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Abstract 

This document reports the results of DOE grant DE-FEO7-93ID3220 to the University of Idaho. 
The subject grant is the first phase of a project that has the objective to develop a method of 
spraying materials on a substrate in a controlled manner to eliminate the waste and hazardous 
material generation inherent in present plating processes. The project is considering pIasma 
spraying of metal on a substrate using magneto-hydrodynamics to control the plasmdmetal 
S t r e a m .  

The process being developed is considering the use of commercially available plasma torches to 
generate the plasmdmetal stream. The plasma stream is columated and directed using magnetic 
forces to the extent required for precise control of the deposition material. The plating process 
may be accomplished without waste and without generating hazardous waste. 

The project will be completed in phases. Phase one of the project, the subject of this grant, is the 
development of an analytical model that can be used to determine the feasibility of the process and 
to design a laboratory scale demonstration unit. The results of this phase of the project will 
provide clear data to demonstrate the theoretical feasibility of building and testing a laboratory 
demonstration unit. The contracted time is complete, and the research is still continuing. This 
report provides the results obtained to date. As the model and calculations are completed those 
results will also be provided. 

This report contains the results of the computer code that have been completed to date. Results 
from a ASME Benchmark problem, flow over a backward step with heat transfer, Couette flow 
with magnetic forces, free jet flow are presented along with several other check calculations that 
are representative of the cases that were calculated in the corse of the development process. 

The final cases that define a velocity field in the exit of a plasma spray torch with and without a 
magnetic field are in process. A separate program (SPRAY) has been developed that can track 
the plating material to the substrate and describe the distribution of the material on the substrate. 
When the jet calculations are complete SPRAY will be used to compare the distribution of 
material on the substrate with and without the effect of the magnetic focus. 
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MAGNETICALLY CONTROLLED 
DEPOSFTION OF METALS 

USING 
GAS PLASMA 

Grant Final Report 

Summary 
This document reports the results of DOE grant DE-FEO7-93ID3220 to the University of Idaho.. 
The subject grant is the first phase of a project that has the objective to develop a method of 
spraying materials on a substrate in a controlled manner to eliminate the waste and hazardous 
material generation inherent in present plating processes. The project is considering plasma 
spraying of metal OR a substrate using magneto-hydrodynamics to control the plasmdmetal 
stream. 

The process being developed is considering the use of commercially available plasma torches to 
generate the plasmdmetal stream. The plasma stream is columated and directed using magnetic 
forces to the extent required for precise control of the deposition material. The plating process 
may be accomplished without waste and without generating hazardous waste. 

The project will be completed in phases. Phase one of the project, the subject of this grant, is the 
development of an analytical model that can be used to determine the feasibility of the process and 
to design a laboratory scale demonstration unit. The results of this phase of the project will 
provide clear data to demonstrate the theoretical feasibility of buildmg and testing a laboratory 
demonstration unit. The contacted time is complete, and the research is stiU continuing. This 
report provides the results obtained to date. As the model and calculations are completed those 
results will also be provided. 

The work is being performed by two graduate students at the University of Idaho under the 
directions of Professors E. C. Lemon  and D. Woodall. 

Background 

Material Coating Process 
Thin layers of secondary material are plated on substrates either by plating or spraying processes. 
Plating operations produce large amounts of hazardous liquid wastes. Spraying, while one of the 
less waste intensive methods, produces "over spray" which is waste that is a result of the 
uncontrolied 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 
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technology in three basic ways: "flame spraying;" direct spraying of molten metals; andor plasma 
spraying, This project is directed at controlling the plasma spraying process and thereby 
minimizing the waste generated in that process. Examples of spraying applications that may 
benefit substantially fiom this technology are: 

0 Preparing printed circuit boards: particularly replacing the etching process that is 
widely used now. 
Tinning circuit boards with lead in preparation for soldering components. 0 

Reference 1 indicates there are many current applications of spraying technology that can benefit 
&om a controlled spraying scheme. They include: 

0 Titanium coating on bio-implants 
0 

0 

Wear-tolerant ceramic thermal barriers using partially stabilized zirconia (PSZ), 
Alumina & alumina-titania wear resistant-coatings, 

0 ceramic superconductor manufacture using Hollow Spherical Powders 

Figure 1 is a schematic of a plasma 
torch typical of the type being used in 
current spray coating work. Recent 
measurements indicate that radial 
diflksion and mixing of the plasma 
spray are considerable. Complete 
mixing with the background gas 
occurs in approximate 4 cm 
(Reference 2). Laboratory 
measurements also indicate that the 
sprayed material is cooled down to a 
temperature very close to the melting point within approximately 7.5 cm. from the exhaust of the 
plasma gun as a result of this d h i o n  (Reference 3). 

