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a b s t r a c t
An investigation of MHD effects on a Flibe (Li2 BeF4 ) simulant ﬂuid has been conducted under the
U.S.–Japan JUPITER-II collaboration program using the “FLIHY” pipe ﬂow facility at UCLA. The present
paper reports experimental results on turbulent pipe ﬂow of an aqueous potassium hydroxide solution
under magnetic ﬁeld using particle image velocimetry (PIV) technique. The modiﬁcation of turbulence
was investigated by comparison of the experimental results with a direct numerical simulation (DNS)
data base. The PIV measurements at Re = 11,300 were performed with variable Hartmann numbers, and
the modiﬁcation of the mean ﬂow velocity as well as turbulence reduction was observed. A ﬂat velocity
proﬁle in the pipe center and a steep velocity gradient in the near-wall region exhibit typical characteristics of wall-bounded MHD ﬂows. The DNS was performed approximately the same conditions and the
comparison of turbulence statistics between PIV and DNS shows good agreement for up to Ha = 10.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The design of tritium breeding blankets and plasma facing components is an important area of R&D activities toward a viable
commercial nuclear fusion reactor. In recent research, a molten salt
coolant, Flibe (Li2 BeF4 ), has attracted attention. Moriyama et al. [1]
surveyed various design concepts using Flibe and suggested its use
in reactor designs where high temperature stability and low MHD
pressure drop were special concerns. Among the design concepts
utilizing Flibe are HYLIFE-II [2], the APEX thick/thin liquid walls
[3], FFHR [4], and a solid ﬁrst wall design based on advanced nanocomposite ferritic steel [5]. Although Flibe has attractive features as
coolant and tritium breeding material, there are some issues making Flibe-based blanket design challenging [5]. The main issues
include (1) thermal conductivity of Flibe (1 W/mK) is low compared to other lithium-containing metal alloys, Pb–17Li (15 W/mK)
and Li (50 W/mK), (2) kinematic viscosity of Flibe is high, especially at temperatures close to the melting point (11.5 × 10−6 m2 /s
at 500 ◦ C), and (3) the high melting point of Flibe requires structural
material with temperature range over 650 ◦ C.
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The limited operating temperature window of Flibe coolant
requires good heat transfer from heated surface to the bulk ﬂow.
However, the high viscosity and low thermal conductivity put Flibe
in the class of high Prandtl number ﬂuids. In order to obtain sufﬁciently large heat transfer using high Prandtl number ﬂuid coolant,
strong turbulence is required. On the other hand, Wong et al. [5]
suggested that the parameter Ha/Re would exceed the critical value
of 0.008 given by Branover [6], especially in large channels, which
indicated the suppression of turbulence might be signiﬁcant.
In this paper, the Reynolds numberis deﬁned as Re = Ub D/,
and the Hartmann number as Ha = BR / where Ub , D, , B,
R,  and  are mean velocity, pipe diameter, kinematic viscosity, magnetic ﬂux density, pipe radius, electrical conductivity and
ﬂuid density, respectively. Comparisons of typical non-dimensional
parameters between the current experiments and the design proposed by Wong et al. [5] are shown in Table 1.
The MHD effects on turbulent ﬂows have been investigated
extensively; however, most of the experimental efforts were conducted using liquid metals as working ﬂuids [7,8]. Liquid metals
are generally classiﬁed as low Prandtl number ﬂuids, and the heat
transfer characteristics of low Prandtl number ﬂuids are conduction dominant. However, the MHD effects on high Prandtl number,
low conductivity ﬂuids are yet to be understood. Thus it is important to investigate the effect of magnetic ﬁelds on the turbulent
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Table 1
Comparison of typical dimensionless parameters for the present experiment with
molten salt blanket [5].
Ha
Experiment
Self-cooled fusion blanket

20
20

Re
11,300
12,000

N(=Ha2 /Re)

