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Experiments and three-dimensional (3D) numerical simulations are performed to investigate the magne-
tohydrodynamic (MHD) characteristics of liquid metal (LM) flows of molten lead-lithium (PbLi) eutectic
alloy in an electrically conducting circular duct subjected to a transverse non-uniform (fringing) magnetic
field. An indirect measurement approach for differential pressure in high temperature LM PbLi is first
developed, and then detailed data on pressure drop in this PbLi MHD flow are measured. The obtained
experimental results for the pressure distribution are in good agreement with numerical simulations.
Using the numerical simulation results, the 3D effects caused by fringing magnetic field on the LM flow
are illustrated via distributions for the axial pressure gradients and transverse pressure differences. It
has been verified that a simple approach for estimation of pressure drop in LM MHD flow in a fringing
magnetic field proposed by Miyazaki et al. [22] i.e., a simple integral of pressure gradient along the fring-
ing field zone using a quasi-fully-developed flow assumption, is also applicable to the conditions of the
present experiment providing the magnetic interaction parameter is large enough. Furthermore, for two
different sections of the LM flow at the entry to and at the exit from the magnet, it is found that the
pressure distributions in the duct cross sections in these two regions are different.
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1. Introduction related issues, which are among the most important consider-

ations in any PbLi blanket concept. Although molten PbLi has lower

The concept of a liquid metal (LM) breeding blanket for fusion
reactors has advantages of both high thermal efficiency and immu-
nity of LM to irradiation damage compared to solid breeders.
Compared to pure lithium, the eutectic alloy lead-lithium (PbLi)
has some advantages as a tritium breeder and/or coolant because
of its lower chemical reactivity with air, water, and concrete. Typ-
ical examples of liquid breeder blankets using PbLi include the
dual-coolant lead-lithium (DCLL) [1], helium-cooled lead-lithium
(HCLL) [2], self-cooled lead lithium (HCLL) [1], and water cooled
lithium-lead (WCLL) blankets [3].

The use of PbLi in the liquid blankets of fusion devices, how-
ever, will involve materials and magnetohydrodynamic (MHD)
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chemical reactivity, it is corrosive to structural steels at high tem-
peratures under fusion conditions. The corrosive nature of molten
PbLi, together with other factors such as its opaqueness and the high
temperature, may also cause some additional difficulties to hydro-
dynamic diagnostics (velocity and pressure distributions) of PbLi
flows. For magnetically confined fusion reactors, the strong mag-
netic field used for confinement of the fusion plasma will induce
tremendous pressure drops and redistribution of the liquid PbLi
flows used in liquid breeder blankets. On the other hand, changes
in the PbLi flow caused by MHD effects will also influence material
interfaces. For example, the redistributed velocity profile within
the cross-section of a flow passage, induced by MHD effects, may
result in an altered corrosion rate for high-temperature PbLi flows
in steel ducts.

Since the 1980s, tens of experimental facilities utilizing PbLi as
a working fluid have been constructed and successfully operated
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all over the world [4-10]. Using these facilities, many experimen-
tal studies, with and without MHD effects, were conducted. PbLi
online monitoring, impurity control and removal [5,11], corrosion
behavior of steels by high temperature PbLi [4,7,8,11-16], chemical
interaction behaviors between liquid PbLi with oxygen-containing
gases and water [17-19], and more became well understood.
Nevertheless, there are still many unsolved practical as well as
fundamental problems associated with molten PbLi flows in the
environment of magnetically confined fusion devices. To address
such problems, a MHD PbLi loop has recently been constructed at
University of California, Los Angeles (UCLA) [10]. Currently, this
loop serves three main purposes: (1) development of diagnostics
approaches for high-temperature MHD PbLi flows; (2) demon-
stration of the performance characteristics of various electrical
insulation techniques to reduce the MHD pressure drop; and (3)
study of the corrosion behavior of structural steels exposed to high-
temperature MHD PbLi flows. All of these experimental studies are
also supplemented by numerical simulations.

In this paper, we investigate the characteristics of PbLi flow in
an electrically conducting circular duct under a transverse non-
uniform magnetic field both experimentally and numerically. For
electrically conducting fluid flow in a circular duct interacting with
a non-uniform magnetic field, some studies have been performed
to investigate flow characteristics from different viewpoints. In
[20,21], investigations of MHD flows of a liquid sodium-potassium
(NaK) eutectic alloy in a circular duct near the entrance to the
magnetic field were carried out experimentally and analytically.
Pressure drop, axial pressure gradient, pressure difference between
the walls parallel and perpendicular to the magnetic field in a cross
section of the flow passage in the fringing region of the magnetic
field and velocity distributions were measured. Numerical simula-
tionresults of those parameters are also illustrated. In these studies,
the three-dimensional (3D) effect caused by the transverse mag-
netic field on LM flow is demonstrated. In [22], measurements of
MHD pressure drop in LM NaK flows in a circular duct under non-
uniform transverse magnetic field and an approach to scale the
MHD pressure drop data in the fringing region of the applied mag-
netic field through a simple integral of the pressure gradient are
reported. In numerical simulations of LM flows in a circular duct
under a strong fringing magnetic field [23], the efficiency of the so-
called core flow approximation in modeling LM flows subjected to
intense magnetic fields was evaluated after verifying the numerical
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simulation method and demonstrating the general flow character-
istics. In a validation study of numerical simulation methods for LM
flow with strong MHD effects [24], fully 3D simulations were per-
formed at UCLA for a circular pipe flow under the same conditions
used in the experiments in [20]. Excellent agreements in pressure
gradient, transverse pressure difference between the walls parallel
and perpendicular to the magnetic field in a cross section and veloc-
ity profile were obtained. The numerical simulation code validated
in [24], called HIMAG, is used in this study.