Figure 1, Schematic of a Plasma 
Spraying Device 

The proposed process will utilize a 
standard plasma spray torch, with the 
addition of magnetic fields to focus 
and control the plasma.& is 
anticipated that one can thereby 
control the sprayed material which is 
swept along with the plasma as a 
result of drag on the particles. 

Figure 2 is a schematic of one 
candidate system that will be 
evaluated in the course of the project. 
the first series of coils provides a 

I CoatingMaterial & I 

GeS 

tnlet V 

One set of coils bcus 
the plasma. 

Figure 2, Schematic of possible contiguration 
for a magnetically controlled plasma 
spraying device. 
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magnetic field that is nearly parallel to the direction of flow. This field is used to columate the 
plasma (and coating material) which results in a focused stream. The down stream coils produce 
a deflecting magnetic field that applies force that can be used to direct the flow onto the target 
substrate. 

Developmental Approach 
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. 

The numerical technique chosen was Finite Elements (FE), Method of Weighted Residuals 
(MWR), using the Galerkin approach. Several distinct advantages of the finite element scheme 
such as natural boundary conditions and the use of lower order equations led to the decision to 
use finite elements. 

Project Background 
The project was first proposed to the Department of Energy in mid 1992. The Department of 
Energy submitted the proposal to a peer review by experts in the field from industry, national 
laboratories and academia involved in magnetohydrodynamics, aerosol physics, spray forming and 
high temperature gasdynamics. The review was completed in October 1992, and that time the 
DOE invited a formal application for a grant4. A formal proposal was submitted to DOE in 
November 1992. The grant was eventually approved, and work was begun in December 1994. 

Approach 
The project was conceived in phases which allow for analytical validation of the process prior to 
expenditure of h d s  for hardware. The objective of this grant was the development of an 
analytical model which would permit analytical investigation of the process. The model can then 
be used to design a proof of principal experiment. The milestones for the project are included in 
Appendix A. 

The computer code has been developed. It has been verified as it was being developed. The 
process consisted of solving the fluid equations, and then throughly testing that portion of the 
code with check cases. Then the energy equation was added, and it was verified. Finally the 
magnetic equations were added. The verification of the two-dimensional magnetic equations 
coupled to the full set of fluid equations are still underway. 

Project Feasibility and Bounding Calculations 
The plasma is an electrostatically neutral fluid and the mobility of the fiee electrons prevent the 
establishment of internal electric fields. The electron motion in a magnetic field (near boundaries) 
consist of spiral paths along field lines called Lannor orbits. This behavior provides the body 
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force term in the momentum equation and allows the magnetic fieId to exert pressure on the 
plasma. 

Laboratory measurements have shown (reference 5 )  that a typical commercial subsonic plasma 
gun has exit conditions of approximately 12,600 K and 1100 meterdsec. Calculations based on 
these conditions indicate that a typical Argon gas plasma is singly ionized, and that the average 
kinetic energy of the particles is about 1 .O ev. 

It is  possible to balance the thermodynamic pressure of the plasma with the force resulting from a 
magnetic field. The magnetic pressure required to balance the thermodynamic pressure, i-e. 
prevent expansion of the plasma stream, is approximately 40 Wa. The magnetic pressure can be 
provided by a magnetic field of about 1 Tesla. Our preliminary bounding calculations indicate 
that the process is feasible and will not require any extraordinary equipment to implement. 

Computational Modeling of the Process 
A computational model of the proposed process has been developed to aid understanding of the 
process. The model will be used to perform a p i n g  studies of various design options and to 
support the design of a prototype system. The model will be used to evaluate the effect of 
several different magnetic field configurations, geometry, different gases, and spray material 
particle size. The model wilI provide design data such as required power and sizing of 
components. 

The computational strategy involved solving the coupled fluid dynamics and magnetic equations 
(magneto-hydrodynamic or MHD) for the plasma, and then to superimpose the path of the plating 
material particles in the fluid stream. The basic equation set for the plasma flow will be solved 
numerically using a finite element scheme that is descriied later in this report. 

