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Abstract

This paper describes four benchmark problems to validate magnetohydrodynamic

(MHD) and heat transfer computer codes. The problems include rectangular duct

geometry with uniform and nonuniform magnetic fields, with and without surface

heat flux, and various rectangular cross sections. Two of the problems are based

on experiments. Participants in this benchmarking activity come from three

countries: The Russian Federation, The United States, and Japan. The solution

methods to the problems are described. Results from the different computer codes

are presented and compared.

D'SCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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1. Introduction

Liquid metal cooling systems of a self-cooled blanket in a tokamak reactor

will likely include channels of rectangular cross section where liquid metal is

circulated in the presence of strong magnetic fields. MHD pressure drop, velocity

distribution and heat transfer characteristics are important issues in the engineering

design considerations. Computer codes for the reliable solution of three-

dimensional MHD flow problems are needed for fusion relevant conditions.

Argonne National Laboratory (ANL) and The Efrernov Institute (NIIEFA)

have jointly def'med four benchmark problems for code validation. Two of the

problems are based on two separate rectangular duct experiments conducted at

ANL, one of them is a joint ANI./Efremov experiment. The geometries consist of

variation of duct aspect ratio and wall thickness (thus wall conductance ratio). The

transverse magnetic fields are uniform and nonuniform in the axial direction.

2. Benchmark Problem 1

2.1 Problem Formulation

This problem was proposed by NIIEFA as a first step in this activity

between NIIEFA and ANL and was devoted to the calculations of flow velocity and

pressure distributions in rectangular conducting and nonconducting ducts under

strong varying magnetic field. The field is applied perpendicular to one pair of

walls (Hartmann walls and parallel to the side walls). The dimensionless duct cross

section and the applied magnetic field are shown in Figs. 1 and 2. The thickness



and electrical conductivity of all walls are the same and the conductance ratio ranges

from 0 to O.1, relevant to fusion liquid metal systems.

The flow is essentially three-dimensional because the magnetic field varies

by a factor of three over a short distance. This leads to additional electric currents

with pronounced currents in the direction of flow near the side walls. These

currents can affect the velocity distribution as well as pressure drop significantly in

comparison with the locally fully-developed flow approximation.

Modeling of these MHD effects by different codes and dependence of MHD

parameters vs. Hartmann number Ha and wall conductance ratio c was the main

issue of this benchmark problem. (The Hartmann number Ha = BL(a/pv)l/2;

where B is the characteristic magnetic field induction, L is characteristic length, _ is

the fluid electrical conductivity, p is the fluid density, and v is the fluid kinematic

viscosity; the wall conductance ratio c = Crwtw/gL, where aw and tw are the wall

electrical conductivity and thickness).

2.2 Assumptions and Solution Methods

The NIIEFA approach was based on the goveming equations derived by

averaging of 3-D MHD problem along the applied magnetic field direction [1]. The

3-D problem is reduced to three 2-D equations for the electric current function, the

hydrodynamic current function, and the vorticity, which are solved numerically by

the finite different method. The 3-D effects are included in the local Hartmann

friction coefficient and also in the definition of the electric current function.



The solution employs Hartmann number and conductance ratio as arbitrary

parameters (including the case of nonconducting walls and/or low Hartmann

numbers). The main assumption is the inertialess flow approximation, i.e., the

interaction parameter N = oB 2 L/pU-._.o.

The ANL finite difference code used the Core Flow Approximation [2],

which reduces the problem to solving 2-D equations for pressure in the core of flow

and for the electric potential in the conducting walls, assuming N>> 1. The rest of

the unknowns in the core (electric potential, three components of velocity, and three

components of current density) are derived from the pressure and wall potential.

The ANL approach employed the assumptions of inviscid flow (Ha>> 1) and some

finite value of wall conductance ratio: c>>Ha -lt2. Both methods assumed the flow

to be laminar and wall relative thickness to be small.

