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摘  要

    介绍了在液态金属实验回路上开展的流体从分支管道流出引起

的三维（3D）磁流体动力学（MHD）效应研究所取得的结果。包

括两种情况下的流速分布和三维 MHD 压降效应，即磁流体流出分

支管道阀门关闭和开启状态下实验值和理论值的比较，通过理论分

析得出三维 MHD 压降效应的修正因子。
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ABSTRACT

    The velocity distribution in the mid-plane of the cross section of a main pipe in

the region of a junction is investigated. The result confirms that the MHD-flow near

the junction is strongly affected by the junction itself. This holds even if the bypass

pipe is closed. The MHD pressure drops are also measured, and a three-dimensional

(3D) factor of MHD pressure drop due to manifold effects is obtained with

theoretical analysis and comparing with experimental data. The factor is directly

proportional to Hartmann number Ha. Two dimensional MHD pressure drop is also

discussed.
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    INTRODUCTION

    Manifold effects are one of the critical issues for liquid metal blanket/self-
cooled blanket system. The effects related to distributions of flow volume in multi-
duct, efficiency of heat transfer and MHD pressure drop and so on. Although some
results have been given by several authors [1～6] , no enough data are available to
understand the effects of velocity distribution and three-dimensional pressure drop
in manifold duct. These effects are important for the design of fusion blanket,
because they affect the first wall temperature rise and the pumping power supplied
cooled system. In this paper, we present the experimental results of velocity
distribution of cross section of the pipe in the region of junctions of pipe and that
MHD pressure drop in the manifold pipe. In section 3, two-dimensional and three-
dimensional MHD effects and flow non-fully developed effect are discussed. A 3D
effect factor of MHD pressure drop due to manifold is obtained with theoretical
analysis and compared with experimental data.

1  EXPERIMENTAL SETUP

The test section investigated is designed of a bypass pipe parallel to main pipe.
The inlet and outlet of bypass pipe are perpendicular to the main pipe. The test
section and its location within the magnetic field is shown in Fig.1. The test section
has a circular cross section and is
made of stainless steel. The inner pipe
diameter 2a0 is 57 mm. The wall
thickness tw0 is 3.5 mm, whereas the
inner bypass pipe diameter 2a1 is 22
mm. The distance between two joints
of the pressure difference transducer
L0 is 600 mm. The transducer is
located within the uniform magnetic
field. The volume of the uniform
magnetic field B is (80×170×740)
mm3. The accuracy of pressure
transducer is 0.25%. The LEVI
(Liquid-metal Electromagnetic
Velocity Instrument, from ANL, USA) Fig.1  The scheme of experiments
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is located in the center region of the manifold opposite the bypass pipe in the mid-
plane (y = 0) of the pipe and is within uniform magnetic field, where is 370 mm far
from non-uniform magnetic field so that the velocity distribution measured by LEVI
is in the flow fully developed. The average velocity is measured with an
electromagnetic (EM) flow meter with an error of less than 1.2%. The operation
fluid is the eutectic alloy 22Na78K circulated by two EM pumps. The operation
temperature is about 80 ℃, maximum Hartmann number Ha is 4100. The
maximum interaction parameter, N, is 10 000. (Ha=2aB(σfµ)-1/2, N=Ha2/Re, where a
is the inner radius of the MHD flow channel, µ is the viscosity of MHD flow, B is
the magnetic field flux, σf is the conductivity of liquid metal, Re is Reynolds number,
equal to 2ρV0a/µ, ρ is density of the liquid metal, V0 is average velocity.) About
24% flow rate are going into bypass pipe in differential Ha and N cases. All data is
acquired with 486 Industrial Computer with 12bit A/D board with 2.5 µV resolution
rate.