There are eight primary variables associated with the analytical solution of magneto- 
hydrodynamics equations. The three components ofthe velocity vector, v and the magnetic flux 
density vector, B, and the scalar components, temperature, Q, and density, p. The eight variables 
thus are: 

The radial component of the velocity vector, 
The angular component of the velocity vector, 
The axial component of the velocity vector, 
The radial component of the magnetic flux density vector, 
The angular component of the magnetic ff ux density vector, 
The axial component of the magnetic flux density vector, 

Vr 
Ve 
vz 
B, 
B, 
B, 
@ The temperature, and 
P The plasma fluid density. 
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There must then be eight equations solved simultaneously to provide a unique solution. There are 
a number of other material properties, like thermal conductivity, thermodynamic pressure, etc. 
that must also be obtained. In each case, however, there is an available constitutive relationship 
that can be used to determine these variables. 

The field equations that must be solved are: 
0 

0 

Conservation of energy - a scalar equation 
Conservation of momentum - a vector equation, i.e. three scalar equations 
Conservation of mass - a scalar equation, and 
The magnetic field equation - a vector equation, Le. three scalar equations. 

0 

0 

The Conservation of Mass Differential Equation 
The conservation of mass equation in vector form is: 

dp+v.pv = 0 
at 

Where: 

p is fluid density 
t istime 
v is the vector velocity 
- 

The Conservation of Momentum Differential Equation 
Conservation of momentum is a vector equation that contains three components, and hence 
represents three equations: 

- & - - -  - 
at p (-+ v*V v)=V-T + pb 

Where: 
T 
p b 

is the stress Tensor ( a tensor is represented in the equation with an under bar), 
is the body force term. Gravity is being neglected, and the only body force 
remaining is that which results from the magnetic field acting on the plasma. 
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This magnetic field generated force is described by: 

1 
PO 

pb = --[@xB)xB] (3) 

p,, 
B 

is the magnetic permitivity, a constant, and 
is the magnetic ~ILIX density vector, represented with an over bar in the equation. 

The Conservation of Energy Differential Equation 
Conservation of energy is a scalar equation: 

Where: 
U 
D 

is internal energy, 
is the rate of deformation tensor. The tensor contraction of T and D represents 
the compression work performed on or by the fluid. This term is very small and 
will be neglected for most calculations, 

is the internal heat generation term. 
q“ is heat flux, and 
q“‘ 

Making use of the definition of enthalpy, h=u+p/p and utilizing C,=dh/dT the energy equation 
can be combined with conservation of mass to form: 

Where: 
4 is temperature, and 

is the specific heat at constant pressure CP 

This development also assumes that the compression work and the energy generated as a result of 
viscous effects is small compared with convection and advection. 

The Magnetic Field Differential Equation 
The magnetic field is represented by a combination of Faraday’s and Ohm’s Laws: 
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Where: 
0 Is the electric conductivity. In the case of a plasma which is not embedded in a 

strong external magnetic field, the conductivity is a scalar. More complex 
magnetic field configurations require a tensor conductivity, but initial computations 
will be made with a scalar conductivity. The effect of tensor conductivity will be 
evaluated later. 

Vector manipulation of the right hand side of this equation provides a form that will be used in the 
numerical analysis: 

_ -  1 -  -V x @xB) + vx(vxB) aE 
at UPLO 

-= - (7) 

Where the variables in the equation are the same as those shown above. 

The Numerical Formulation and Solution Technique 
A computer code was developed to solve equations (l), (2), (9, and (7) using Finite Element 
analysis. The code used the Method of Weighted Residuals and the Galerkin method. 

The finite element technique, method of weighed residuals recognizes that in any numerical 
technique the results are not exact, and ifthe difference form of equations (l), (2), (9, and (7) 
were rearranged so that all terms were moved to one side of the equality sign, the numerical 
technique will result in a residual, R, rather than exactly zero: 

dp - - Rmass = -+ V. PV 
at 
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The method of weighted residuals uses of a weighting factor, W, and requires that the integral of 
the weighing factor and the residual (one for each of the above equations, ( 8), (9), (lo), and (1 l), 
over the calculational domain be zero: 

/virW R dVol = 0 

Equations (€9, (9), (lo), and (1 1) can be recast in the method of weighted residuals integral, i.e. 
equation (12). Gauss’s divergence theorem is applied to the last three of these equations to 
provide “natural boundary” conditions as well as to reduce the order of the energy equation. 
Additionally two constitutive equations are introduced, Fourier’s Law, equation (13), and a 
Newtonian fluid with Stokes condition, equation (14) : 

- 
q = - kV+ 

2 -- I-- 
T = - -p @.v) I + 2p(-~V i- -Vv)-PJ 

3 2 2 - 

Where: 
k 
CI 

is the therm& conductivity, and 
is the viscosity. 