Ha/Re
−3

1.8 × 10
1.7 × 10−3

3.5 × 10−2
3.3 × 10−2

ﬂow and heat transfer characteristics of the high Prandtl number
ﬂuids.
To understand the underlying phenomena controlling the ﬂuid
mechanics and heat transfer of Flibe, a series of experiments as a
part of the U.S.–Japan JUPITER-II collaboration has been conducted.
The approach includes ﬂow and heat transfer measurements using
a Flibe simulant ﬂuid along with numerical simulation and modeling. In the preceding research, free surface ﬂows were investigated
through experiments and modeling [9,10]. In the present phase, a
ﬂow facility utilizing water and aqueous electrolytes as Flibe simulants has been constructed, and ﬂows in a close channel are being
investigated. Turbulent ﬂow ﬁeld measurements using PIV [11] and
heat transfer measurements [12] have been carried out without
magnetic ﬁeld to establish the experimental techniques and verify
the performance of the facility by comparing an existing experimental result [13] and DNS data [14]. The development of the
experimental techniques under magnetic ﬁelds was described in
a previous report [15]. A modeling effort has also been performed
by Smolentsev et al. [16].
The objective of the present study is to investigate the modiﬁcation of the turbulence structures of the MHD turbulent pipe
ﬂow by comparing the experimental results obtained by PIV with
DNS under the same ﬂow conditions [17,18]. The PIV measurements yield velocity data in the plane parallel to the bulk ﬂow
and the ﬁeld direction, and the turbulence statistics are calculated
from 5000 image pairs. The spacial structures are also observed.
Since most of the existing experimental data of MHD turbulent ﬂows were obtained with liquid metals, ﬂow visualization
was impossible. The present work provides unique 2-dimensional
2-velocity-component information of the ﬂow ﬁeld to improve
understandings of the MHD turbulent ﬂows.

Fig. 1. Experimental apparatus.

main loop and a bypass line are also equipped to help ﬂow rate control. The ﬂow rate is measured and monitored by vortex-shedding
ﬂow meter [19]. The visualization section for the PIV measurement
was built 6.8 m downstream from the inlet. The pipe wall thickness
in the visualization section is 1 mm to allow velocity measurement
down to very close to the pipe wall. A “water jacket” tank with
square cross-section was installed surrounding the pipe. The crosssection view of the water jacket is shown in Fig. 2. The water jacket
is 11 cm × 11 cm in the cross-section and 23 cm long and is ﬁlled
with the same ﬂuid as the main ﬂow in order to compensate for
the image distortion due to the difference in index of refraction
between inside and outside of the circular pipe. This eliminates the
optical distortion to a negligible level.
2.2. Magnet
The magnet used for the current experiments produces maximum 2.0 T magnetic ﬁelds in a narrow gap of the iron core at 3000 A

2. Experiments
An experimental MHD ﬂow facility called “FLIHY” (Flibe Hydrodynamics) has been constructed at UCLA. The experimental facility
consists of a closed channel ﬂow loop with a circular pipe test
section and integrated transparent visualization section, a magnet
system, and a PIV measurement system. A 30% aqueous solution
of potassium hydroxide (KOH hereafter) is used as the electrically
conducting working ﬂuid.
2.1. Experimental apparatus
A schematic drawing of the pipe ﬂow apparatus is shown in
Fig. 1. The ﬂuid ﬂow is circulated by a pump and introduced into
the horizontal circular pipe test section. Flow passes through a heat
exchanger, a ﬂow meter, and a honeycomb ﬂow straightener before
entering the test section. The temperature of the ﬂuid is monitored
by thermocouples and kept constant using the heat exchanger. The
test section is a circular pipe made of acrylic with 89 mm inner
diameter and 7.0 m in length, which is 79 times the pipe diameter.
This length is considered to be sufﬁcient to obtain a fully developed
turbulent ﬂow. This relatively large diameter was chosen to allow
access to information in near-wall region by making viscous length
scale large. The ﬂow rate is controlled by changing the pump output
with a variable frequency power controller. A throttle valve in the

Fig. 2. Cross-section view of measurement section.
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of applied electric current. The pipe ﬂow test section was placed in
the gap which is 1.4 m in the streamwise direction, 25 cm in height,
and 15 cm in width. The B ﬁeld has uniform distribution within 5%
variation for 1.0 m in the streamwise direction. There was no direct
proof showing the ﬂow development length under the magnetic
ﬁeld was sufﬁcient to fully establish the MHD effects; however, the
11 diameter development length was estimated based on the DNS
[17]. The time required to obtain fully developed MHD ﬂow multiplied by the mean velocity gave approximately 10 diameters. The
fact that the time scale of Joule damping [20]  j = /B2 ∼3.8 [s] was
small compared to the time required for the ﬂuid to travel from the
inlet to the measurement point ∼7.0 [s] also supported this consideration. However, this ﬂow development length is smaller than
that of Reed and Lykoudis [8] in which the length was 20 times
hydraulic diameter.