2  RESULTS

     The major effects due to manifold pipe junction are of velocity distribution in
the cross section of pipe and of producing extra MHD pressure drop. These effects
are important for liquid metal blanket design. The velocity distribution in the mid-
plane of the cross section of the main pipe in region of junction are shown in Fig.2
(a) for V1, opening case, and (b) for V1 closed case. It can be seen that the boundary
velocity distribution near junction side is different from that of far from junction side.
In far from junction region, the boundary layer flow is in jet flow and the core flow
is in flat flow. The velocity distribution tendency is not caused by entrance effect (in
the entrance the flow is fully developed, because the length for flow to become fully
developed is ι a, where ι =φ-1/2. In present experiments, the parameters are φ =0.061,
a=28.5 mm. So the entry lengths (ι a) is about 116 mm. But the LEVI is located
within uniform magnetic field and is 370 mm far from non-uniform magnetic field).
Their core and boundary velocity distributions both increase with Hartmann number
Ha increasing. It is similar to that of the experimental results of in rectangular duct [7]

and it is different from theoretical expected value [1, 8]. It implied that the junction
only affects velocity distribution in a half region of cross section of pipe near the
junction under presented experimental condition a1/a0＜1/2. For V1 closed, the
velocity distributions are more strongly affected. When Reynolds number Re is
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enough large, the vortex streets are measured in cross section of the main pipe along
z axis direction. (Although only one dimensional velocity distribution is measured,
using understood knowledge about possible of velocity distribution in cross section
of duct, the vortex street can be figured out). But when Re continue increasing, the
vortex street is degenerating (Fig.2 (a)). Whether this phenomenon is MHD effect
instability caused by junction should be continued on experimental and theoretical
studies.
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     MHD pressure drop experimental results compared with theoretical expected
values are shown in Fig. 3 and Fig. 4. The solid line showed the theory results in
which the 2D and 3D MHD effects are not considered, and the dash line is the
theoretical results in which the 2D and 3D MHD effects are included. It can be seen
that the theoretical results are well agreed with experimental data after considered
2D and 3D MHD effects. More detail discussion about 2D and 3D effects is given in
next section.

3 DISCUSSION

   The velocity distribution on the mid-plane  (y = 0) of the cross section of the
main pipe is jet flow in boundary layer, and is flat flow in the core. Both velocities
are increasing with the increasing of Hartmann number Ha. But for theoretical
exception, the core velocity decreases with Ha increase. The reasons for the
different of the results of velocity distribution between experimental data and
theoretical results are difficult to simply explain. But it can be under stood from the
theoretical assumption that in compressible laminar flow there is no variable in the
flow direction, which is different from reality flow. In fact, the flow direction is of
variation during magnetic field changing. The law of mass conservation must be
satisfied in the whole across section of the duct, but for one part of the cross-section,
the law is not necessary to be satisfied. So theoretical results deviate from the
experiments. When Hartmann number, Ha, is increasing, the boundaries layer
0(aHa-1/2) which is paralleled to magnetic field B is thinning (on Fig.5, a small
element of the boundaries layer can be divided as a paralleled to magnetic field B
layer 0(aHa-1/2) and a perpendicular to magnetic field B layer 0(aHa-1)), and the
induced current density is decreasing in boundaries layer. The part of the induced
current shortened by the boundaries is decreasing, and the Electro-magnetic force
distribution is changing in cross-section of duct. So it is possible that more fluid is
flowing in the core for higher Ha case as Fig.2 (a) and (b) shown. It is also can be
seen that the induced current is smallest in the region near Z = +a0 in the mid-plane
of the cross section of main pipe. So, the velocity is quickly increasing near Z = +a0

and it is in jet flow.
     It is known that if the flow is non-inertial, Ha＞＞1 and fully- developed, then
MHD pressure drop in uniform traverse magnetic field can be expressed as [ 10 ]

         ∆pC = σf V0 B0
2 κ L                       (1)
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κ = φ / (1+φ )        (2)
φ = σw tw /σf a        (3)