2.3 Results and Comparisons

The calculations for c = 0.01 and 0.002 were carded out at ANL, while at

NIIEFA, the range of c varied from 0 to 0.1 and Ha varied from 1,000 to 10,000.

Axial velocity distribution at the midplane (y = 0), axial pressure gradient, and axial

pressure drop along the channel length were obtained and analyzed by both parties.

The dimensionless velocity and pressure were normalized by the mean velocity U,

and P0 = t_UB2 L, respectively.

Figures 3 and 4 present the axial velocity distribution as a function of

longitudinal position at y = 0 and for different distances from the middle of the

channel. The NIIEFA calculations (dotted lines) are for Ha = 10,000 unless

otherwise specified. For such a geometry and small conductivity of walls the



velocity distribution is close to slug one (u = 1) corresponding to fully develope.;

flow on the distance of several L upstream and downstream of the varying magnetic

field region. The strong M-shaped of the velocity profile is observed in the region

of varying magnetic field.

Figures 5 and 6 show the pressure gradient and pressure distributions on

centerline and at the side wall. The dashed line in Fig. 5 corresponds to

calculations based on the locally fully developed assumption where local pressure

gradient is proportional to the square of local magnetic field for good conducting

walls. The shaded area gives the value of additional pressure drop caused by 3-D

effects. With the increasing of conductance ratio or/and more gradually varying

magnetic field, the 3-D effect tends to decrease and this tendency is faster for

pressure drop than for local veloci.'ry or pressure gradient distribution.

Some parametric study of 3-D MHD factors for conducting rectangular duct

is presented in Ref. 2, the asymptotic analysis for insulated walls was carded out in

Ref. 3.

In Fig. 7 it is shown that NIIEFA results for pressure drop on a distance

from x = -4 to x = 4 tend to the ANL asymptotic values (Ha---_**).

Figure 8 demonstrates for several Ha values the smooth tendency of integral

MHD parameter -- pressure drop as a function of wall conductance ratio. Note that

the case for c = 0 corresponds to insulated walls. This picture illustrates the idea

that if for some reason the solution for insulated walls is not available (modeling

assumptions or restrictions; numerical difficulties in convergence or accuracy) then



the value of pressure drop at c = 0 can be obtained as an extrapolation of results that

are believed to be correct for small but finite values of c.

2.4 Conclusions for Benchmark Problem 1

(a) The two analytical approaches are somewhat different but yield close

results for pressure and velocity distributions for this geometry and broad set of

governing parameters.

(b) NIIEFA results for pressure drop using arbitrary Hartmann number as a

parameter tend to inviscid (Ha = *._,)Core Flow Solution (ANL) with increasing of

Ha.

(c) For fixed Ha and higher conductance ratio the relative discrepancy of

two solutions are lower.

(d) Pressure drop or other integral parameters of MHD flow obtained for

conducting walls may be extrapolated for the case of nonconducting walls. Such an

extrapolation for local parameters (velocity, pressure gradient) should be done more

carefully.

3. Benchmark Problem 2

This problem was named "MHD Flow in Square Conducting Duct in

Nonuniform Transverse Magnetic Field." It was proposed by ANL and was based

on the experiment that took place at the ALEX test facility (ANL). The parameters

of test, some results of experiment and corresponding ANL calculations using Core

Flow approximation are presented in Refs. 2 and 5. The ANL 3-D predictions
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were in a good agreement with the test measurements of local and integral MHD

characteristics in the region of fringing magnetic field. The simulation of 3-D

effects by the aforementioned NIIEFA code was also quite good, though it was

observed that in uniform magnetic field area for this square geometry and relatively

high conductance ratio (c = 0.07), the method of averaging of MHD equations

along magnetic field lines yielded some overestimation of core velocity and pressure

gradient. For this reason NIIEFA investigated the uniform magnetic field region

separately and applied the Variational Method for getting the approximate analytical

2-D solution for fully developed laminar flow at arbitrary Hartmann number and

any combination of wall conductance ratio [6]. The discrepancy of calculations

carried out by both parties as well as the test data for pressure gradient and core

velocity were within 5%.