2.3. PIV system
The PIV technique has been developed in last two decades
and has become a well established technique for ﬂow ﬁeld measurements [21]. Seeding particles were selected so that they
are compatible with KOH and their density was comparable to
that of KOH (1300 kg/m3 ). Methyl methacrylate–ethylene glycol
dimethacylate copolymer (Sekisui Plastic Co., Ltd.) turned out to
be compatible as well as to have the density close to the solution
(about 1200 kg/m3 ). Although it was not speciﬁcally tailored for PIV
use, its relatively uniform particle diameter (5 m) was suitable for
PIV measurements.
A laser beam supplied by New Wave Solo-III Nd:YAG Laser is
introduced into the magnet gap using a dielectric coated mirror.
Light sheet optic placed in the magnet gap converts the laser beam
into a thin sheet less than 1 mm in thickness with a cylindrical
lens and introduces it horizontally to the measurement plane with
two dielectric mirrors. The particle images illuminated by the laser
sheet are captured by Phantom v.5.0 high speed camera (Vision
Research Inc.). The camera has 1024 × 1024 pixels monochrome
CMOS array. A Tamron SP 35–210 mm lens is used along with
extension tubes to achieve 90 mm × 90 mm and 30 mm × 30 mm
ﬁeld of view on the measurement plane 1.0 m from the
lens.
Dantec FlowManager 3.70 software is used for PIV analysis. It
provides analysis method called “adaptive correlation”, which is
based on commonly used cross-correlation technique [22]. The
important feature of the adaptive correlation is a multiple step analysis method [23]. Large interrogation windows are used in the ﬁrst
step and the interrogation windows are successively reduced in the
following steps. For this experiment, the reduction of the window
size is repeated 4 times. Thus 256 × 128 pixels interrogation windows in the ﬁrst step are reduced to 32 × 16 pixels in the ﬁnal step.
In each step, a cross-correlation analysis is performed twice. The
ﬁrst analysis gives a rough estimate of the particle displacement by
analyzing exactly the same area in the ﬁrst and second images. This
information is used then to determine the location of the interrogation windows for the second analysis in order to minimize loss
of particle pairs in the windows [24]. To reduce the possibility of
yielding spurious vectors due to mismatch of the particle pairs,
local median validation is applied between the steps, and the invalidated vectors are replaced by using information from the vectors
in vicinity [25]. The particle displacement was determined down
to sub-pixel order. A Dantec 80S33 high accuracy software module
is used for this experiment. This module has an advantage over the
conventional three-point Gaussian curve ﬁtting method; however,
access to the detail of the algorithm is prevented by proprietary
information issue.

Table 2
Thermophysical properties of aqueous KOH solution and Flibe.






Cp
Pr

3

Density (kg/m )
Viscosity (Pa s)
Kinematic viscosity (m2 /s)
Electrical conductivity (S/m)
Heat conductivity (W/(m K))
Heat capacity (J/(kg K))
Prandtl number

KOH solution (33.8 ◦ C)

Flibe (600 ◦ C)

