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ABSTRACT 

Aerosol particle deposition rates on surfaces inside a clean room are predicted by a 

model developed to account for particle convection, diffusion and sedimentation. 

External forces acting on the particle also influence the rate of deposition. Both 

electrical charge build up on product surfaces and temperature gradients in the air near 

the product surface are known to effect the rate of deposition. A description of an 

electrostatic and thermophoretic force on the particle is thus included in the model. 

The equations governing the particle deposition process and the approach used in 

obtaining a solution to these equations are both described. A finite element numerical 

solution is detailed, followed by a description of the electrostatic force models. Finally, 

predictions of the model are presented with a comparison to data experimentally obtained 

by other researchers. 
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CHAPTER 1 

INTRODUCTION 

Contamination control has become increasingly important in the manufacturing of 

integrated circuits. As the semiconductor industry continues to produce circuits with 

smaller and smaller geometries, the size of particulate contamination that can damage the 

circuit and reduce product yield has also shrunk. Figure 1.1 shows how minimum line 

spacing and memory (DRAM capacity) of semiconductor devices has changed over the 

years. This figure shows that product memory has increased approximately one order of 

magnitude in the past as linear dimensions on semiconductor devices have been halved. In 

this figure, Osburn et el. (1988) have extrapolated from current data to predict that by 

1996 minimum line spacings will be 0.25 microns. 

The fact that small particles are much more abundant than large ones causes a 

significant contamination control problem. As semiconductor device sizes are shrunk to 

submicron levels there are many more airborne particles present that can deposit on 

product surfaces and cause device failure. The concentration of aerosol particles in clean 

rooms was studied by Locke et al. (1984), who found the concentration of 0.01 micron 

particles to be one hundred times greater than the concentration of 0.5 micron particles 

in a "state of the art" clean room facility. 

In semiconductor fabrication processes, it is estimated that aerosol particles one 

third the size of the minimum line spacing may cause device failure. As device sizes 

shrink, it will thus be necessary for manufacturing environments to be kept extraordinarily 

clean to limit contamination from airborne particles. Osburn et al. (1988) estimates that a 

fifty percent reduction in device size will require a factor of ten reduction in particle 

concentration to maintain comparable yields, and thus restricting submicron particles from 

reaching product surfaces in semiconductor manufacturing environments will be 



10 

2.00 

1.5-

1 . 0 - -Q. 

0.5-

7.. 

Q. 

1980 1984 1988 1992 1996 

Year 

Figure 1.1: Past, present and anticipated semiconductor memory and device geometries 
(from Osburn et al. (1988)) 
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tremendously important in the future. 

Clean rooms are used in the semiconductor industry to significantly reduce 

particulate contamination on product surfaces. Air flowing into the room is cleaned with 

high efficiency filters rated at 99.97% collection efficiency for aerosol particles greater 

than or equal to 0.3 microns in diameter (Cooper, 1986). The air flows through the clean 

room, picking up particulates generated by the manufacturing operations, past product 

surfaces, and out to the exhaust where it is recycled. The airflow is often vertical and 

laminar to reduce mixing of particles in the horizontal direction. Although high efficiency 

filters are effective in removing particles from the air at the inlet to the clean room, 

particles are constantly being generated from both people and equipment inside the clean 

room. Austin (1966) estimates that in one minute a person standing still can generate up 

to one hundred thousand particles with diameters greater than 0.3 microns. 

Attempts to reduce the rate of particle deposition to surfaces can be made once all 

of the mechanisms which cause particles to deposit on surfaces are fully understood. For 

large aerosol particles, gravity plays an important role and particle sedimentation is the 

dominant deposition mechanism. However, small particles are less influenced by gravity 

and more influenced by diffusion due to their random Brownian motion. Particles may 

also be attracted to or repelled from surfaces by electrical forces (described in detail in 

Chapter 4), and since aerosol particles often carry many elementary units of charge, this 

can be an important deposition mechanism. Temperature gradients near the surface also 

effect particle deposition. This thermophoresis mechanism is described in Chapter 2. The 

basic principle is that particles will migrate from regions of high temperature to regions 

of cooler temperatures, and a surface could either attract or repel particles depending on 

the relative temperatures of the surface and its surroundings. 