The present paper has two purposes. One is to further vali-
date the recently proposed differential pressure measurement
approach [10] for pressure measurements in high-temperature
(above 300°C) liquid metals. The second is to comprehensively
investigate the effect of the fringing magnetic field on MHD LM
flow characteristics. An indirect measurement approach for pres-
sure drop in high temperature PbLi MHD flow used in the study is
accompanied with theoretical analyses for inherent measurement
error and factors affecting accuracy. The reliability of this approach
is verified by comparing the measured data of MHD pressure drop
with theoretical analyses for LM MHD pipe flows. The 3D effects of a
transverse fringing magnetic field on the characteristics of MHD LM
flows are illustrated with the axial pressure gradient profiles taken
at the sections of the wall parallel and perpendicular to the mag-
netic field. Furthermore, based on the numerical computations, the
non-uniform fluid pressure distributions in the cross section of the
flow passage in the fringing magnetic field are surprisingly found
to be different for the two cases of LM flowing into and out the
magnetic field.

2. Problem description

We are investigating LM PbLi flow in a conducting circular duct
at the entrance to and exit from a transverse magnetic field. In
the experiments, only flows entering the magnetic field region are
studied, while numerical simulations are performed for both flows
entering and leaving the magnetic field region. The flow geometry
and distribution of magnetic field are shown in Fig. 1 schemat-
ically. LM PbLi flows in a stainless steel tube from left to right
and first enters and then leaves a transverse magnetic field. The
magnetic field region has a total length of 2 m in the streamwise
direction, with a 0.8-m uniform magnetic field length in the cen-
ter and a 0.6-m fringing field section at each end. The front edges
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Fig. 1. Schematic diagram showing the flow geometry and distribution of the magnetic field.
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of the magnet pole are at x=+0.7 m according to the coordinate
system plotted in Fig. 1. The MHD LM PbLi flow influenced by the
fringing magnetic field at the entrance region is a focus of both
experiments and numerical simulations. At the entrance region,
the fringing magnetic field distribution used in numerical simula-
tions is obtained by matching the measured values for the magnet
used in the experiment [25], as shown in Eq. (1):
BEO =0.5 x [1+tanh(10x + 7.315)], -1.0m <x < -0.4m, (1)
where B is the local magnetic field, By is the magnetic field in the
uniform region and x is the axial distance also shown in Fig. 1.
The other, axial, component of the magnetic field was evaluated
based on the constraint of the curl-free magnetic field. However,
this component is small such that full computations, including two
magnetic field components, have demonstrated a negligible effect
of the axial field component on pressure drops in the flow for sev-
eral typical cases that cover the parameter range in the present
study. Therefore, most of the computations were performed using
only the transverse field component as shown in Eq. (1). For numer-
ical simulations of PbLi flow leaving the magnetic field region, the
fringing magnetic field distribution at the exit region is a mirror
image of the field distribution at the entrance region.

The governing equations for MHD flow of electrically conducting
fluid can be written in the inductionless approximation as follows:

V-u=0, (2)
%H.wz%(—pr-(nvmmxm), (3)
J=0(-Vo+uxB), (4)
V. (6Vg)=V.(ouxB). (5)

Here, u is the velocity vector, p the pressure, J the induced
current density vector, B the applied magnetic field vector, ¢ the
electric potential, o the electrical conductivity, p the fluid den-
sity and 7 the fluid dynamic viscosity. The Reynolds number Re,
the Hartmann number Ha and the magnetic interaction parame-

. B2R:
ter N are defined as Re = p’;lU,Ha = BoR;/ 0—7{ andN = HR—‘f = Ufpl‘} )
respectively, where R; is the inner radius of the circular duct, U is
the bulk velocity and oy is electrical conductivity of the fluid.
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In the experiments, the flow diagnostics are limited to pres-
sure measurements, made in both the fringing and uniform field
regions. In order to elucidate effects of the fringing field on the
MHD flow, numerical simulations are then performed to obtain the
details of velocity and induced electric current fields. The simulated
region is a 0.8-m long circular duct as indicated in Fig. 1. Along the
duct, a transverse magnetic field, including the 0.6-m long fringing
field and the 0.2-m long uniform field By as described by Eq. (1), is
applied.

3. Experimental procedures
3.1. MaPLE loop

The experiments were carried out in a MHD PbLi flow loop [10]
named MaPLE (Magnetohydrodynamic PbLi Experiment), as shown
in Fig. 2 schematically. The main components of MaPLE facility
include an electromagnet, an electromagnetic (EM) pump, an EM
flow meter, a flow circuit, a temperature control system (power
supplies, heaters, and insulation), and a data sampling system (the
last two are not shown in Fig. 2). The electromagnet has a maxi-
mum magnetic field of 1.8 T. The flow circuit is composed of a PbLi
melting/storage tank and pipelines made of stainless steel SUS304.
For the present experiments, the circular duct test section made
of stainless steel SUS304 has an outer diameter Dy =0.0254 m and
an inner diameter D;=0.0222 m. A glove box is connected to the
melting/storage tank for environment regulation. All the main com-
ponents sit on a four-wheel carrier so that the whole apparatus
can be moved forward or backward easily, facilitating loop mainte-
nance and experimental operations. The presently used PbLi alloy is
supplied by Atlantic Metals & Alloys, Inc., USA. The operation fluid
temperature is 300 °C. More details of the MaPLE facility are given
in [10].

