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MAGNETICALLY CONTROLLED 
DEPOSITION OF METALS 

USING 
GAS PLASMA 

QuarterIy Progress Report 
January -March, 1997 

This document reports the status of grant DE-FE07-93D>220 for the January-March, 1997 
quarter. 

The objective of the grant is to develop a method of spraying materials on a subsuate in a 
controlled manner to eliminate the waste inherent in present plating processes. The process under 
consideration is magnetically controlled plasma spraying. 
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The project is no longer on sched ; l s ’ cu l t i e s  with modeling compressible flow have caused a 
slip in the schedule. The milestone “Code Development”, dated January 1996 was completed in 
thispenod. Mu-ch of the work need to meet the final milestone to validate and verifi the code has 

six months &E&ult in been completed, and $$ cost extension of the project of 
successfbl completion of the project. 
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The field equations have been developed and were reported in the April-June 1994 Progress 
Report. The equations for the external magnetic field were reported in the JuIy-September 1994 
progress report. 

The field equations have been cast in a format that allows solution using Finite Element (FE) 
techniques. The development of the computer code that will allow evaluation of the proposed 
technique and design of an experiment to prove the proposed process is underway. The basic 
numerical techniques were reported in the October-December 1995 progress report, and code 
development and verification are underway (see Attachment 1). A parallel effort to evaluate a 
improved numerical techniques, the Integral Element Method (IEMj, has been discontinued due to 
difficulties encountered with the compressible equation set. 

The April-June 1995 report presents results of two of the “standard problems I’ that are being 
used to validate and verify the fluid portion of the code. The July-September 1995 status report 
presented the results of an ASME Benchmark problem that has been used to verify the addition of 
heat transfer, the energy equation, to the code. 

Compressibility has been added to the current code. and preliminary solution of a fluid jet  
problem was presented in the October-December I995 report that is similar to the final 
configuration that must be analyzed. This case is was used to validate and verify the code. 



Difficulties with the boundary conditions had been encountered and have been solved. Work in the 
July-September 1996 quarter was centered on performing validation and verification runs on the 
compressible fluid solution. Temperature induced buoyancy calculations are complete. Testing of 
the combined conservation of mass and momentum, conservation of energy, and the ideal gas law 
has been tested for the constant pressure, heat addition problem. 

The assumption of constant pressure, which could have greatly reduce the calculation difficulties 
encountered with compressible flow, was evaluated last quarter. The assumption of constant 
pressure is a typical assumption for calculations involving fluid jets. This simplified formulation 
was found to be unacceptable for the final problem since a stagnation point exists on the substrate 
that causes a sizable increase in pressure at that point and invalidates the constant pressure 
assumption. The research teams attention was returned to the fill formulation of the conservation 
equations, and results for a free jet and a stagnating jet were presented. 
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Work this quarter was centered on validating the magnetic field equation and developing the mesh 
for the final plasma torch flow problem. Results of a test problem used to validate the magnetic 
calculation are included in this report. 

Background 

Thin layers of secondary material are plated on substrates either by plating or spraying processes. 
Plating operations produce large amounts of hazardous liquid waste. Spraying, while one of the 
less waste intensive methods, produces "over spray," or waste that is a result of uncontrolled 
nature of the spray stream. In many cases the over spray may produce a hazardous waste, 
requiring special processing. 

Spray coating is a mature process with many uses. Material can be deposited utilizing spraying 
technology in three basic ways: "Flame spraying", direct spraying of molten metals and/or plasma 
spraying. This project is directed at controlling the plasma spraying process and thereby 
minimizing the waste generated in that process. The proposed process will utilize a standard 
plasma spray gun with the addition of magnetic fields to focus and control the plasma. 

In order to keep development cost at a minimum, the project was organized in phases. The first 
and current phase involves developing an analytical model that will prove the concept and be used 
to design a prototype. Analyzing the process and using the analysis has the potential to generate 
significant hardware cost savings. 