Where σf is liquid metal electric
conductivity, V0 is average velocity. B0

is traverse magnetic flux, φ is wall
conductance ratio, σw is duct wall
conductivity, tw is the thickness of duct
wall, a is the half-width of duct in
magnetic field direction, L is the length
of measured MHD pressure drop. Eq.
(1) is only used to the conditions of Ha
＞＞1, N＞＞1 and 1/Ha＜＜φ ＜＜1. In
presented experiments, the conditions
are satisfied. It must be taken attention that 2D and 3D MHD pressure drop effects
are neglected in Eq. (1). If 2D and 3D MHD pressure drop effects is taken into
consideration, the total MHD pressure drop (∆pT ) shall be expressed as

        ∆pT = ∆pC + ∆p2D + ∆p3DJ                     (4)
Where ∆p2D is 2D effect due to different Ha, ∆p3DJ is 3D effect due to junction of
bypass pipe.
    About 2D effect, comparing with rectangular duct 2D effect factor[7], -K2DHa-1/2,
where K2D approach to b/a (a, b are two side width of cross section of rectangular
duct), since 2D effect is caused by velocity distribution in cross section of duct, the
results of velocity distribution in pipe is similar to that of in rectangular duct. So in
present conditions ∆p2D factor is taken as -Ha-1/2 as circular pipe a=b=a0 and K2D=1,
or

     ∆p2D = -Ha-1/2 σf V0 B0
2 κ L                     (5)

     For 3D effect, it is difficult to exactly deduce an expression formula from
theory, but it is possible that the analysis is done by using the bends results with
little modification. Assuming ∆p3DJ directly proportional to ∆pB [9] or

         ∆pB = a V0B0
2φ1/2                         (6)

         ∆p3DJ = β ∆pB                          (7)
Where β is a coefficient. It must be related to a1/a0, where a1 and a0 are the radius of
main pipe and bypass pipe, respectively. Also β must be a function of Hartmann
number Ha, because of the velocity distribution strongly depending on Ha (see Fig.
2). From above analysis and comparing with experimental data, the coefficient β can

Fig.5  The induced current paths in the
cross section of pipe (simplification)
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be expressed as
           β = 1.1×10-4 Ha a1/a0                       (8)

or
     ∆ p3DJ = (1.1×10-4 Ha a1/a0) a1 V0B0

2φ1
1/2               (9)

By using Eqs. (1), (5) and (9) into (4), the total MHD pressure drop can be obtained.
The results are shown in Fig.3 and Fig. 4.
     Before using Eqs. (1) into (4), the following equations must be considered to
replace of Eq. (1):

 for V1 closed,         ∆ pC = σf V0 B0
2 κ(L1+L2)                  (10)

      for V1 opening,     ∆ pC = σf V0 B0
2 κ L1 +σf V2 B0

2 κ L2            (11)
Where L1 and L2 is the distances from bypass pipe junction to two junctions of the
pressure transducer, respectively. V0 and V2 is average velocity before and after
bypass pipe junction in main pipe, respectively.
     The attention also must be paid to the entry lengths (the flow entry uniform
magnetic field lengths) —— flow to become fully developed is ι a, where ι =φ-1/2.
In present experiments, the parameters are φ = 0.0608, a=28.5 mm, so the entry
lengths (ι a) is about 116 mm. But in present experiments, the pressure transducers
are all located at a place that is only 70 mm away from the non-uniform magnetic
field and an additional fall and rise in pressure drop over the entry lengths is
occurred. Considering the geometry symmetry of test section and symmetry of
magnetic field distribution, the total additional pressure drop is equated zero for V1
closed case. Even if the additional fall and rise in the pressure drop can not be
balanced, it is small, not more than 4% in the experimental data [7].

4  CONCLUSION

    From above experimental data and discussions, some conclusions can be
carried out as the follows:

(1) The velocity distribution of the mid-plane of the cross section of a main
pipe in the region of junction has a strong change under V1 closed case and V1
opening case.

(2) For small bypass pipe (a1/a0＜1/2), the velocity distribution disturbed in the
region of junction is only occurred in near junction a half of cross section of main
pipe.

(3) Three dimensional MHD pressure drop due to junction of bypass pipe can
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be express as ∆p3DJ = (1.1×10-4 Ha a1/a0) a1 V0B0
2φ1

1/2 .
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