Lui and Ahn (1987) have developed a model to predict particle deposition rates 

accounting for convection, diffusion and sedimentation. Stratman, Peterson and Fissan 
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(1989) have separately developed models incorporating these mechanisms as well as 

generalized forces (electrostatics, thermophoresis, etc.) acting on the particle. A complete 

description of the model developed by Peterson is given in Chapter 2. In essence, the 

model developed utilizes a boundary layer approximation to the fluid flow field and will 

hereafter be referred to as the BL model. The extent of this work is to enhance and 

improve this model in the areas of numerical solution technique, electrostatics and 

software user-friendliness. 

As will be described in Chapter 2, the governing equations for this model must be 

solved numerically. Two means for doing this are via finite difference and finite element 

methods. The current version of the model utilizes a finite difference approach. A finite 

element approach has been added to the model in this work. Using the method of 

weighted residuals, an orthogonal collocation on finite elements technique with cubic 

Hermite polynomials for basis functions was employed. Chapter 3 explains this numerical 

technique and Chapter 5 compares the solution profiles of each numerical method. 

Electrostatics can be an important deposition mechanism when airborne particles or 

product surfaces are electrically charged. The nature of two electrostatic forces included 

in the model, a coulombic and image force, is described in Chapter 4. In describing the 

coulombic electrostatic force, a two dimensional model of the force between an electrically 

charged disk and a particle was derived and added to the code. Also included was an 

approximation for the image force represented by the geometry of a charged particle 

above a flat conducting plate. Since it is important to know the charge on the particle. 

Chapter 4 also contains information on particle charging mechanisms added to the model. 

The complete software package, developed over the last 3-4 years, was made user 

friendly through menu driven screens. Since many process variables must be defined for 

each simulation, input data files can be created, edited and saved on disk for later use. 

A user's manual for the software has been written and is included in Appendix A and 
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listings of the fortran program source code are given in Appendix B and C. 
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CHAPTER 2 

MODEL DEVELOPMENT 

The BL model was developed to predict particle deposition rates on surfaces inside a 

cleanroom accounting for various particle deposition mechanisms, including convection, 

diffusion, sedimentation, thermophoresis and electrostatics. This chapter will contain 

background information on the development of this model, and future chapters will 

describe this author's contribution to its improvement. 

2.1 THE GOVERNING EQUATIONS 

In order to describe the rate of particle deposition to a surface, the fluid velocity 

profile, the temperature distribution and all external forces on the particle must be 

known. A force balance will then relate the particle velocity to the fluid velocity and 

the external forces. Once the particle velocity is determined, the concentration of 

particles above the surface, and therefore the flux of particles to that surface, can be 

calculated through a concentration species balance equation. Throughout this procedure it 

is assumed that the particle concentration does not influence either the fluid velocity 

profile or the temperature distribution. The governing equations necessary to describe the 

particle deposition process are therefore the momentum balance, continuity and the energy 

balance equations for the fluid velocity and temperature, and the force balance and 

concentration species balance equations for the particle velocity and concentration. 

Figure 2.1 shows the two dimensional geometry chosen in seeking a solution to this 

problem. This geometry represents stagnation flow impinging on a flat surface, and was 

chosen to represent conditions in a vertical, laminar flow clean room. This figure shows 

the airflow normal to the surface, but in the model the angle at which the airflow strikes 
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the surface is adjustable. The governing equations will then be written in both a general 

tensor form and also a form for the specific, two dimensional geometry. 

Boundary 
Layer 

Figure 2.1: Two dimensional stagnation flow geometry 

The fluid velocity profile is determined by solving the momentum equations, 

constrained by the incompressible fluid continuity equation. In a cartesian coordinate 

system, the general governing equations are: 

POJ'VU) = -idp/di) + /iV'U + pg{  

V • (pU) •* 0 

(2.1) 

(2.2) 

For the two dimensional geometry shown in Figure 2.1, the above momentum and fluid 

continuity equations become: 

P 

P 

U. 