3.2. Pressure drop measurement approach for high-temperature
PbLi MHD flow

In this study, we use the differential pressure measure-
ment technique such that a pressure difference is measured
between two pressure ports mounted on the top of the hori-
zontal test section as shown in Fig. 3. For liquid PbLi flow, both
the high temperature itself and corrosive effects of molten PbLi
on metallic materials make it difficult to utilize commercial
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Fig. 2. Schematic diagram of the MHD PbLi loop MaPLE.
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Fig. 3. Schematic of pressure difference measurement sub-loop for high tempera-
ture liquid PbLi flow using a normal DP sensor for gas flow.

pressure or differential pressure (DP) transducers in direct con-
tact with the flow. It may cause damage to transducers if high
temperature liquid PbLi directly contacts with the diaphragm of
a standard pressure or DP sensor. We then developed a measure-
ment approach for mean pressure drop in a high-temperature
MHD PbLi flow using a standard DP transducer in an indirect way.
The presently used DP sensor is a DP-15 (DP15-40) transducer for
gas flows provided by Validyne Engineering Corporation. It has
86 kPa maximum range with +0.25% accuracy. The DP measure-
ment system is a sub-loop filled with argon gas as schematically
shown in Fig. 3 and also in Fig. 2. As seen in Fig. 3, the key feature
of this sub-loop is the inclusion of the two identical buffer tanks
made of stainless steel with large diameter (D;;=0.0732 m was
used herein) and small height (H=0.047 m) in both the upstream
and downstream legs. The other parts of these two buffer tanks
are stainless steel pipe lines with much smaller diameter than
that of the buffer tanks (a combination of Djy; =0.00076 m and
Djp,=0.0014m was used herein). The volume of the thin pipe
lines of each leg is much smaller than that of the buffer tanks.
Accordingly, the argon gas volume change in each leg of the
sub-loop caused by liquid ingress driven by the pressure in the LM
flow loop can be limited within the buffer tank according to the
thermodynamics theory pV = constant (where Vis argon gas volume
in each leg). Consequently, the difference between liquid levels in
both legs of the DP-measurement sub-loop can be kept small due
to the small height of the buffer tank, and the reading from DP
sensor can substitute for the real pressure difference p; — p, with
an acceptable accuracy, as schematically shown in Fig. 3.

The maximum working temperature of the applied DP-15
transducer is 121°C, but natural cooling can easily satisfy this
temperature limit by exposing the pipe lines, including the DP
transducer, over the buffer cylinders in the air. Note that there will
be no practical upper temperature limitation of the LM flow to be
measured for this indirect DP measurement approach since it pre-
vents the DP transducer diaphragm from directly contacting the
liquid, and thus the DP transducer can always work at its effective
temperature range.

The inherent error of this indirect DP measurement approach
can be estimated as follows. For each leg of the sub-loop used,
the volume of pipe lines is 2.4 x 10~ m?3, and the volume of the
buffer tank is 2.0 x 10~% m3. Suppose the liquid PbLi temperature
is 300°C, and the initial argon gas pressure in the sub-loop before
liquid PbLi starts to flow is pg=1.013 x 10° Pa (this liquid tempera-
ture and gas pressure were used in the present experiment). Before
the liquid PbLi starts to flow, the valve between the two legs of the
sub-loop continually opens so that liquid levels in the two buffer
tanks match. After closing this valve and turning on the EM pump
to drive the flow of liquid PbLi, both liquid levels in the two buffer
tanks are increased. At the steady state, the liquid level in the buffer
tank at the upstream H; is higher than that at the downstream
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Fig. 4. The estimated error for the indirect DP-measurement system as a function
of measured pressure drop.

H,, and the difference H,-H, causes the measurement error to the
pressure drop. From a pressure balance, it can be obtained that:

Ap = Ap' + pg (Hy — Hp), (6)

where Ap=p,-p, is the real pressure drop to be measured,
Ap'=p’1-p’y is the reading from DP transducer, and g is the gravi-
tational acceleration. For simplicity, H, is assumed to remain zero
before and after the PbLi flow is started, and then p’; = pg (although
this is not realistic, under this assumption, the estimated error is
actually larger than the real one). With this assumption and from
the thermodynamics principle, it can be deduced that:

7D2H +9.6 x 107°
= Do,
7D% (H —Hy)+9.6 x 107°

(7)

P
and then Eq. (6) can be rewritten as:
7D2H +9.6 x 107°

- — Po + pgH. 8)
D= IDZ(H _Hy)+96x100° PO

Based on Eq. (8), Hy can be obtained for each given Ap value,
and the error pgH;/Ap x 100% can thus be estimated. The results
plotted in Fig. 4 include the measurement errors and the abso-
lute pressure value due to liquid level difference in the two buffer
tanks as functions of pressure drop in the MHD PbLi flow. It can
be seen that the measurement error decreases with the increase of
Ap. Here, the measured pressure drop of MHD PbLi flow’s range is
5-75KkPa, and correspondingly, the measurement error’s range is
4.0%-2.5%.

