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MAGNETICALLY CONTROLLED 
DEPOSITION OF METALS 

USING 
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Quarterly Progress Report 
April - June 1997 

This document reports the status of grant DE-FE07-93ID3220 for the April - June 1997 quarter. 

The objective of the grant is to develop a method of spraying materials on a substrate in a 
controlled manner to eliminate the waste inherent in present plating processes. The process under 
consideration is magnetically controlled plasma spraying. 

As noted in the last several quarterly reports, the project is no longer on schedule. Dificulties 
with modeling compressible flow caused a slip in the schedule. The milestone “Code 
Development,” dated January 1996 was completed in the last period. The final milestone to 
validate and verify the computer code is now complete, six months late. What remains is to run 
two calculations that generate velocity, temperature, and density fields with and without 
constraining magnetic fields. The fields will be used by a separate program to determine the effect 
of the magnetic field on the deposition of the coating material on a substrate. 

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 July-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 complete. The basic 
numerical techniques were reported in the October-December 1995 progress report, and code 
development and verification are underway is complete. A parallel effort to evaluate an improved 
numerical technique, the Integra1 Element Method (EM), 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 ASiME Benchmark problem that has been used to verify the addition of 
heat transfer, the energy equation, to the code. 
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Compressibility has been added to the current code, and preliminary solution of a fluid j et 
problem was presented in the October-December 1995 report that is similar to the final 
configuration that must be analyzed. This case is used to validate and verify the code. 
Difficulties with the boundary conditions were 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 reduced the calculation difficulties 
encountered with compressible flow, was evaluated in the first quarter of 1997. 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 team's attention was returned to the full formulation of the 
conservation equations, and results for a free jet and a stagnating jet were presented. 

Work last 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 were included with the second quarterly report in 1997. 

The effort this quarter focused on running the actual plasma spray model on the finite element 
code, and developing a stand alone code (SPRAY.for) that will be used to calculated the trajectory 
of the particles used for plating the substrate. 

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" which is waste that is a result of 
uncontrolled nature of the spray stream. In many cases the over spray produces a hazardous 
waste. 

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 andlor 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 mayetic 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. 
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Simulation Results 

The process of calculating the velocity, temperature, and density fields for a magnetically 
constrained and an unconstrained plasma jet are underway. A calculation with the unconstrained 
plasma jet at the correct Reynolds number for incompressible flow has been completed. The 
resulting velocity fields are shown in Figures 1 and 2 of Attachment 1. Figure 1 is a plot of the 
entire calculational domain, and Figure 2 is a expanded plot of the velocities at the exit of the 
Plasma Torch and including the substrate. This is a very large calculation with 193 1 nodes and 
over 912 six node triangular elements. Calculation times are very long. 

These velocity fields from these calculations will be used as initial conditions for additional 
calculations of thermodynamic properties approximating the actual plasma flow. The 
incompressible results will then be used as initial conditions for a compressible calculation. 

Particle Program 

A stand alone computer code has been developed and verified that will allow tracking of particles 
from the exit of the plasma torch to the substrate. The code requires the velocity and temperature 
fields being calculated with the finite element code as input. The code, SPRAY.for, was coded in 
Lahey Fortran 77 and is approximately 1000 lines of code in length. A description of the input is 
attached to this report in Attachment 2. 

The code uses particle size and injection velocity data from tests performed by Dr. James Fincke 
at INEEL.’ The particle density was provided by Praxair.2 The code uses velocity and 
temperature field data to calculate particle drag, and it follows each particle until it reaches the 
plane of the substrate. A histogram of particle impact locations is output. 

Status 

The finite element code used to calculate the plasma torch jet is complete, and the calculation of 
flow fields, both unconstrained and constrained by external magnetic fields, are in process. 

A stand alone code to calculate the trajectory of the injected particles has been coded and check 
out is complete. 
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Attachment 1 

April - June 1997 
Quarterly Progress Report 
Grant DE-FE07-93ID3220 

PROJECT MILESTONES AND FIGURES 

PROJECT MILESTONES 

2. 
3.  