U 

au au ap i + " t  
a2u a2u 

i 
xox + U TT- ' ' ydy 

ap i + " t  X 
dx2 + -W ' + p6x 

(2.3) 

au au dp , 
- " 5 7  

a2u 
f y 
xdx 

dp , 
- " 5 7  

y 
dx2 + ~3yr ' +pgy (2.4) 

+5fn> - 0 (2.5) 

where: 

P 
g 

P 
U. 

fluid density 
gravitational acceleration 
pressure 
fluid velocity in x or y direction. 

The temperature distribution is required for thermophoretic force calculations. The 
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profile in the vicinity of a surface can be calculated by solving the energy equation. The 

general governing equation for the temperature distribution is: 

pCp(U* VT) - k VT. (2.6) 
O 

Again the general equation can be written for the specified two dimensional geometry. In 

terms of 'x' and 'y\ the equation becomes: 

"CP' Uxf+ Uyf1 - k8 
1 0 + V1 1 M 

where: 
T - gas temperature 
Cp - heat capacity of gas 
k - thermal conductivity of gas. 
8 

The particle concentration profile above a surface is needed to determine the particle 

deposition rate to that surface. The profile can be determined by solving the species 

balance equation for particles of a given size. This equation is: 

c(V«V) + V»Vc - DV2^ (2.8) 

The species balance equation for the specified geometry in Figure 2.1 becomes: 

dV dV ~ I x y > \r dc dc p., &c 
c 1 5T + 5y- 1 + VxS-+ VySy- Dl 3F + W 

(2.9) 

where: 
D - particle diffusivity 
c - particle concentration 
V. » particle velocity in 'x' or 'y'. 

This equation represents a particle mass balance and requires particle velocities. A force 

balance on each individual particle must therefore be solved to determine that particle 

velocity. Such a force balance at low Reynolds numbers and Stokes flow yields: 

m(dV/dt) - -(Sff/ir/C^JCVj - Up + F. ; i - x,y (2.10) 

where: 
m - particle mass 
fi - gas viscosity 
r - particle radius 
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C£ - Cunningham correction factor 
F. - external forces. 

In Stoke's derivation of the resistance of the fluid to the particle, it is assumed that 

the velocity of the fluid is zero at the surface of the particle. For large particles this 

assumption is valid, but for particle sizes on the order of the mean free path of the fluid, 

there is a "slip" of the fluid at the particle surface and the assumption does not hold. 

The Cunningham correction factor accounts for this phenomenon and extends the range of 

applicability of Equation 2.10. 

2.2 THE APPROACH 

This section contains information regarding the approach of the BL model in solving 

the governing equations. The same approach is utilized in this work, except in the areas 

of electrostatics and numerical solution technique. Chapter 3 details this authors work in 

numerical solution technique and chapter 4 contains the electrostatic models. 

For the fluid velocity, it is expected that a laminar velocity boundary layer will be 

established at distances close to the surface. A model for this type of flow is given by 

Schlicting (1979) as flow past a wedge. The gas velocity profile is therefore determined 

from a model which approximates flow past a wedge where the angle at which the gas 

flow approaches the surface is adjustable. The classical boundary layer assumptions 

applied to a momentum balance equation yield: 

V«U - 0 (2.11) 

Ux0Ux/3x) + UyOUx/5y) - U(dU/dx) + i0M/dy2) (2.12) 

where: 

U 
v - kinematic viscosity 

« Ux at y - oo. 