Since the idea of using buffer tanks for this indirect DP measure-
ment approach is to decrease the liquid level difference between
the two legs, the dimensions (D;; and H) of the buffer tank should
have influences on the measurement error. This is confirmed by
further estimations (with the same assumptions as used before)
for different diameters and heights of the buffer tank, as shown in
Figs. 5 and 6. Fig. 5 shows that the measurement error decreases
sharply when D;; is increased from 0.01m to 0.05m and only
decreases very slightly when D;; is increased from 0.05 m to 0.10 m.
It indicates that we cannot obtain a continuously decreasing mea-
surement error by enlarging D;;. Fig. 6 shows that the height of
buffer tank also has a big influence on the measurement error.
Smaller H results in smaller measurement error. Note that H dis-
cussed here actually represents the initial height of the gas space
over the liquid surface before the liquid starts to flow. We only
make an assumption here that the initial height of the gas space is
equal to the height of buffer tank (the liquid level just reaches to
the bottom of buffer tank). In the actual experiments, before the EM
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Fig. 5. Influence of inner diameter of the buffer tank on measurement error (with
constant H=0.047 m).

pump is turned on to drive the flow in the loop, LM has been partly
filled in the buffer tank (only “partly” because the buffer tank is
filled with gas beforehand) due to the elevation of liquid surface in
the storage tank being higher than the elevation of buffer tank bot-
tom. Therefore, the height of gas space in the buffer tank is smaller
than H defined here. This means that the measurement errors in the
present experiments are actually smaller than that shown in Fig. 4
for the assumption of H, =0 but are reasonably close to that shown
in Fig. 6 for the case H=0.03 m. Indeed, during our experiments, the
readings from thermocouples set on the outer surface of the buffer
tanks have shown the filling-in of liquid PbLi when the flow of PbLi
is just started in the loop.

4. Numerical simulation procedures

The fringing magnetic field induces 3D MHD effects on the liquid
PbLi flow. Therefore, a fully 3D numerical simulation is necessary
for solving the governing equations, as shown in Egs. (1)-(5), for
the problem to be investigated properly. This is accomplished with
a 3D parallel code named HIMAG [26] for MHD flows at low mag-
netic Reynolds number, originally developed by HyPerComp, Inc.,
in conjunction with UCLA. The HIMAG code utilizes a finite volume
scheme to discretize the governing equations with a co-located
arrangement of parameters at the cell center. In the momentum
equation Eq. (3), the convective and diffusive terms are discretized
with a semi-implicit Crank-Nicholson formulation, and a four step
projection method is used in the hydrodynamic solver of HIMAG.
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Fig. 6. Influence of height of buffer tank on measurement error (with constant
D¢ =0.0732m).

The electric potential formulation is utilized for the calculation of
magnetic-field-induced electric current density distribution in LM
flow.

Simulation meshes are constructed using HIMAG’s mesh gener-
ator. In the pipe cross section, the mesh is non-uniform in the radial
direction while it is uniform in the azimuthal direction. To resolve
gradient boundary layers in the liquid at the pipe wall, there are 4 to
5 cells within the distance R; /Ha from the wall. The mesh size is then
geometrically increased inwards toward the axis from there. Axi-
ally, the mesh is more refined in the fringing magnetic field region
where the gradient of the magnetic field is highest. Overall mesh
refinement simulations were performed to ensure the accuracy of
our results.

The following boundary conditions are applied: n-j=0 at all
outer surfaces, fully developed flow at the inlet, du/dx = 0 and p=0
at the outlet (where n is the vector normal) and a no-slip condition
at the fluid-wall interface.

5. Results and discussions

In the experiments, pressure drops Ap in the liquid PbLi MHD
flow at different axial locations were taken between two pressure
taps mounted on the tube at a fixed distance of AL=0.6 m. First,
the entire test section was centered inside the magnet space so
that the middle point of the 0.6 m segment separating the two
pressure taps is located at the center of the magnet. After taking
measurements of Ap at one axial station, the test section, together
with the whole loop, is moved to another station by pulling out
the four-wheel carrier from the magnetic field (see Fig. 2). At each
station, measurements are carried out for five flow rates and three
magnetic field strengths. Each axial displacement is approximately
Ax=0.05m. The last measurement is taken at the location where
the upstream pressure tap approaches the edge of the fringing
magnetic field. As seen from Fig. 1, the total displacement of the
upstream pressure tap is 0.7 m, which corresponds to changing its
location from its initial position x=—0.3 m to x=—1.0 m. In the fol-
lowing Figs. 8 and 10-14 showing Ap or pressure gradient as a
function of the axial distance, the abscissa x corresponds to the
location of the upstream pressure tap relative to the magnetic field
center (x=0).

Numerical simulations are then conducted with exactly the
same flow conditions as that of the experiments. Apart from data
of Ap used for comparisons with experimental measurement and
theoretical estimation, detailed velocity fields, pressure distribu-
tions, and induced electric current distributions are obtained from
the simulations. This detailed information enables deep insights
into the mechanism of how the fringing magnetic field induces 3D
effects on liquid PbLi MHD flows. For the case of PbLi flow into
the magnetic field, the simulated flow domain is 0.8 m long in the
streamwise direction (with only one exceptional case of PbLi flow
out of the magnetic field, which will be mentioned later), 0.6 m long
in the fringing magnetic field and 0.2 m long in the uniform mag-
netic field region (see Fig. 1, fromx=—1 mtox=—0.2 m). In order to
directly compare the simulated Ap with measured data, the pres-
sure distribution up to x=-0.3 m (for Ap value at position up to
x=-0.3m corresponding to the measurement) has to be supple-
mented. This is accomplished with extrapolation of the pressure
gradient, which in the investigated MHD flow is constant in the
uniform magnetic field region.