4. Benchmark Problems 3 and 4

The goal of these problems, named "MHD and Heat Transfer in Rectangular

Ducts in Uniform Transverse Magnetic Field," were to generate pre-test predictions

for experiments planned at ALEX NaK loop under strong magnetic field up to 2 T

and aimed to estimate the influence of different aspects on MHD flow and heat

transfer. The aspects are as follows:

(1) geometrical parameter -- aspect ratio; this ratio of duct walls dimensions

for the channel 1 is 1.37 (Fig. 9), and is 10 for the slotted channel 2 (Fig. 10);

(2) combination of conductance ratio of heated wall and three other walls; in

the channel 1' t2 = 4.57 mm and two different parts of test section have tl = 0.5 t2,

and t! = 2t2; in the channel 2:t2 = 1 mm and tl = 6 mm;
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(3) broad range of Hartmann numbers and interaction parameters due to the

range of magnetic field from 0 to 2 T and mean velocity from 0.04 to 1 m/s;

(4) design details -- anchor link simulators in second part of the slotted

channel.

All these factors can affect the velocity distribution (from non-MHD

parabolic one to very nonuniform with high speed side layer jets at high Ha and N),

the pattern of flow (from laminar one to flow with fluctuations at high Ha and low

to moderate interaction parameters), and, f'maUy, the neat transfer characteristics

through the velocity distribution, pattern of the flow, and design details. Both tests

specifications and some experimental data (the first duct was not yet tested) are

described in Ref. 7.

4.1 Problem Formulation

For given geometry, properties of liquid metal, structural materials, and the

test matrix (Ha, N), both parties generated pre-test predictions of laminar velocity

and pressure distributions. Using the velocity distribution as an input for 3-D heat

transfer code, the temperatures in the liquid metal and in the wall were calculated at

various instrumented locations.

In a later stage H. Araseki (CRIEPI, Japan) joined the ANL and NIIEFA

for treating Benchmark problem 3. The CRIEPI solution models turbulent flow

and fluctuations maintained by energy transfer from MHD side layers.
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4.2 Assumptions and Solution Methods Description

For simulation of laminar MHD fully developed 2-D flow NIIEFA used the

analytic Variational Method [6]. During later stages NIIEFA used full 2-D

numerical solution [9], which gives essentially the same results for rectangular duct

but is more general in sense of magnetic field orientation, boundary conditions, and

the cross section geometry.

Numerical finite difference solution of 3-D problem for temperature

distribution in liquid metal and the walls employed nonuniform computational grid

with finer mesh near the heated wall. Heat conductance in all walls and convection

in the fluid were modeled.

The 2-D ANL code used Modified Core Flow Solution to get detailed

laminar flow distribution and, like the Variational Method, it employed high but

finite Hartmann number with arbitrary wall conductance ratio. Three-dimensional

temperature distribution was obtained similar to the NIIEFA code.

The full numerical 2-D solution of CRIEPI for MHD velocity distribution

does not assume the laminar pattern of flow but employs Buleev's Turbulent Model

for getting turbulent solution for high Reynolds numbers (or low and moderate

interaction parameters -- N = Ha2/Re). Though, it should be noted that this

approach does not simulate the influence of magnetic field on flow fluctuations.

This generally is not correct and can lead to considerable discrepancy in predictions

of velocity distribution, flow pattern, and heat transfer. It has been experimentally

proven by different studies that MHD turbulence tends to be two-dimensional and is

quite different from the usual hydrodynamic turbulence.
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4.3 Results and Comparison

Though detailed calculations were carried out by ANL and NIIEFA for both

Benchmark problems, we will devote main attention in this paper to the results for

Benchmar _ problem 4, for which considerable amount of experimental data was

obtained during the joint ANL/NIIEFA experiment [7].

The calculations covered the range of Hartmann number from 0 to 800,

interaction parameter from 0 to 2000, Peclet number from 12.4 to 200. Both codes

provided essentially the same results for laminar MHD flow parameters and

temperature distributions.

