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ABSTRACT

The three-dimensional flow characteristics inside MHD plasma 
generators and seawater thrusters are analyzed by solving the 
governing partial differential equations for flow and electrical fields. 
The equation set consists of the mass continuity equation, the three 
momentum equations, the equations for enthalpy, turbulence kinetic 
energy and its dissipation rate, and the Maxwell equations.

Calculations have been performed for a Faraday plasma generator 
and for a continuous electrode seawater thruster. The numerical 
results of those two applications are compared. Calculations 
have been made to study the flow evolution in MHD generators and 
thrusters. The calculations show that velocity overshoots friction 
enhancement exist over the sidewalls and are strongly manifested in 
MPID generators but not so in MHD thrusters. Plots of velocity and 
skin friction are presented to illustrate the flow development in MHD 
generators and thrusters.

INTRODUCTION

Extensive work has been done on channel flow inside open-cycle 
MHD plasma generators,1-7 but there has been minimal research 
effort on duct flow inside MHD seawater thrusters. However, 
MHD flow inside those ducts is subject to J x B forces whether the 
duct is an MHD generator or an accelerator. In the first case, for 
generators, electrical power is extracted from the interaction of the 
fluid flow with the magnetic field. In the accelerator case, energy is 
supplied to the duct by applying an external electrical field, and the 
resulting electrical currents interact with the magnetic field to 
produce a driving force that pushes the fluid through the duct. This 
is the case of an MHD thruster. There are obviously some 
differences between the flow medium and the operating condictions 
between the two applications; however, the governing equations and 
the physical phenomena are quite similar.

For the purpose of analyzing the performance of MHD generators or 
thrusters, there are three possible orders of conducting the analysis. 
In the first, namely, one-dimensional analysis, the cross-stream 
variations are neglected and only the axial development of velocity, 
temperature, etc., are calculated. There is a sizable body of literature 
about such analyses for MHD generators,8 and to a much lesser 
extend for MHD thrusters.^-14 Although the one-dimensional 
models are computationally fast, they are inherently less accurate 
than the multi-dimensional models. An improvement over the 
one-dimensional analyses are two-dimensional analyses, such as 
those reported by Doss, et al.4 In these, it is assumed that the 
important directions of variation are the electrode and the flow 
directions. Therefore, the profiles of variables in the sidewall direc­
tion are assumed to be uniform. Development of flow asymmetries 
between the anode and cathode walls due to the presence of Hall 
current are discussed. Applications of this model for performance

analysis and design of large-scale MHD channels are presented in 
Ref. [5],

Quasi-three-dimensional models and the fully-developed cross plane 
solutions provide further improvements over the two-dimenional 
analyses. Ahluwalia and Doss6 developed a quasi-three-dimension- 
al analysis procedure that accounts for the effects of the sidewall 
boundary layers. This analysis prescribes the boundary layer 
parameters on the sidewalls, and accounts for the area reduction 
resulting from the sidewall boundary layer growth. The procedure 
is not, however, designed to predict secondary flows and velocity 
overshoots. Using a simplified quasi-three-dimensional approach, 
in which the two-dimensional solution of the flow between the 
electrode walls is allowed to interact with the flow over the 
sidewalls, the development of velocity overshoots on the sidewalls 
of the MHD generators has been explained.1

On the experimental side, Roy and Wu7 performed a comparison 
study between the analytical results and experimental data for the 
pressure distribution along supersonic generator channel.

In summary, the literature on MHD channel flow for plasma 
open-cycle generators indicate that the flow and electrical fields in 
MHD generators are inherently three-dimensional for a variety of 
reasons. The interaction of the MHD electrical forces (JxB) with the 
fluid flow leads to flow distortions.2'^ The cross-sectional 
nonuniformity of the axial component of the Lorentz force (JyB) is 
directly responsible for the generation of velocity overshoots in the 
boundary layers. The nonuniformity in the magnetic field direction 
of the Lorentz force due to Hall current (JXB) produces secondary 
flows which in turn lead to flow asymmetry.