These equations can be cast in terms of stream functions, nondimensionalized and 
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transformed to an ordinary differential equation via similarity arguments. The result is 

the following third order ordinary differential equation: 

f'" + ff" + /?(1 - f'2) = 0 (2.13) 

where: 
f - mv) 
(3 « wedge angle parameter. , 
•t] - similarity variable - y[((m+l)/2XU/(fx))] 

Figure 2.2 shows the relationship between the wedge angle parameter, /?, and the 

angle at which the fluid strikes the surface. By varying /? between zero and one, the 

flow field can be adjusted to strike the surface at any angle. 

wedge angle <= (3 IT 

Figure 2.2: Geometry for flow past a wedge 

Since an exact analytical expression for this equation cannot be obtained, an 

approximate expression, reported by Dewey and Gross (1967), for the gas velocity is used. 

The approximate solution to the ordinary differential equation is: 

f(0,7}) - 7? erf(ar?) - (l/rr)^(l/a)[l - exp(-aV)] (2.14) 

where: ,, 
a - (1/2)[1 + J3(l + 2/ff)]2 

m = 0/(2 - j3) 

A solution to the temperature profile of the fluid above the surface is obtained 
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numerically by a boundary layer approach. Equation 2.6 is cast into boundary layer form 

and solved for a Prandtl number of 0.7, typical of air. A temperature profile in tabular 

form is then entered in the model, and intermediate values are determined by linear 

interpolation. 

With the temperature distribution determined, the force exerted on the particle due 

to temperature gradients can be calculated. The thermophoretic force is given by the 

following relation: 

F _ dT 
thermo BT dy ( • ) 

Where / is the friction factor and the thermophoretic coefficient, K, is reported by Talbot 

et al. (1980) as: 

where: 

^ ^ (kg/kp + 2QKnXl + Kn[2.4 + 0.082exp(-0.44Kn)]) 
K (1 + 6CmKnXl + 2kg/kp + 4CtKn) (ZAb) 

Kn - Knudson number 
kp - thermal conductivity of the particle 

C - 1.147, C - 2.20. C - 1.146. 
s t m 

The electrostatic force exerted on a particle is estimated by an equation reported in 

Yost and Steinman (1986). This expression is used in the BL model but not in the 

recently developed electrostatic model. For a flat plate collector, the following equation 

relates the one dimensional, y-component electrostatic force to the particle and surface 

charges: 

where: 

Fe" ' ITT) * +  ̂' (217) 

F « electrostatic force 
e 

a - wafer radius 

e0 = permitivity of free space 

e - dielectric constant of particle 

Q - C V (wafer capacitanceXwafer voltage) 
c w 
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Q = (n)(e) (number of charges on particle)(elementary charge) 

Dp = particle diameter 

7 = 1 - (y/a)/(l+(y/o!)2)^. 

Once the fluid velocity and external forces are known, the particle velocity can be 

calculated from a force balance equation on the particle. This equation is 

nondimensionalized as follows: 

V = v/u^ (2.18) 

U* = U/U^ (2.19) 

r = t/OL/UJ (2.20) 

The nondimensionalized particle trajectory equation has the following form: 

St(dV/dt) + V = U + BF/U^ (2.21) 

where: 
St = Stokes number 
B = particle mobility 
U = freestream air velocity. 

00 

Thus for particles with little inertia, the Stokes number is very small and can be 

neglected, reducing the equation to an algebraic one. For particles with significant 

inertia. Banks and Kurowski (1984) have reported a perturbation method using the Stokes 

number as a parameter. In this method, the following inversion problem must be solved 

for the particle velocity (including inertia): 

(1 + StA + St2A2)V = G + St2Q (2.22) 

where: 
I = identity matrix 
A = matrix involving derivatives of the G vector 
Q = vector involving the Jacobian of G and the vector V 
G = U + BF/U . 

' oo 

The particle mass conservation equation is solved with calculated particle velocities 

via finite difference methods. Special care is required in numerically solving this 

equation. In the region far away from the deposition surface, the diffusion terms are 
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insignificant compared to the convection terms, and the partial differential equation is 

parabolic in nature. However, in the region close to the deposition surface, inside the 

diffusion boundary layer, all of the terms in the equation are important, and the 

differential equation is elliptic in nature. To overcome this difficulty, an upwinding 

scheme, similar to one developed by Pantakar (1980), was employed. 