1.28 × 10
1.431 × 10−3
1.118 × 10−6
73.67
0.727
3.00 × 103
5.90

2.12 × 103
11.6 × 10−3
5.48 × 10−6
155
1.00
2.34 × 103
28

3

2.4. Thermophysical properties of KOH solution
In order to determine the thermo-physical properties of 30%
KOH aqueous solution, measurements were carried out for some of
the most critical of them. The kinematic viscosity was measured by
U-tube capillary viscometer. The electrical conductivity was measured by conductivity meter. Other properties were quoted from a
reference book [26]. Table 2 shows the thermo-physical properties
of KOH solution at 33.8 ◦ C experimental temperature and that of
Flibe at 600 ◦ C.
3. Results and discussion
PIV measurements are performed for Re = 11,300 with variable
Hartmann numbers. The measurements are performed in the plane
parallel to the magnetic ﬁeld. The turbulence statistics for the
experimental data are calculated from 5000 image pairs, and the
results are compared with the available direct numerical simulation
data [17,18].
3.1. Mean velocity
Fig. 3 shows the comparison of the mean velocity proﬁles normalized by centerline velocity. In the plane parallel to the magnetic
ﬁeld, the pipe wall is perpendicular to the ﬁeld. Therefore, the wall
is considered to be a Hartmann wall. The velocity gradient gets
steeper along the wall perpendicular to the magnetic ﬁeld and
ﬂatter in core region. This is a typical characteristics of the wallbounded MHD ﬂows. The ﬁgure shows good agreement in mean
velocity proﬁles between experimental data and numerical simulations and the discrepancy is within the measurement uncertainty
of 2%.

Fig. 3. Mean velocity distributions at Re = 11,300 normalized by center line velocity.
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Fig. 4. Streamwise turbulence intensities distributions at Re = 11,300 normalized by
friction velocity for hydrodynamical case.
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Fig. 6. Reynolds shear stress distributions at Re = 11,300 normalized by square of
friction velocity for hydrodynamical case.

3.3. Reynolds shear stress
3.2. Turbulence intensities
Figs. 4 and 5 show root-mean-square velocity (turbulence
intensity) proﬁle normalized by friction velocity at Ha = 0 (hydrodynamical case) in the streamwise direction and in the radial
direction parallel to the B ﬁeld, respectively. For Ha = 5, no significant change compared to the hydrodynamical case was observed
in both components (not shown). For Ha = 10, the streamwise turbulence intensity in the core region decreases by 19% compared to
hydrodynamical case; however, near-wall peak remains the same
level. The radial turbulence intensity also decreases by 19% in
the core region, and on the contrary to the streamwise direction,
the near-wall peak decreases in this direction. The experimental
data show slightly higher value compared to DNS; however, the
discrepancy is considered to be within the measurement uncertainty of 10% of the friction velocity. Although the mean velocity
proﬁles at Ha = 20 agree between the experiment and simulation,
signiﬁcant discrepancy in the turbulence intensities is found for
Ha = 20. In the near-wall peak of the streamwise turbulence intensity, the experimental data show almost twice as large as the DNS
data.

Fig. 6 shows the Reynolds shear stress distributions normalize
by square of the friction velocity. For Ha = 10, the Reynolds stress
at the peak decreases by 16% for both PIV and DNS compared to
the one for Ha = 0. Good agreement between the experiment and
DNS is obtained for this case. For Ha = 20, the experimental data
coincide with DNS in the core region whereas a signiﬁcant discrepancy is seen in near-wall region. The discrepancy between the
experimental results and DNS may be due to insufﬁcient ﬂow development length. It is also conjectured that differences in the inlet
condition of the magnetic region may have some effect for these
cases. In the experiment, the magnetic ﬁeld was suddenly applied
when the ﬂuid enters the magnetic region; however, in the DNS, the
ﬁeld strength was gradually increased with the time advancement.
Finally, it may be that we are near a cliff for sharp decrease in turbulence, as shown by Gardner and Lykoudis [7] around Ha = 20–25.
Therefore, small errors in Hartmann number and Reynolds number
could shift us beyond this cutoff.
4. Conclusions
The PIV measurements on turbulent pipe ﬂow of aqueous KOH
solution under magnetic ﬁeld have been performed and MHD
effects are investigated by comparing the turbulece statistics for the
experimental results against DNS database. The mean velocity proﬁles between the experimental data and the DNS agree well within
the measurement uncertainty up to Ha = 20. The turbulence intensities and Reynolds shear stress proﬁles for the experiment and
DNS agree up to Ha = 10. The agreement between the experimental data and DNS data provides basis for evaluating the turbulence
suppression in the fusion reactor design. As for the turbulence
intensities and Reynolds shear stress for Ha = 20, the discrepancies between the experimental data and DNS are signiﬁcantly large.
In this Ha/Re range, sharp decrease in the turbulence quantities is
expected based on the observation by Gardner and Lykoudis [7].
Therefore, it is expected that the small errors in the experimental parameters cause relatively large difference. The issue remains
open for discussions.
Acknowledgements
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