The flow conditions for different cases investigated in the exper-
iments are listed in Table 1. Some selected cases are numerically
simulated. It is seen that the investigated LM PbLi MHD flow
has relatively low Hartmann number and high Reynolds num-
ber. The maximum magnetic interaction parameter N for the
selected numerical simulation cases is only 16.20, indicating that
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Table 1
Test cases.
Runs Ha=108 Ha=215 Ha=322
Re N Re N Re N
5.40 x 10* 0.22 3.23 x 10% 1.43 1.83 x 104 5.66
432 x 104 0.27 2.70 x 10* 1.71 1.40 x 10* 7.41

0.97 x 104 10.69
0.64 x 10* 16.20
0.26 x 10* 39.87

2.16 x 104 2.14
1.62 x 104 2.85
1.08 x 104 428

3.23x 104 0.36
2.16 x 10* 0.54
1.08 x 10* 1.08

A W=

the hydrodynamic contribution to pressure drop may be important
compared to the electromagnetic contribution as will be seen from
the analyses presented later on.

5.1. Pressure drop of MHD PbLi flow in the fringing magnetic field

We begin with comparisons of pressure drops of the liquid PbLi
MHD flow in the uniform magnetic field obtained in measurements,
numerical simulations, and theoretical estimations. The theoreti-
cal estimation of Ap is conducted by using the following equation
developed by Miyazaki et al. [27]:

Ap=L. ¥

. . . 2
e o U B, (9)

where c,, is the wall conduction ratio defined as cy,, :crw/af~
(R2 —R?) / (RZ +R?) and oy is wall conductivity. The results are
shownin Fig. 7.1t can be seen that the agreement among the exper-
imental, numerical simulation, and theoretical results for the MHD
Ap are excellent. It once again testifies the reliability of our indirect
Ap measurement technique for high temperature LM MHD flow
first demonstrated in [10]. The correctness of numerical simulation
results has also been verified from the viewpoint of MHD pressure
drop. Note that for the cases at lower Ha (Figs. 7(a) and (b)), the
simulation results for Ap are slightly higher than those estimated
by Eq. (9). This is reasonable since Eq. (9) was derived by neglecting
the friction term in the momentum equation of MHD flow, which
may contribute to the total Ap in the presently investigated MHD
flows at smaller Ha but higher Re as clearly seen in Figs. 7(a) and
(b). Particularly, the measured Ap for the last point at the largest
Re=5.4 x 10% plotted in Fig. 7(a) shows relatively big discrepancy
(8%) compared with the estimation by Eq. (9). This should be caused
by the omitted contribution of hydrodynamically turbulent friction
to the Ap expressed in Eq. (9), since at that large Re but small Ha
hydrodynamic turbulence should be still remained in the LM flow.
This point will be further explained when showing quantitative
analysis of pressure drop in the fringing magnetic field region.

Fig. 8 shows the measured Ap as a function of axial distance in
the fringing magnetic field for three Hartmann numbers, together
with the numerical simulation results. For the measured MHD flow
at each Ha two selected typical examples at different Reynolds
numbers are presented (others show similar characteristics but
are not shown). Theoretical estimations of Ap using Eq. (9) in
the uniform magnetic field are also plotted for reference. As seen
from Fig. 8, at the highest Hartmann number (Ha=322) of the
investigated PbLi pipe flow, experimental and numerical simula-
tion results are in fairly good agreement with each other, with
less than a 5% discrepancy. At Ha=215, the agreement between
measured Ap and simulation results is still good, with less than
a 10% discrepancy. However, at the smallest Hartmann number,
big discrepancies between measurement and numerical simula-
tion results are found in the fringing magnetic field region, with
maximum discrepancy larger than 30% for the case at Ha=108 and
Re=4.32 x 10%, as shown in Fig. 8(a1). On the other hand, compar-
ing numerical simulation results with the theoretical estimation
for Ap in the uniform magnetic field region, it is seen that they
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Fig. 7. Comparisons of measured pressure drops with theoretical calculations and
numerical simulations at Hartmann numbers (a) Ha=108, (b) Ha=215 and (c)
Ha=322.

are in excellent agreement for the cases at Ha =322 but in obvious
disagreement for other cases at the two smaller Hartmann num-
bers, and this disagreement becomes larger with the reduction of
N. Regarding the abovementioned two types of disagreements, we
provide some analyses and explanations next.