The resulting four field equations are then cast in matrix notation which is convenient for coding 
in a computer model: 

’ a3 1 - -  
vol & 0po 
w- + -[@xB) - @W)]* - fw((Vx(V~B)]~dv~l = 0 

Where: pi; = g@xE)XE]T, - 
Tn is the surface shear ,and 
qn is input heat flux. 
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The superscript, T, is used to denote the transpose of a vector. 

The plasma spray problem is axisymmetric in nature and as such can be treated and solved in two 
dimensions as a &st approximation. Three-dimensional effects will be evaluated later. While 
equations (1 5), (1 6), (1 7), and (1 8) were simplified into two dimensions in both cartesian and 
cyhdrical coordinates, only the cylindrical solution is presented here. The axis of symmetry (2) is 
chosen as the center line of the plasma spray gun. The equation set now consists of six equations. 
Two scalar field equations, conservation of mass and conservation of energy, two vector field 
equations, conservation of momentum and the rate change of magnetic flux density. 

Conservation of Mass 

av 8% aP dP (19) 
+ W p ( r 2  + v,) + Wpr- + Wmr- + Wrv,-] dArea = C 

at i3r az dr az 

Conservation of Momentum 

Axial Component 

where: 

[LWrT"zdL = 0 
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Radial Component 

- Wrtn,&ine = 0 f,, 
where: 

Conservation of Energy 

kr-- aw "1 darea - lGeWr qn dLine = 0 
a Z  az 

Magnetic Flux Density 

Axial Component 

Radial Component 

r af3, aB, aw a 
az 

-)- - Wr--(vzBr) - Wv,.Br]darea = 0 I- .[w'st+~ (- - ar aZ 

Discretization 
Two types of spatial elements are being used in the computer simulation, triangle and 
quadrilaterals. The triangular element contains 6-nodes, and the quadrilateral contains 9. 

In equations (19) through (26), the S i  field equations contain six variables: v, v, p, @, B, and 
B,. AU of the variables are evaluated at each node in the element with the exception p which is 
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evaluated only at the corner nodes (see Figure 3.) The value of each variable in the element is 
determined combining the value of that variable at the node using the "shape fbnction": 

rm 
u = cNi(r,z) ui 

i=l  

Where: 
u 

Ni is the shape function 
ui . 

M 

is any of the variables, i.e. v,v,p,~,B, and Br, 

is the value of the variable u at node i, and 
is the number of nodes in the element 

The shape hctions (or interpolation finctions) and the weighing factor described in equation 
(12) must be such that the (k-1)* derivative is continuous where k is the order of differentiation of 
governing differential equations. Our use of the Gauss's theorem reduced the order of the field 
equations so that only the first derivative of the shape fbnction must be continuous: 

and 

The Galerkin 
approximation sets the 
Weighing Factor (W in 
Equation 12) and the 
shape hc t ion  (Ni in 
equation 27) to the same 
function. 

The bite element method 
is a integral method based 
on a computational 
process which is typically 
composed of quadrilateral 
and triangular elements 
with either straight or 
curved sides. We have 
chosen to use straight 
sided elements for both 

t 

Linear S i  
Triangular Oment 

lsoparnmetric 
Quadrilateral element 

Velocities, 
Temperature, and 

Magnetic flux demty 

oemity 

1 I 

Figure 3, Nodal arrangement used for various elements and 
variables 
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the triangular and quadrilateral elements with linear shape functions for the triangles and 
isoparametric shape functions for the quadrilaterals. 

Velocities, temperature, and magnetic ffwr density are evaluated using either 6-node triangular 
elements or 9-node quadrilateral elements. Density is evaluated using either 3-node triangular 
elements or 4-node quadrilaterals. It is necessary to use mixed interpolation for the NaVier- 
Stokes equation since equal order interpolation for velocity and pressure (density in our case) 
causes a singular (and unsolvable) set of equations (Reference 6). 

The 6- and 9-node shape fbnctions are denoted in further development by N, and the 4- and 3- 
node shape functions are denoted by M. 