For MHD seawater thrusters, however, the electrical conductivity of 
seawater is expected to be practically uniform across and along the 
thruster provided the effect of bubbles formation, due to 
electrolysis, on the electrical conductivity is minimum. The Hall 
parameter for seawater thruster is also negligible. Therefore one 
might anticipate that such flow nonuniformities would not be 
manifested strongly inside the ducts as much as is the case of plasma 
generators. In order to investigate the extent of such flow 
nonuniformities in the thrusters, three-dimensional calculations of 
the flow and electrical fields have to be performed.

The purpose of the present paper is to describe a three-dimensional 
model that have been developed and applied to analyze the 
development of the flow fileds inside MHD generators and seawater 
thrusters.

GASDYNAMIC MODEL 

Governing Equations

The flow processes in the MHD channel are represented by the 
three-dimensional Navier-Stokes equations. However, because this 
flow is predominantly along the axial direction, certain 
simplifications can be made by consideration of the order of 
magnitude of various terms. The simplification made here is referred



to as the parabolic approximation, which consists of: a) neglecting 
the diffusional fluxes in the axial direction and b) considering the 
pressure gradient in the axial momentum equation to be uniform 
over the duct cross section. The parabolic approximation does not 
introduce any significant errors when the flow is predominantly 
one-way, but it makes the calculation procedure very economical 
from the computational viewpoint.

Kinetic Energy of Turbulence
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For seawater applications, p is assumed to be constant; its value 
depends on the physical location and temperature of the seawater.

Turbulence Model
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Where G represents the production of the kinetic-energy of 
turbulence as a result of the interaction of the shear stresses and the 
velocity gradients.

The expression for G after the neglect of axial gradients is as 
follows,

Near Wall Representation

In turbulent flows, the gradients of flow variables adjacent to solid 
walls are very steep, and in order to resolve these gradients a very 
fine finite-difference mesh is required. Not only is such an 
approach expensive, but the present turbulence model, which is 
designed for high Reynolds numbers, is invalid in regions very 
close to the wall. The present model, therefore, uses what is known 
as the wall function approach which is described in Refs.^’S

Solution Procedure

The procedure used to solve the partial-differential equations 
employs a marching scheme in which the solution to the differential 
equations is obtained at successive cross-sectional planes from the 
inlet to the exit of the duct. Because it was assumed that the flow is 
predominantly one-way, the influences travel always along the flow 
direction and, therefore, the flow properties at a given axial station 
can be calculated solely from their values at the previous station. 
This eliminates the need to iterate back and forth between the inlet 
and the exit of the channel.

The turbulent fluxes are represented as the product of a turbulent 
viscosity and the gradients of the flow variable. The turbulent 
viscosity is calculated from the local values of the turbulent kinetic
energy (k) and its dissipation rate (e), from the formula 

pt = C^pK2/e

At each axial station, the equations for u, v, w, h, k, e, and the 
electric potential are solved in their finite-difference form. The 
pressure fields, are obtained from the satisfaction of the continuity 
equation. The details of the finite-differencing are given in RefsA'S. 
One main consequence of the marching algorithm is that all the flow 
variables are stored only as two-dimensional arrays. This 
significandy reduces the required computer storage and CPU time.

The turbulent fluxes are calculated by the following formulae.
3u. 9u.
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The values of k and e are obtained from the solution of following 
transport equations.

ELECTRICAL MODEL

Governing Equations

Under the MHD approximations, the electric field, E, and the 
current density, J, are governed by the following Maxwell equations 
and Ohms law.

Vx£ = 0, V. 3 = 0, 3 = o(! + (ix§)-|3x$

Because of the form of Maxwell equations, it is possible to define an 
electric potential, y, such that

E = - 7i|)



It is assumed that the magnetic field, B, is sectionally uniform and is 
oriented along the z-direction.

A difficulty in performing complete three-dimensional flow and 
electrical analyses of MHD generators is that the calculation of 
electric fields in a finitely, segmented channel is an extremely slow 
process. One way to alleviate this difficulty, is to use the infinite 
segmentation approximation in which, the electrical fields are 
assumed to vary slowly in the flow direction in comparison to their 
variations in the cross-flow direction. Such an assumption is made 
in the present study. A consequence of the assumed slow axial
variations is that Ex is a constant, allowing \\l to be represented in the

form \j/ = - x. Ex + <t>(y,z).