The big discrepancy between measurement data and numerical
simulation results for Ap in the fringing field region of PbLi MHD
flow at small Hartmann but large Reynolds numbers (or similarly,
at low interaction parameter N) can be attributed mainly to two
reasons stemming from both measurement and numerical simula-
tion techniques. The first reason is from the small absolute value of
Ap (around 10-20 kPa) for this case. As seen from Figs. 4-6, smaller
absolute values of Ap correspond to a larger inherent error for our
indirect measurement technique. The second reason is from the
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Fig. 8. Distribution of pressure drops of liquid PbLi MHD flow in the fringing magnetic field region for selected flow Reynolds numbers at Hartmann numbers (a) Ha=108,

(b) Ha=215 and (c) Ha=322, respectively, together with the discrepancies (discrepancy =

limitations of the numerical simulation techniques that we used
herein. The numerical simulation code HIMAG has been developed
specifically for the MHD flows in the environment of nuclear fusion
devices, in which all the LM flows are in a laminar state due to the
strong MHD effect on suppression of turbulence. In our present
experiments, the Reynolds numbers are relatively high for the PbLi
flows at Ha=108, at which non-MHD flows are fully turbulent.
Since our investigated MHD flow is at the entrance into magnetic
field, a turbulent flow state should be maintained for some distance
into the fringing region. In numerical simulations using the HIMAG
code, a parabolic velocity profile of laminar flow is used as the inlet
flow condition, so the skin friction for turbulent flow in the fring-
ing magnetic field present in the experiment has not been taken
into account, resulting in a smaller Ap locally as compared with

| Apmeas—Apnum |

Apreas x 100%) between the measured and numerical simulated values.

measurements. We take the case shown in Fig. 8(al) as an exam-
ple in making a roughly quantitative estimation. For fully turbulent
pipe flow, the Blasius equation for the friction factor fis used for
estimation where f=0.0791 x Re=0-25, At Re=4.32 x 104, the con-
tribution of turbulent skin friction force to the LM PbLi flow at the
entrance point (within an 0.6-m interval into the fringing magnetic
field) is 2.08 kPa, which is about 23% of the HIMAG-simulated value
8.92 kPa, i.e., the discrepancy matches well with that in the figure.

Regarding the uniform magnetic field region, as mentioned
previously, one reason for the disagreement between numerical
simulation results and the theoretical estimation for Ap (numerical
simulation results are slightly higher) at low magnetic interaction
parameter is due to the omission of friction force in the deduction
of Eq. (9). We can make an estimation of Ap with consideration of
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Fig. 9. A typical velocity profile in a cross section of MHD pipe flow in uniform
magnetic field region corresponding to the case shown in Fig. 8(b1).

the friction-force contribution, Apy, in addition to only the MHD
force contribution, Apy, obtained by Eq. (9). Apy can be written as
follows for MHD pipe flow:

AL _  4lp Ou
Apr = — - Tw = | 10
Py D; w D 9n . (10)

where 7, and du/ 8n|w are the mean wall shear stress and mean
wall-normal velocity gradient at the wall around the pipe inner
surface. As shown in Fig. 9 for the typical velocity profile in a cross
section of the currently investigated MHD pipe flow in a uniform
magnetic field region corresponding to the case plotted in Fig. 8(b1),
the velocity profile is of slug type, demonstrating a uniform core
region and a variable thickness boundary layer with the minimal
thickness of R;/Ha at the point where the magnetic field is per-
pendicular to the wall. Hence, the wall normal velocity gradient
computed at this point can be taken to estimate Apy. For this exam-
ple, the estimated Apyis 0.76 kPa, and Apy based on Eq. (9) shown
in Fig. 8(b1) is 38.57 kPa. And so the corrected Ap is 39.33 kPa as
compared with the numerical simulation result 39.74 kPa. Never-
theless, Eq. (9), in spite of the omitted friction-force contribution,
has been fairly accurate even for MHD LM flow at high Reynolds
number as presently investigated. The discrepancy between the
estimated Ap based on Eq. (9) and numerical simulation result is
only 2.9%.

For the estimation of pressure drop in LM MHD flow in a strong
fringing magnetic field region, Miyazaki et al. [22] proposed a sim-
ple integral of pressure gradient along the fringing field based on
their experimental results for a MHD NaK flow:

__ v 2
Ap = ]+Cw/anB dx. (11)

For a steady LM flow at constant temperature, Eq. (11) becomes:

__ Y s ou. B
Ap_lJrCW of-U /B dx. (12)

Based on our numerical simulation results for PbLi MHD flows
in a fringing magnetic field, we have verified this approach.
Using Egs. (1) and (12), Ap within an interval of 0.6m in the
streamwise direction is estimated and compared with the numer-
ical simulation results. Only the flows at Ha=322 are chosen
for comparisons because for other two experimental values of
the Hartmann number the magnetic field cannot be considered
as strong enough for using Eq. (12), i.e., the friction-force con-
tribution to the pressure gradient is not negligible (Fig. 8). As
shown in Fig. 7, the estimated values of Ap in the fringing mag-
netic field region for all the five flows at different Reynolds

90
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Fig. 10. Comparisons of the estimated pressure drops in fringing magnetic field
using Eqgs. (1) and (12) with numerical simulation results for PbLi MHD flows at
Ha=322.

numbers by the simple integral Eq. (12) are in excellent agreement
with the numerical simulation results. This excellent agreement
indicates that the simple approach for estimation of pressure
drop in LM MHD flow in a fringing magnetic field with quasi-
fully-developed MHD flow assumptions is accurate at least at
the investigated Hartmann number, Ha =322. The effective ranges
of Hartmann number and/or magnetic interaction parameter for
this conclusion need to be defined by further systematic stud-
ies.