Casting the equations in terms of each element and summing each element’s contribution results in 
equations (30) through (33). The appropriate change of nomenclature has been 
made, with the subscript i referring to a shape factor and j to the weighing factor. 

Discretized Conservation of Mass 

rm dM. 
i= 1 k=1 i=l dr 

nrl m 
+ ( c N i r i c  Nkv*)c --’pi)]dz dr = 0 

Discretized Conservation of Momentum 

Axial (2) 
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Radial (r) 

&I." dNi (33) nn m M nn aNi 
+ (E NKvk)C ---Oil - N j E  Niri c Nkq,N/ + k x  N i r i ( A x  -Oi 

k=l  i=l at. i= 1 k=l  i= 1 dz i=1 r3z 
dNj dNi nn 

+ --E --4i)] dz dr + N j C  Nir i (E  q,)d line = 0 
Nk ar i=I  c?r line i = l  

Discretized Magnetic FIux Density 

Axial (z) 
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Radial (r) 

Where: 
ne 
nn 
nnn 

is the number of elements in the calculation domain 
is the number of nodes in an element (9 for a quadrilateral or 6 for a triangle) 
is the number of nodes in an element (4 for a quadrilateral of 3 for a triangle) 

Ifthe time dependent terms are eliminated i.e. a steady state solution for the field equation set, 
equations (30), (3 l), (32), (33), (34), and (35) can be expressed as: 

Where: 
C 
U 
b is a vector 
P 
9 

is a matrix of coefficients 
is a vector consisting of all the independent variables 

is 1,2,3 ,......- number of independent variables, and 
is 1,2,3, .__.__. number of independent variabIes. 

The C matrix is a collection of all of the variable coefficients, u is the vector containing all of the 
independent variables. The number of independent variables per node is either 6 for the comer 
nodes or 5 for the interior nodes. The total number of independent variables is then the number of 
nodes multiplied by the number of variables to be evaluated at that node. 

The calculation process in the f e  element code involves proceeding, one element at a time and 
coltecting the contributions to the coefficient for each node, and in this way to constructing the 
entire C matrix and b vector. 

The contriiution to the variables in one element is represented by the Matrix C such that: 
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ne 
(37) 

m R E :  
‘1 1 ‘1 2 ‘1 3 ‘1 4 ‘1 5 ‘1 6 

‘2 1 ‘2 2 ‘2 3 ‘2 4 ‘2 5 ‘2 6 

ne 

[UJ = [Ujlk = 
k= 1 

‘ 5  1 ‘ 5  2 ‘S 3 ‘S 4 ‘ 5  5 ‘S 6 I ‘6 1 ‘6 2 ‘6 3 ‘6 4 ‘6  5 ‘6 6 

The contributions, i.e. Cis and bj’s are shown in Appendix C. The C matrix and the b vector are 
constructed by collecting the contributions fiom one element at a time. The resultant matrices 
contain each of the variables for each calculational location. The u vector contains the 
independent variables for which we seek a solution. In a given element the u vector is: 

Numerical Integration 
The contributions to the C matrix as present in Appendix C are integral equations. The 
integration of these contributions is carried out in two different ways. Contributions from 
quadrilateral elements are integrated using Gaussian Quadrature. The contribution from 
triangular elements is obtained using a closed form technique. 

The Gaussian Quadrature method is a highly accurate numerical approximation that involves 
transforming the problem into a normalized curvilinear coordinates, and summing weighted values 
of a bction for specific points. In two dimensions the bc t ion  F(E,q) for a Gaussian Quadrature 
is: 
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1 1  nE nn 

0 5 Wi(Q 51 and 0 5 W j ( ~ )  5 1 

Where the W’s are the weights at the Gauss points and nE and nq are the number of Gauss points 
in the intervals -1 5 
Quadriture provides an exact integration with (n+1)/2 Gauss points. The integration here uses 3 
Gauss points as shown in Table 1. 

+I and -1 5 q 5+1. For a polynomial fbnction of order m Gauss 

T 

Location of Gauss Points Weights 

-( 0. 6)”2 519 

(0.6)In 519 

0 8/9 

TABLE 1. Location of points and weights used in Gaussian Quadrature 

The use of Gaussian 
Quadrature requires 
transformation of the 
elements fiom the physical 
coordinate system to a 
normalized computational 
coordinate system i.e. fkom 
r7z to t,q. (Figure 4) 

The derivatives must also be 
converted to this 
computational space. The 
process involves using the 
chain rule to obtain the 

Figure 4, The elements are transformed fkom the r-z system to 
the computational coordinate system. 

derivative of the shape factor in the new computational space and generating a matrix that is used 
to accomplish this transformation. The resulting transformation matrix is called the Jacobean: 
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Where J is used to si@ the Jacobean. It is also necessary to convert back to the physical 
coordinate system from the computational system. This is accomplished by utilizing the inverse of 
the Jacobean, J-'. 

