section 8, from which 

the desired hydraulic resistance of the entire blanket module can be evaluated and the 

blanket pressure drop obtained as a function of the liquid breeder flow rate, which in turn 

depends on the selected exit temperature. This, however, requires a detailed knowledge 

of the hydraulic resistances of all blanket sub-components. In other words, a complete 

database of pressure losses is needed. As the blanket flows appear either in the form of 

fully developed flows in long poloidal ducts or radial pipes, or in the form of 3D flows in 

complex shape components as described in Section 6, the database should include both 

2D and 3D MHD pressure drops. It should be admitted that such a database is far from 

being complete. Numerous correlations for the MHD pressure drop in fully developed 

flows are available as reviewed in Section 8.2, but still there are many cases of practical 

interest, for which pressure drop correlations do not exist. Among such cases are: ducts 

with the cross-sectional shape different from a rectangular duct or circular pipe, thick 

walls of arbitrary electrical conductivity, and space varying magnetic fields of arbitrary 

orientation with respect to the duct walls. To this, we can add the effects of buoyancy 

forces, Q2D MHD turbulence and multi-channel effects whose influence on the pressure 

drop is not negligible. As for the 3D components, the situation is even worse as the pres-

sure drop correlations have been obtained only for a very few cases. The flow in the in-

let/outlet manifolds of the DCLL blanket is one of the successful examples as shown in 

this article in Section 9.2, but even in this case the obtained correlations are limited to a 

particular manifold geometry, which is obviously not optimal from the point of view of 

the MHD pressure drop. These shortages should motivate researchers to develop new 

correlations through integrated studies that may include numerical computations, analyt-

ical derivations and physical experiments. This seems to be a non-trivial task as these new 

research cases are more complex and involve more parameters than the accomplished 

ones, such that obtaining new correlations may require much more resources compared 

to the past efforts. It is not guaranteed that such new correlations can be obtained in prin-

cipal in all cases of interest. 

The other approach involves 3D numerical computations of the blanket flows. With 

this approach the entire blanket is simulated as one system without subdividing it into 

separate components. In such computations, boundary conditions for each particular 

component are not needed. Instead, the problem formulation includes only the inlet 

boundary conditions at the blanket entrance and the outlet conditions at the exit of the 

blanket. An example of such computations is shown in this article in Section 9.1. Theoret-

ically speaking, this approach can be applied to any blanket system of any complexity, 

including various 3D geometries, several materials with different thermophysical proper-

ties, buoyancy effects and MHD turbulence, and multi-component space and time-vary-

ing magnetic fields. In practice, the success of the computational approach depends on 
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the availability of adequate computational codes and computers. Both have been drasti-

cally improved over the last decade resulting in the outstanding progress in numerical 

computations of 3D high Ha, high Re MHD flows as seen from the present analysis in 

Sections 8.4 and 9. At present, 3D computations of LM MHD flows are routinely used by 

many fusion researchers to complement experimental studies, to provide assessments for 

blanket sub-components, and to serve as a design tool. As reviewed in this article, such 

codes as HIMAG, COMSOL, OpenFOAM, ANSYS CFX, ANSYS FLUENT and MHD-

UCAS are promising candidates to become effective design and analysis tools. As shown, 

MHD flows can now be simulated in the entire blanket system at Hartmann numbers as 

high as ~104, a result that was not foreseen just a few years ago. However, such computa-

tions are still unique as they require effective, well-validated codes, mesoscale computers, 

and fine spatial resolution of large multi-material domains that need computational 

meshes of ~108 cells. Further code developments to possibly enable parametric computa-

tions of the MHD flows in the entire blanket and integration of the MHD codes into the 

multi-purpose computational suites [159] are underway such that significant progress in 

blanket design and analyses is immanent. 
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