With the concentration profile determined, the flux of particles to the surface can be 

calculated by the following relation: 

Flux - -DOc/ay) + (VyXc). (2.23) 

In calculating the flux of particles to a surface, the particle concentration and velocity 

must be evaluated at a location very close to the surface to ensure that the particles are 

indeed striking the surface. Another way to express the rate of particle deposition to a 

surface is in terms of a deposition velocity, V^, defined as: 

Vd - Flux/Coo (2.24) 
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CHAPTER 3 

FINITE ELEMENT NUMERICAL SOLUTION 

As described in Chapter 2. it is necessary to solve equation 2.9, the particle species 

balance equation, to determine the particle concentration profile above the surface. This 

equation represents a particle mass balance allowing for both convection and diffusion of 

particles to a surface, and will hereafter be. referred to as the convection diffusion 

equation. An analytical solution to this equation can not be obtained because the 

coefficients of the equation, V and V , represent particle velocities that are determined x y 

through numerical approximations. Equation 2.9 must therefore be solved numerically, and 

in this work a finite element technique is utilized. 

This chapter will begin with information on the numerical difficulties of solving the 

convection diffusion equation. A section on the mathematical formulation of the equation 

to be solved will follow, and the final section will detail the finite element solution 

technique. 

3.1 NUMERICAL DIFFICULTIES 

The numerical solution of the convection diffusion equation of the form 

cV»V + W*c - DV^ (3.1) 

presents serious difficulties when the first order convective terms are important. This 

difficulty stems from the combination of elliptic and parabolic nature of the diffusion and 

convection terms, and oscillatory solutions are often obtained using standard numerical 

methods. To overcome this difficulty, a number of modified numerical methods have been 

developed for both the finite difference and finite element techniques. 

With finite difference approximations, the numerical difficulties can be overcome with 
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an upwinding scheme, where central difference approximations are used on the diffusion 

terms and backward difference approximations are used on the convective terms. The 

numerical instabilities are removed at the expense of moderately smearing the solution 

profile (Christie et al., 1976). 

Upwinding techniques have also been used in finite element solutions. Heinrich et al. 

(1977) details an upwinded Galerkin finite element method with asymmetric weighting 

functions. The effect of this procedure is similar to that of the finite difference 

upwinding technique where the oscillatory solutions are eliminated at the expense of 

smearing the solution profile. Pinder and Shapiro (1979) proposed a collocation method 

using modified, asymmetric Hermitian basis functions for first order derivative terms and 

standard Hermitian basis functions for the second order diffusion terms that also 

eliminated numerical oscillations but with the same type of loss in accuracy. In a 

comparison of upwinded methods, Jensen and Finlayson (1980) report oscillation limits for 

both finite element and finite difference techniques. 

An alternate method to the solution of the convection diffusion equation is proposed 

by Hidy and Brock (1979) who start with the nondimensionalized, constant density 

convection diffusion equation of the form 

V*Vc = (l/Pe)V2c (3.2) 
where 

L = characteristic length 
Pe = U L/D. 

oo ' 

Peclet numbers, Pe, for aerosol particles are typically very large, and it is apparent that 

for regions where the Peclet number is large, the diffusion terms are not significant, and 

the equation in effect reduces to 

V*Vc = 0. (3.3) 

A solution to this equation is simply that the particle concentration, c, is constant and 

equal to the freestream particle concentration. It is therefore only necessary to solve for 
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the concentration profile in the region where the particle concentration changes from zero 

to the freestream value. This region is the concentration boundary layer, and through 

dimensional analysis the boundary layer thickness, 8 is estimated as: 
c 

5c " V(Sc)l/s " 2.4/{(Sc)l/sJ"Re} (3.4) 

where Sm is the momentum boundary layer thickness found in Schlicting (1979) for planar 

stagnation flow, Sc is the Schmidt number and Re is the Reynolds number. When this 

thickness is used as the characteristic length in the Peclet number, a particle 

concentration profile in the boundary layer will be obtained. 