The interpolation or shape functions for r and z are defined as: 

nn m 

z = E N i  zi r = E N i  ri 
i= 1 i= 1 

AND 

nn is the number of nodes in the element being considered. The Jacobean is then obtained using 
(46), (47), and (48) as: 

i=  1 
J =  

E 
i= 1 

aNi nn 

x z i  C i= I 

aNi 
at ri 
aNi 
aq 'i, 

- 

- 
(45) 
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Det J is the determinate of J. The area integral is also transformed using the determinate of J (dx 
dy = det J dc dq). Now all of the elements have been defined that allow the transformation of the 
integral equations that form the contributions to the coefficient matrix C, as shown in the 
following sample: 

+1+1 

dx dy = ss J-'  
-1-1 

Det J dq 

- 

(48) 

Using the same techniques the line integral that results from the application of the Gauss Theorem 
to produce natural boundary conditions is evaluated. Using F as an arbitrary lnction the 
conversion of the line integral becomes: 

Now all the equations are in a form that will allow the use of Gaussian Quadrature for integration. 

Integration of Triangular Elements 
It is possible to evaluate 
the integrals in the 1 Tria n g ula r E le rn e nts 

contribution equations that 
make up the coefficient 
matrix in closed form when 
the element is a triangle. 
Figure 5 shows both the 
three node triangle that is 
being used for density, and 

T h re e .no d e  s I the six triangular elements 
that are being used for 

Six nodes 

velocity, temperature, and 
magnetic flux density. Figure 5 ,  Triangular elements are either 3 or 6 nodes. 

Independent are variables represented by u which is a hc t ion  of the shape fbnction and the 
variable at the node point. Equation (50) is the equation for any of the independent variables for a 
3 node triangular element. 
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Where: 

3 
u = xNi(z,r) ui 

i= 1 

+ biz + cir Ni = 
2A 

and 
b, = r,- r3 
b, = r3- rl 
b3 = rl- r, 

c1 = %- 3 
c2 = zl- ~3 
cg = 3- z1 

A = (Area of the Element) = 1 5 r2 

z3 '3 

2 

The derivatives of Ni with respect to z and r can be obtained fiom (40): 

aZ 2~ 
and 

The integrals encountered in the computer code can be solved directly: 

Program Calculational Results 
A number of check cases were calculated as the code was being developed. This suite of check 
cases was chosen to exercise the code, and each case met the necessary condition that a solution 
was available for comparison. 
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Check Case 

Conduction Heat Transfer 
wlgeneration 

Gravity 

cowtte Flow 

ASME Backward Step Benchmark 

ASME Backward Step Benchmark 
with heat transfer 

Compressible flow Buoyancy 

Free Jet 

Couette Flow sit6 Magnetic 
Forces 

Portion of the Code 
Exercised 

Conservation of Energy - ffux and 
generation terms 

Conservation of Momentum 
Body force term 

Conservation of Momentum & 
Mass -rate of deformation and 
pressure terms 

Conservation of Momentum & 
Mass -rate of deformation and 
pressure terms 

Conservation of Momentum & 
Mass - rate of Momtion,  and 
pressure terms 

~ 

AU of the consemtion equations. 
~~~ ~~~~ 

All ofthe comenation equations 

All of the consenation equations 

Conservation ofhfomentum and 
Mass - Magnetic field equations 

I 

Table 2, List of check cases used to validate the computer code 

Comments 

~~~ 

Ran 2-D C ~ S S  in rectangular and 
axial geometry. Utilized both flux 
and constant vahre BCs 

Calculated cases without pressure 
effects, with positive pressure, and 
with pressure drop. 

nonlinear shear driven flow 

nonlinear flow problem used as a 
benchmark by ASME 

~~ ~ ~~ 

Exercised all of the equations, 
advection terms are important 

Heat surfaces caused a buoyancy 
force to drive flow 

Boundary conditions similar to the 
magnetic force problem of interest 

This case checked the addition of 
magnetic forces to the momentum 
equation, and the magnetic flux 
density equations. 