Figure 11 presents the normalized axial velocity distribution for theoretical

laminar flow under low, moderate, and strong magnetic field. With increasing Ha,

the transition of fully developed non-MHD parabolic profile to some M-shape

velocity profile becomes obvious. Due to higher wall conductance ratio at the

heated wall (left), the side layer flow near this wall is somewhat lower than that in

the right side layer near the thin side wall.

In Fig. 12 it is shown the normalized temperature distribution in the liquid

metal (-1 < z < 1) and in the side walls for the case of strong magnetic field

(Ha = 800) but low velocity (Pe = 12.4, N = 2000) for different axial positions.

The position x = 65.3 corresponds to the location of the traversing probe for

simultaneous measurements of temperature and velocity distribution in the

z direction, perpendicular to the magnetic field.
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Numerous experiments have demonstrated MHD flow turbulence

suppression by magnetic field, including by transverse one. But strong transverse

magnetic field can cause some strong nonuniform velocity profile, which can be

unstable if interaction parameter is low, i.e., inertial effects are significant. Such a

phenomena was observed in the slotted channel experiment for Ha = 800 and N <

1000. Numerical experiment for the geometry of Benchmark problem 3 was

carried out to simulate hydrodynamic and MHD induced turbulence. The detail

picture of turbulence intensity, turbulent shear stress, and averaged velocity

distribution in the channel for turbulent regimes were obtained and analyzed.

Figure 13 shows the representative comparison of laminar flow velocity profile

(NIIEFA code) and results of turbulent flow simulation. As expected, the side

layer jets widened and the peak velocity was lower.

4.4 Conclusions on Benchmark Problems 3 and 4

(1) At high Hartmann numbers and interaction parameters when MHD flow

is laminar or laminarized by strong magnetic field the theoretical predictions done

by MHD/HT laminar flow codes are in good agreement with experimental data.

(2) Future development of theoretical models and numerical codes is

necessary for simulation of MHD fluctuations and turbulence as well as their impact

on heat transfer char_teristics.

5. Final Remarks

The design of liquid-metal-cooled blankets in fusion tokamaks will

ultimately require reliable and comprehensive MHD/heat transfer codes. A forum



for exchange of ideas among analysts/code developers and comparisons of results

will undoubtedly benefit aU persons involved. Such a forum and the close

interaction associated with it is likely to lead to useful international collaborations.

It is hoped that this initial and limited benchmarking activity will evolve into a more

organized activity, and attract wider participation worldwide.
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Figure Captions

Fig. 1 Cross section of rectangular duct for benchmark problem 1.

Fig. 2 Magnetic field variation for benchmark problem 1.

Fig. 3 Velocity profiles at various axial cross sections. Solid lines are ANL

solutions. Dotted lines are NIIEFA solutions.

Fig. 4 Comparison of ANL (solid lines) and NIIEFA (dotted lines) solutions for

axial variation of velocity at different z values.

Fig. 5 Comparison of ANL (solid lines) and NIIEFA (dotted lines) solutions for

pressure gradient at the duct center (z=0) and the side wall (z=-l).

Fig. 6 Comparison of ANL (solid lines) and NIIEFA (dotted lines) solutions for

pressure variation at the duct center (z=0) and the side wall (z=-1).

Fig. 7 Overall pressure drop for various Hartmann numbers and wall

conductanceratios.

Fig. 8 Overall pressure drop for various wall conductance ratios and Hartmann

numbers.

Fig. 9 Schematic geometry for benchmark problem 3.

Fig. 10 Schematic geometry for benchmark problem 4.
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Fig. 11 Velocity profiles in the slotted channel of benchmark problem 4.

Fig. 12 Comparison of theory and experiment for temperature rise in the slotted

channel.

Fig. 13 Comparison of velocity prof'tles based on laminar flow assumption to that

using turbulent flow condition.
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Figure 7
Sidorenkov,Hua,Araseki
MHD& Heat:Transfer Benchmark
Problemsfor LiquidMetal Flow...
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