APPLICATIONS AND RESULTS 

Operating Conditions

Computations have been performed using the three-dimensional 
model described before for an MHD plasma generator operating in 
the Faraday mode with insulating sidewalls and for an MHD thruster 
operating in the continuous electrode mode with insulating 
sidewalls. The general operating parameters for the applications 
considered are listed in Table I. The flow at the entrance of the 
generator and thruster is assumed to be that of a plug flow.

Flow Fields and Friction Factor

In the above, Ex is to be determined subsequently from the 
specification of the external connection. On substituting the 
following equation for the two-dimensional function, <t>(y,z), results:

3_
ay (on 37' 3 Z

(»1|) ■ EX 37 £(8-C0tY)on]

3_
3y !>„ B (u-B v)]

where on = o/(l+P2) , and y is 90 degrees for the Faraday 
connection.

Solution Procedure

The last equation, subject to the appropriate boundary conditions for 
the Faraday generator <JX> = 0, and for continuous electrode 
thruster (Ex = 0) form a two-dimensional elliptic problem.

It is solved numerically by a finite-difference method. In order to 
account for rapid variations in the flow and electrical variables near 
the channel walls, a finer mesh is employed in the near-wall region 
than in the core. The finite-difference equations are solved by the 
tridiagonal matrix algorithm used for the gasdynamic equations. 
The convergence of the solution is rapid.

A Parametric study has been performed by varying the average 
electric load factor (K= <Ey>/<uB>) between 0.0 and 0.95 (K<1.0) 
for the MHD generator and between 1 and 20 (K>1.0) for the 
thruster. Sample results are presented and discussed in this paper. 
Those results are for an MHD generator operating with K = 0.75 
and for an MHD thruster operating with K = 2. More details can be 
found in Refs.3-17

Figures 1 and 2 show surface plots for the calculated axial velocity 
distributions at several cross-sections along the MHD generator and 
thruster respectively. The three-dimensional effects caused by the 
interaction of the Lorentz forces (JxB) with the fluid flow are 
strongly manifested in the case of the MHD generator as compared 
to the flow development in the thruster. The axial component of the 
(JyB) acts as a retarding force for the generator, while it acts as an 
accelerating force for the thruster. The JyB force, however, exists 
for both cases, and is not uniform over the cross-section. As a 
result, velocity distortions exists and they are manifested strongly as 
velocity overshoots in the boundary layer for the MHD generator 
case. On the other hand the perpendicular component JxB produces 
cross stream transverse velocities leading to flow asymmetries. For 
MHD seawater thrusters, operating in the continuous electrode mode 
and with a negligible Hall parameter, the JxB component is 
practically non-existent. Therefore, as shown in Figure 2, the flow 
structure for the thruster case is less complex than that for the 
generator case.

Table I

Operating Condition for the Illustrated Examples

Geometry:
• length

Generator

10

Thruster

10 m (rectangular)
• height, width (inlet) 0.5 x 0.5 1.0 x 1.0 m2
• height, width (outlet) 1.0 x 1.0 1.0 x 1.0 m2
• wall roughness 2.5 2.5 mm

Wall temperature 1800 300 K
Inlet fluid temperature 2760 300 K
Working fluid Products of combustion Seawater

• electrical conductivity

of natural gas seeded 
with potassium
7.2-5.1 4.8 (constant) S/m

Inlet flow velocity 770 30 m/s
Mass flow rate 75 30750 Kg/s
Magnetic field
Duct loading

6
Faraday with

20 l
continuous electrode with

insulating sidewalls insulating sidewalls
• average electric load factor 0.2 -0.95 1-20

The physical properties of seawater are documented in Ref. [15] and the values used are for a 
temperature of 20°C, while those for plasma are obtained from the NASA-Lewis Chemical 
equilibrium code.