The results obtained for all of these check cases were included in the quarterly status reports 
during the research activities. The more interesting cases are included here. 

ASME Backward Step with Heat Transfer 
Figures 6 through 10 are results obtained for the ASME Benchmark Problem - Laminar Flow 
over a Backward Step with Heat transfer: 

Figure 6- 
Figure 7 - 
Figure 8 - 
Figure 9- 

Pressure Distn'bution along the Wall, 
Vertical Velocity at x distances of 3,7, 15, and 30, 
Horizontal Velocity at distances of 3, 12, 15, and 30, 
Temperature at distances of 3,7, and 15, 
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0 Figure 10.- Temperature at ~ 3 0 ,  and 
0 Figure 11- Temperature Distribution along the Wall. 

These plots were chosen to allow comparison with the results for the problem described in 
Reference 3. In all cases, comparisons were good. There were some differences that are 
consistent with the variation in mesh size from the reference problem and our checkout. 

ASME Backward Step wMeat Transfer 
Press. Distribution along the Walls 

0 5 10 15 20 25 30 
X-axis 

1-Bottom Wail-Top Wall I 
Figure 6 

ASME Backward Step w/Heat Transfer 
v-velocity 

0.02 

z-0.04 
>-0.06 

c > o  ’g -0.02 

-0.08 
-0.4 

h 
t .  

I . 1 . I . I .  

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 
Y-axis 
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Figure 7 
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ASME Backward Step wlHeat Transfer 
U - Velocity 

. .- I i 

-0.5! : : : : : ! :  : : : : I 
-0.6 -0.4 -0.2 0 

Y-axis 
0.2 0.4 0.6 

Figure 8 

ASME Backward Step whleat Transfer 
Tern preature 

2 ,  1 

- 3 !  : : : : : ! : : : ; : 1 
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 

y-axis 
-x=3 -cx=15 +x=7 

Figure 9 
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ASME Backward Step w/Heat Transfer 
Temperature at x=30 

1 I 

0 
3 -0.5 
Q1 

c 

E -1 
Q 

E -1.5 
I- 

-2 

-2.5 
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 

y-axis 

Figure 10 

ASME Backward Step w/Heat Transfer 
Temp. Distribution along the Wall 

“$//I 
-7 
0 5 10 15 20 25 30 

x-axis 

Figure 11 
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Compressible - Buoyancy 
This case represents a simple way to check the body force terms in the momentum equations as 
well as the conductive and advective terms in the energy equation. 

The problem consist of a closed infinitely long rhombus that is heated on the bottom and cooled 
on the top. The heating and cooling generate a density gradient that produces circulation (Figure 
12). In addition to the main circulation pattern that is centered in the middle of the square cross 
section, notice the smaller secondary circulation zones in the corners. 

Figure 12, Circulation in a box containing a 
compressible fluid, that is heated at the bottom and 
cooled at the top 

Free Jet 
A free jet is of interest because it provides a problem with boundary conditions similar to the 
plasma torch which is also a free jet. Pai (Reference 8) provides a semi-exact solution to the jet. 
Pai’s solution is based in the requirement for conservation of momentum at any ventricle plane. 
Pai was interested in modeling the exhaust of a jet engine, but with the forward velocity set to 
zero, this problem results in one that is similar to the plasma torch. Figure 13 is a plot of velocity 
vectors for a free jet problem. The results of this problem agree well with that cdculated by Pai. 
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Figure 13, A free jet - the jet is introduced at the lower left corner of the 
velocity field. 

The jet in this case is introduced into the flow field in the lower left corner. The fluid entrainment 
around the jet is evident along the left boundary of the flow field. 

Couette How w/Magnetic Forces 
Pai (Reference 9) is also the source of a check case to verifjr that the magnetic forces are handled 
correctly by the code, and that the magnetic flux density equation is approximated correctly. Dr. 
Pai generated a closed solution for couette flow with magnetic forces. In a charged fluid, the 
magnetic forces act very similarly to pressure forces. The couette flow case is a classic, linear 
shear-driven flow-problem that has closed form solution. The results presented her include 
couette flow without magnetic forces, with accelerating magnetic forces, and with retarding 
magnetic forces. 

The Couette ffow problem used here consists of two parallel infinite plates located at +y and -y. 
Where y is non-dimensional distance, i.e. for y = y L  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 descri’bed by the Hartmann number. Hartmam numbers of 2 and 4 were calculated for 
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Couette flow, and the results are shown in Figures 14 through 17. 