Although the pressure drop (gross flow feature) can be
accurately estimated with quasi-fully-developed MHD flow
assumptions as shown in Fig. 10, the fringing magnetic field gen-
erates 3D effects on local characteristics of the flow. In terms of
the axial pressure gradient, it can be locally different around the
magnet pole front edge when measured on the walls perpen-
dicular ((dp/dx),,) and parallel ((dp/dx)s) to the magnetic field,
respectively, as reported in [20,21]. As shown in Fig. 11, within the
presently simulated Ha (or N) range, the difference between profiles
of (dp/dx)H and (dp/dx)s is not obvious by direct comparison. In

order to exaggerate the difference between the profiles of (dp / dx) u

and (dp/dx)., (dp/dx),, — (dp/dx). is calculated and also shown
in Fig. 11. In doing so, the 3D effect of a fringing magnetic field on
MHD PbLi flow becomes evident, i.e., the pressure gradient taken on
the wall perpendicular to the magnetic field is obviously different
from that taken on the wall parallel to the field, and this difference
happens around the magnet pole edge at x=-0.7 m. (dp/dx)H is

equal to (dp/dx) g at the entrance of the fringing magnetic field
and gradually the former becomes smaller than the latter as LM
flows downstream, and a peaked structure appears on the profile of
(dp/dx)H - (dp/dx)s before the magnet pole front edge. After the

pole edge, (dp/dx)H becomes larger than (dp/dx)S and another

peaked structure appears on the profile of (dp/dx " (dp/dx)s
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Fig.11. Comparisons of axial pressure gradients in liquid PbLi MHD flow taken at the
Hartmann layer and side layer, respectively, for two selected examples of numerical
simulations at (a) Ha=108, Re=1.08 x 10 and (b) Ha=322, Re=1.83 x 104.

after which (dp/dx) ,, becomes equal to (dp/dx) 5 again when the
flow enters into the uniform magnetic field region.

5.2. Comparisons between LM MHD flows entering and leaving
the magnetic field

So far, the reported studies, both experimental and numerical,
on LM MHD flow in a circular tube in a transverse non-uniform
magnetic field were almost all for the case of exiting flow, i.e., LM
flows out the magnetic field region. In [22] only, an experiment on
MHD pressure drop of NaK flow in a circular duct was reported for
the case of flow entering a fringing magnetic field as well as the
case of flow exiting the field. No significant difference in pressure
drop was seen in the measurement data between the inlet and out-
let fringing field cases [22]. In [28], the authors studied the effects
of a fringing magnetic field on a MHD flow in a rectangular duct
by numerical simulations. Both cases of MHD flows entering and
exiting a fringing magnetic field were simulated. Some differences
regarding flow structures and unbalanced pressure distributions
in the cross section of the duct were found for these two cases. In
order to make a comparison between liquid PbLi MHD flow in a
circular pipe entering and flowing out the magnetic field, an addi-
tional numerical simulation is performed on a PbLi flow exiting a
transverse fringing magnetic field in a range from x=0to x=1m (x
corresponds to the coordinate shown in Fig. 1). The profile of the
fringing magnetic field is the right part shown in Fig. 1. The case of
PbLi MHD flow at Ha=215 and Re=2.16 x 104 is simulated.

45

=
&
<20 - —— Entering into B-field
3 15 - ® Exiting from B-field
10 Ha=215
5 Re =2.16 x 10*
= Entering
0 r r r r
-1 -0.8 -0.6 -0.4 -0.2 0
T L] T T T 1
1 0.8 0.6 0.4 0.2 0

x (m) Exiting €=

Fig. 12. MHD pressure drops in fringing magnetic field for the two cases of LM
flowing into and out of the magnetic field, respectively.

As shown in Fig. 12, for MHD pressure drop, there is no vis-
ible difference at the same relative position (e.g., same distance
from the center of magnetic field), which is in agreement with
that reported in the experiment [22]. For the axial pressure gra-
dient, the profiles of (dp/dx)H - (dp/dx)s for both cases vary
differently in the flow direction, as shown in Fig. 13. For the MHD
flow at the entrance into the fringing magnetic field, the profile
of (dp/dx)H - (dp/clx)S reaches at first a negative peak in front of
the magnet pole edge, and then reaches another positively peaked
structure after passing the pole edge. For the case of MHD flow
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Fig. 13. Comparisons of axial pressure gradients in a fringing magnetic field for the
two cases of LM flowing (a) into and (b) out of the magnetic field.
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Fig. 14. Comparisons of pressure differences between locations adjacent to the
Hartmann wall and side wall for the two cases of LM flowing (a) into and (b) out of
the magnetic field.

exiting the magnetic field, the positive peak appears at first in the
profile of (dp/dx)H - (dp/dx)s before reaching the magnet pole
edge and then the negatively peaked structure after the pole edge.
However, if we look at this phenomenon from the viewpoint of
relative position in the magnetic field, the phenomena appearing
in the profiles of (dp/dx)H - (dp/dx)S for both cases are the same,
i.e., the positively peaked structure appears in between the uniform
magnetic field region and the magnet pole edge, and the negative
one appears outside the magnet pole edge.