Figures 3 and 4 present the corresponding axial velocity profiles in 
the boundary layer for the two applications. At first, one may think 
that the surface plots for the thruster (Fig. 2) are typical for normal 
non-MHD turbulent flow. However, Figure 4 indicates that there is 
a difference between the shape of the axial velocity profile along the 
electrode wall and that along the sidewall. The velocity near the 
insulating wall (Hartmann boundary layers) is relatively higher than 
that near the electrode walls. For the generator case the disparity 
between the velocity profiles over the two walls is much larger 
where there is a distinct velocity overshoot in the boundary layers.

sidewall

electrode wall

Figure 3. Normalized velocity profiles along the 
MHD generator (x=8 m)

sidewall

electrode wall

Figure 4. Normalized velocity profiles along thruster walls (x=8 m)

Figure 5. Normalized current density across the sidewalls of the 
MHD generator (x=8 m)

On the other hand for the MHD thruster case, the seawater electrical 
conductivity is practically constant (neglecting the effects of bubble 
formation). Therefore, any change in the sidewall (Hartmann) 
boundary layers will be caused by the nonunifonmity of the velocity 
profile. For constant electrical potential over the cathode and the 
anode, the current density is larger in the sidewall boundary layers 
because of the smaller velocities. Therefore, a larger accelerating 
force (JyB) will be felt on the flow in the sidewall boundary layers 
as compared to the main flow because of the increase of the current 
density component Jy as shown in Figure 6. Consequently, the 
velocity profile is flatter over the sidewall in comparison to the 
velocity profile in the boundary layers over the electrode wall (Fig. 
4).

Figure 6. Normalized current density across the sidewalls 
of the MHD thruster (x=8m)

Figures 5 and 6 present the corresponding variation of the Jy 
component across the duct between the insulating walls for the 
generator and thruster respectively. The nonuniform Jy distribution 
acts on the flow differently. For the case of the generator, where the 
electrical conductivity is very small in the cold boundary layer, Jy is 
correspondingly very small compared to the core flow values. 
Accordingly, the retarding JyB force exerts a less force on the 
sidewall (Hartmann) boundary layer. In a relative sense, the 
sidewall boundary layers are accelerated in relation to the central 
region. This relative acceleration of the sidewall boundary layers 
results in the observed velocity overshoots.

As a result of such nonuniformities in the flow fields, nonuniform 
distribution of the skin friction is expected along the duct walls. 
Figures 7 and 8 present the variation of the friction factor (Cf) along 
the electrode wall and the sidewall of the MHD generator and 
thruster respectively. The skin friction is higher on the sidewall for 
both applications but with a distinct difference for the generator 
case.
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Figure 7. Variation of the friction factor along the duct 
walls of the MHD generator

0.009

0.008
electrode

0.007 sidewall
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Figure 8. Variation of the factor along the duct walls of the 
MHD thruster

SUMMARY AND CONCLUSIONS

1. A three-dimensional MHD computer model has been 
developed and applied to compare the flow characteristics 
inside MHD plasma generators with those inside seawater 
thrusters. The governing equations consist of the mass 
continuity equation, the three momentum equations, the 
equation for enthalpy (or temperature), turbulence kinetic 
energy and its dissipation rate and the Maxwell equations.

2. Computations have been performed for a Faraday plasma 
generator operating with a 6 Tesla magnet and at a load factor 
K = 0.75, and for an MHD thruster operating in the Faraday 
mode with continuous electrodes with a 20 Tesla magnet and 
at a load factor K = 2.0.

3. The three-dimensional effects caused by the interaction of the 
Lorentz forces (JxB) with the fluid flow are strongly 
manifested in the case of the MHD generator as compared to 
the flow development in the thruster. Distinct velocity 
overshoots exist in the sidewall boundary layers for the case

of the generators whereas for the thruster a slightly flatter 
boundary layer velocity profile exist over the sidewall 
boundary layer as compared to the velocity profile over the 
electrode wall.

4. The flow velocity nonuniformities in both applications is 
caused basically by the nonuniformities of the component of 
current density Iy in the Hartmann layers of the sidewalls of 
the MHD ducts. For MHD plasma generators the 
nonuniform Jy distribution in the Hartmann layers is 
primarily caused by the strong variation of the electrical 
conductivity and secondary by the nonuniformity of the 
velocity in the boundary layers. For MHD seawater 
thrusters, the electrical conductivity is uniform. Therefore, 
the nonuniformities of Jy in the sidewall boundary layers are 
caused primarily by the nonuniformities of the velocity in 
those layers.

As a result of such velocity nonunifomtities, nonuniform 
distribution of the skin friction exist along the duct walls. 
The friction coefficient is higher on the sidewalls for both 
applications but with a distinct difference for the generator 
case.
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