Model Checkout 

Check out of the model continued this quarter. The final set of equations, the magnetic field 
equations were added to the compressible fluid model and the model was validated. Reference 1, 
Magnetogasdynamics and Plasma Dynamics, by Shih-I Pai is a series of lectures delivered by 
Professor Pai at the Institut fiir Theoretische Gasdynamik ind Aachen, Germany. Results 
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contained in the reference were used to verify and validate the code. Professor Pai provides a 
simplified equation set that he solves exactly for a free jet and Couette flow with magnetic forces 
applied. The equation set we are using was simplified using the same assumptions. The 
simplified equation set agreed exactly with the equation set developed by Professor Pai. 

Our model was validated by comparing results from the Finite Element code with the exact 
solution obtained by Professor Pai for Couette Flow. The solution was compared for two 
different values of the Harmann number. The Hartmann number is defined as: 

R, = SQRT ( 
Where: 

& % ) = SQRT ( magnetic forces / viscous forces ) 

R, is the Reynolds number 
RH is the magnetic pressure number, and 
Ro is the magnetic Reynolds number. 

The Couette flow problem used here consists of two parallel infinite plates located at +y and -y. y 
is non-dimensional distance normalized to L, where the plates are 2 L apart. The boundary 
conditions consisted of a fixed velocity at the plates of +U and -U and a vertical magnetic flux 
density described by the dimensionless Hartmann number. Hartmann numbers of 2 and 4 were 
calculated for Couette flow, and the results are shown in Figures 1 through 4. 

Figures 1 and 3 displays plots of the non-dimensional velocity in the x or horizontal direction for 
Harmann numbers of 2 and 4 respectively. The case was run using on the Finite Element program 
using both 6 node triangle and 9 node quadrilateral elements. Series 1,2 and 3 are the exact 
solution, the triangular elements, and quadrilateral elements respectively. Figures 2 and 4 are plots 
of the Magnetic Flux Density in the x direction. Again series 1,2 and 3 are the exact solution, the 
trianplar elements, and quadrilateral elements respectively. The finite element code results 
compared favorably with the exact solution. 

The finite element mesh for the plasma torch jet has been developed and calculations of the plasma 
flow for the base conditions have commenced. There are no result of that calculation to report at 
this time, 

lfL+ c 
Status 

The milestone associated with completing the coding in January is now complete (Attachment 1). 
The final milestone scheduled for February will be completed by the June conclusion of the grant. 



Attached is a list of the milestones from the grant updated to be consistent with the FY 1994 
project start. The expected completion date of the last milestones is included on this attachment. 

Reference 

1. Pai, Shih-& “Magnetogasdynamics and Plasma Dynamics,” Springer-VerlagNienna, 1962 
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Attachment 1 
January-March 1997 
Status Report 
Grant DE-FE07-93ID3220 

Phase I: 
1. Formulate Equations. 

a. Complete Literature Search. April 1994 Complete 
b. Evaluate coupled MHD-Fluid dynamic equations set. April 1995 Complete 
c. Perform scoping calculations. April 1995 Complete 

2. Evaluate numerical techniques July 1995 Complete 
3, Generate computer code and solve equations numerically. 

a. Code Development January 1996 Complete 
b. Code Verification Feb. 1997 Expected 6i97 
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Figure 1, Couette Flow - with a Vertical Magnetic Field 
Horizontal Velocity vs Distance Between the Plates 

Series 1 - exact solution 
Series 2 - fe solution w/trianglar elements 
Series 3 - fe solution w/quadrilateral elements 



Couette Flow -Rh=2 
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Figure 2 Couette Flow - with a Vertical Magnetic Field 
Magnetic Flux Density vs Distance Between the Plates 

Series 1 - exact solution 
Series 2 - fe solution w/trianplar elements 
Series 3 - fe solution wlquadrilateral elements 



Couette Flow - Rh=4 
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Figure 3 Couette Flow - with a Vertical Magnetic Field 
Horizontal Velocity vs Distance Between the Plates 

Series 1 - exact solution 
Series 2 - fe solution w/trianplar elements 
Series 3 - fe solution w/quadrilateral elements 



Couette Flow Rh=4 
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Figure 1 Couette Flow - with a Vertical Magnetic Field 
Maperic Flux Density vs Distance Between the Plates 

Series 1 - exact solution 
Series 2 - fe solution wltriangular elements 
Series 3 - fe solution w/quadrilateral elements 
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