The 3D effect induced by the transverse fringing magnetic field
on a LM MHD flow also appears in the non-uniform pressure dis-
tribution, i.e., the non-zero transverse pressure difference between
the pressures taken at the walls perpendicular and parallel to the
magnetic field, Apy_s, in a cross section of the flow passage at a
location around the magnet pole front edge, as already reported
in [21,23,24]. However, it can be seen from our numerical simula-
tions that the non-zero transverse pressure differences Apy_s in
the fringing magnetic field region for the two cases of LM flow
entering and leaving the magnetic field have different values. As
shown in Fig. 14, around the magnet pole edge, the pressure at the
wall perpendicular to the magnetic field is higher than that at the
wall parallel to the magnetic field for the case of LM flow entering
the magnetic field region, resulting in a positively peaked struc-
ture in the profile of Apy_s (Fig. 14(a)), while it is opposite for the
case of flow exiting the magnetic field, resulting in a negatively
peaked structure on the profile of Apy_g around the magnet pole
edge (Fig. 14(b)).

The non-uniform pressure distribution in the duct cross sec-
tion located in the fringing magnetic field, corresponding to the
magnet pole edge (x=0.7 m), is shown in Fig. 15 more clearly. For
both cases of flowing into and out of the magnetic field, there is
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Fig. 15. Comparisons of pressure distributions in a cross section of flow duct at the
magnet pole edge locations x =40.7 m for the two cases of LM flowing (a) into and
(b) out of the magnetic field.

a pressure gradient in the direction normal to the applied trans-
verse magnetic field in the cross section. The difference is that the
pressure gradient is oriented from the central region to the walls
parallel to the magnetic field for the entering flow case (with the
maximum pressure value located at the Hartmann wall, Fig. 15(a)),
while the direction of pressure gradient is opposite for the exiting
flow case (with the maximum pressure value located at the side
wall, Fig. 15(b)). Since the local 3D effect caused by a fringing mag-
netic field on MHD LM flow is due to the induced electric current
(particularly the axial component, jx) and the Lorentz force in the
liquid, this difference appearing in the non-uniform pressure dis-
tributions in both cases can be explained by the different induced
electric current distributions, as shown in Fig. 16 for the contour
map of jxy and streamlines of induced electric current in the central
plane normal to the magnetic field. Note that although streamlines
are distributed everywhere in this central plane, the j, component
with large absolute value is strictly limited to the center of the circu-
lar duct and around the magnet pole edge. Fig. 16(b) is for the case of
LM flowing out of the magnetic field, showing that the induced elec-
tric current is mostly parallel to the flow direction in the upper half
of the flow domain but opposite to the flow direction in the lower
half of the flow domain. The left-hand rule states that the Lorentz
force component caused by the axial electric current component
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Fig. 16. Comparisons of induced electric current distributions in the central plane
normal to the magnetic field for the two cases of LM flowing (a) into and (b) out of
the magnetic field.

is in the direction pointing to the walls parallel to the magnetic
field and pushes fluid to those walls, resulting in the highest local
fluid pressure (Fig. 15(b) and Fig. 14(b)). On the contrary, for the
case of LM flowing into the magnetic field, Fig. 16(a) shows that
the induced electric current is in opposite directions in the upper
and lower half of flow domains as compared with the case shown in
Fig. 16(b). Consequently, the corresponding Lorentz force compo-
nent is normal to the applied magnetic field but points to the center
of the flow domain and pulls fluid away from the walls parallel to
the magnetic field and pushes it to the center region, resulting in
the lowest fluid pressure locally adjacent to those walls (Fig. 15(a)
and Fig. 14(a)).

Similar tendencies were observed in a study of 3D MHD flows in
anon-conducting rectangular duct in a fringing magnetic field [29].
Namely, it was found that the pressure and velocity distributions
in the flow were different between the entry and exit zones of the
magnet. Also, a significant difference between the pressure at the
Hartmann wall and that at the side wall was found. Similar to the
present study, this difference increases as the interaction param-
eter is increased. However, the 3D effects observed in [29] seem
to be stronger compared to those in the present study, probably
due to different geometry, different flow parameters used in [29]
and also due to the fact that in the experiments in [29] the duct
was non-conducting while a conducting pipe is used in the present
study.

6. Conclusions

Experiments and 3D numerical simulations of molten PbLi MHD
flow in a circular duct under non-uniform transverse magnetic field

have been carried out in order to establish a reliable approach
for measuring pressure drop in a high-temperature LM MHD flow
as well as to investigate the MHD characteristics of molten PbLi
flow influenced by a fringing magnetic field. The main conclusions
drawn from this study are as follows:

(1) The proposed indirect approach for measuring pressure drop
of high temperature LM flow using normal differential pres-
sure sensors for gas flow demonstrates adequate measurement
accuracy. The inherent measurement error of this indirect
approach decreases with the increase of differential pressure
to be measured, increase of the buffer tank diameter, and the
decrease of the buffer tank height.

(2) At the investigated Hartmann number, Ha=322, the simple
integral equation based on the quasi-fully-developed MHD flow
assumption is suitable for estimating the pressure drop in LM
MHD flow in a fringing magnetic field. The effective ranges of
Hartmann number and/or magnetic interaction parameter for
its suitability need to be defined by further studies.

(3) For the two cases of LM flow entering and exiting the magnetic
field, the pressure distributions in the flow duct cross section
at the axial location around the magnet pole edge are non-
uniform. And the non-uniform pressure distribution patterns
for these two cases are different: for the case of flow entering
the magnetic field, the fluid pressure adjacent to the wall per-
pendicular to the magnetic field is higher than that adjacent to
the wall parallel to the magnetic field, while it is opposite for
the other case. This difference is caused by the differentinduced
electric current distributions for the two cases.
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