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 
Evaluate numerical techniques July 1995 Complete 
Generate computer code and solve equations numerically. 
a. Code Development January 1996 Complete 
b. Code Verification Feb. 1997 Complete 
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Figure 1. Velocity Vector Plot, Plasma Torch, entire computational domain 
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Figure 2. Velocity Vector Plot, Plasma Torch Jet and Substrate Region Only 
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Attachment 2 

April - June 1997 
Quarterly Progress Report 
Grant DE-FE07-93ID3220 

COMPUTER PROGRAM 
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PROGRAM SPRAY 

Spray is a digital computer program coded in Lahey Fortran 77 that is designed to track particles 
injected in the output stream of a plasma torch. 

A velocity, temperature and density field is obtained as the output of a companion numerical 
approximation code for the flow, temperature and density fields of the plasma torch. Input 
particles are tracked one at a time through the velocity filed until they impact a substrate. A 
histogram of the impact location of the particles on the substrate is generated. 

There are four input files required: 
Spray.dat - Case data 
Ve1.msh 
Visoc .dat - Table of Viscosity vs. Temperature 
Cdrag.dat - Table of Drag Coefficient vs Reynolds Sumber 

Velocity, Temperature & Density Field Data 

All data is input in free format, Le. values on a line are separated by a space. 

CASE DATA - Spray.dat 

Line #1 
Line $2 

Line $3 

Mrho 

Dei 
xmax 

Title - up to 80 characters of alpha numeric data 
Noprtcl 
Delr 
rmax 
!32 Acceleration due to gravity 

Number of Particles in this case 
The interval of the histogram of particles on the substrate 
The radius of the substrate (or 1/2 the height if rectangular) 

32.2 ft/sec? English and British System 
9.81 m/sec2 SI 

Gravitational Constant 
English System 32.2 (ft*lbm) / (IbPsec2 ) 
British System 1.0 (ft*slug) / ( I b P  sec' ) 
SI 1.0 (m*kg) / (K * sec ) 

Density of the materials that make up the particle 
The x (r) location of the substrate 
fraction of the element major distance that will be used to calculate 
the time step. 

VELOCITY FIELD DATA - Vel.msh 

line #1 
line #2 
line #3 

Title - up to 80 characters of alpha numeric data 
nnl Number of nodes 
nn2 Number of elements 



Next nnl lines j Node number 
G(L0 x ( 4  
G(2j 1 Y ( 9  
U(l7.i) 
U(27.i) 
Phi@ Temperature 
rho(j) Density 

ICONY(j, 1-9) Nodes in element j - program expects a six node 

x (z) component of velocity 
y (r) component of velocity 

Next nn2 lines j Element number 

triangular element. Last three nodes are dummies. 

Table of Viscosity verses Temperature at Constant Pressure - visoc.dat 

Table of viscosity verses temperature. Program assumes that the temperature values are input 
with a constant grid size i.e. 500, 600, 700, etc. Where the delta temperature in this case is 100 
Constants are also provided for extrapolation off the bottom or the top of the table. The 
constants are in the form, p = constl * (Temperature) + const2 for the iower end of the table and 
p = consG*(Temperature) + const4 for the top. 

Line #1 Nopts 
Line#2 Tmin 

Tmax 
DelT 

Line #3 Constl 
Const2 
Const3 
Const4 

Next nopts lines T 

Number of points in the table 
Minimum Temperature in the table 
Maximum Temperature in the table 
Constant Temperature in the table 
constant used in extrapolation - defined above 
constant used in extrapolation - defined above 
constant used in extrapolation - defined above 
constant used in extrapolation - defined above 
Temperature 

Table of Drag Coefficient vs Reynolds Number 

The program converts both the ordinate and the abscissa to base 10 logs and linearly extrapolates 
between the log values. 

Line# 1 nCdPts Number of points in the table 
Line#2 ReTable(j) j~ Reynolds Number 

CdTable(j) j' Drag Coefficient 

NOTE: Re = ( V D) / p 

Forcedrag = Cd ( V2 ) / (2%) Area 

Where: V is the particle velocity relative to the flow field 
and D is the particle diameter. 