Figures 14 and 16 are plots of the non-dimensional velocity in the x or horizontal direction for 
Hartman 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 42 and 3 are the exact 
solution, the triangular elements, and quadrilateral elements respectively. Figures 15 and 17 are 
plots of the Magnetic Flux Density in the x direction. Again series 42 and 3 are the exact 
solution, the triangular elements, and quadrilateral elements respectively. The numerical 
approximation, the finite element code results, compared very well with the exact solution. 

Couette Flow Rh=2 

1 

0.0 

0.6 

0.4 

0.2 

-0.2 

-0.4 

-0.6 

-0.8 

-1 
Y 

Figure 14, Couette Flow - with a Vertical Magnetic Field 
Horizontal Velocity vs Distance Between the Plates 

Series 1 - exact solution 
Series 2 - fe solution w/triangUlar elements 
Series 3 - fe solution w/quadrilateraI elements 
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Couette Flow - Rh=2 

0.8 , I 

P 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

n 
In 

E h  0 

Y Distace 

Figure 15 Couette Flow - with a Vertical Magnetic Field 
Magnetic Flux Density vs Distance Between the Plates 

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

Couette Flow -Rh=4 

b 

Figure 16 Couette Flow - with a Vertical Magnetic Field 
Horizontal Velocity vs Distance Between the Plates 

Series 1 - exact solution 
Series 2 - fe solution w/trianguIar elements 
Series 3 - fe solution wlquadrilaterd elements 
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Couette Flow Rh=4 
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Figure 17 Couette Flow - with a Vertical Magnetic Field 
Magnetic Flux Density vs Distance Between the Plates 

series I - exact &tion 
Series 2 - fe solution w/triangular elements 
Series 3 - fe solution w/quadrilateral elements 
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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 as Appendix B. 

The code uses particle size and injection velocity data from tests performed by Dr. James Fincke 
at INEEL' . The particle density was provided by Praxai? . 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. 

Continuing Research 
The grant has run its course in both time and money, but work at the University of Idaho is 
continuing to model a fiee plasma jet with and with the influence of magnetic fields. When these 
cases are approximated, the velocity fields can be used as input to the particle program. These 
results will determine if the partide drag in the flow is SUfEicient to allow control of the entrained 
particles. 
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Appendix A 
Phase I Milestones 

Phase I: 
I. 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 Complete 
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PROGRAM SPRAY 
Input 

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 fieIds 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: 
1. File #1, Spray-dat 
2. File# Vel.msh 
3. File #5 Vis0c.dat 
4. File #6 Cdrag.dat 

Case data 
Velocity, Temperature & Density Field Data 
Table of Viscosity vs. Temperature 
Table of Drag Coefficient vs Reynolds 
Number 

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

CASE DATA - Spray.dat 

Line #1 
Line #2 

Line #3 

Mrho 

Del 
max 

Title - up to 80 characters of alpha numeric data 
Noprtcl 
Delr 
max 
&3 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 % the height if rectangular) 

32.3 fVse2 English and British System 
9.81 mtseC's1 

Gravitational Constant 
English System 32.2 (ft'lbm) / (IbPsec2 ) 
British System 1 .O (ft*slug) / (1bP sec2 ) 
SI l.O(m*kg)/ (N* sec2) 

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 - Ve1,msh 

line #1 
line #2 
line #3 

Title - up to 80 characters of alpha numeric data 
~l Number of nodes 
nn2 Number of elements 
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Nextnnl lines j Node number 
a173 x (z) 
G(24 Y (r) 
U(L0 
U(23) 
Phi@ Temperature 
rho@ Density 

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

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

Next nn2 lines j Element number 

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, and etc. Where the delta temperature in this case is 
100. Constants are also provided for extrapolation off of the bottom or the top of the table. The 
constants are in the form, p = constl * (Temperature) + const2 for the lower end of the table and 
p = const3*(Temperature) + const4. 

Line #1 
Line#=! 

Line #3 

Next nopts lines 

Nopts 
Tmin 
Tmax 
DelT 
Constl 
const2 
const3 
Const4 
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#l nCdPts Number of points in the table 
Line#:! ReTableU) j" Reynolds Number 

CdTablefj) j"l Drag Coefficient 

NOTE: Re=@ V D)/p Where: V is the particle velocity relative to the flow field 
and D is the particle diameter. 

Force,, =Cd %(p V2 ) /g, Area 
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