In this work, the method of scaling the convection diffusion equation to an estimated 

diffusion boundary layer thickness was chosen over the upwinding techniques, and 

orthogonal collocation on finite elements with cubic Hermitian polynomials as basis 

functions was the selected numerical method. 

3.2 MATHEMATICAL FORMULATION 

To determine the rate at which particles deposit on a surface, the particle 

concentration profile above that surface must be known. Mathematically, the equation 

that governs the deposition process, allowing for particle convection, diffusion and 

external forces, is known as the convection diffusion equation. Also referred to as the 

species balance equation, it has the following form in two dimensional cartesian 

coordinates: 

3V flV 
/x y ) 3c dc p. I 9*c &c ) .. 
1 ST +5T ' + Vx5T + VyW * Dl 5? + 5?' (3'5) 

The first term in this equation accounts for fact that the aerosol particles density is 

compressible in the gas, the remaining terms on the left side represent convection and the 

terms on the right side represent diffusion. External forces are accounted for in the 
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Standard boundary conditions for aerosol deposition on surfaces are utilized. 

Although the particle deposition model is capable of simulating other boundary conditions, 

the following dimensional boundary conditions were always used in the finite element 

solution: 

c(x,Dp/2) - 0 (3.6) 

c(x,S) - C(5o (3.7) 

g|[c(0.y)] - 0 (3.8) 

g|[c(Rw.y)] - 0 (3.9) 

where: 
Dp - particle diameter 
R - wafer radius. 

w 

As aerosol particles strike a surface under normal conditions, they will adhere to the 

surface. Equation 3.6 represents this boundary condition where the concentration is zero 

at one particle radius above the surface. The next boundary condition represents 

conditions outside the concentration boundary layer where the concentration is equal to 

the freestream value, c . The left boundary represents an axis of the wafer, and the 

symmetry boundary condition of equation 3.8 is used. The right side boundary is not 

easily described, since this side represents an outlet boundary. Through earlier results of 

the BL model, it was found that the particle concentration was virtually independent of 

the horizontal distance along the surface, and the outlet boundary condition, equation 3.9, 

was therefore chosen so that the normal derivative is zero. 

Equation 3.5 is nondimensionalized as follows: 

• 
x - x/L (3.10) 

y* - y/5 (3.11) 

c* - c/Coo (3.12) 

V* " V^oo <3-13> 
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The characteristic length in the 'x' direction, L, is chosen to be the dimension of the 

object which impinges the air flow. The 'y' direction is nondimensionalized with respect 

to the diffusion boundary layer thickness, 6, while the concentration and velocity are 

nondimensionalized with respect to the freestream concentration, C . and the freestream 
OO 

air velocity, V , respectively. The convection diffusion equation in nondimensionalized 

form is: 

3V * dV *  *  
*/ 5 " x y) *5 dc *5c 1 I  . 8*d 2 c  ^c \  

c \ __ + —J ) + Vv , * + V, —„ - cr Mx) —*2 + —si I 
dx 

where: Pe- U 5/D 

r —* + —* ' + v
x r —* + V

v —* " pir ' W —*2 + —*5 > (3.14) 
L  5x dy x  L  dx y  dy L  dx dy  

The convection diffusion equation is scaled to the diffusion boundary layer thickness 

and the concentration profile in the boundary layer is numerically obtained through a 

finite element numerical solution. 

3.3 FINITE ELEMENT TECHNIQUE 

ELLPACK, a numerical software package for elliptic partial differential equations, was 

employed to solve the scaled convection diffusion equation. ELLPACK is a programming 

system for solving elliptic boundary value problems. It is capable of solving linear, 

variable coefficient partial differential equations of the form: 

anj . au au , tI 1C. 
a 5F" + b5^y + cS?" + dar + e57 + fU-g <3-15) 

where the coefficients (a,b,c,d,e,f,g) are functions of both 'x' and 'y'. Boundary 

conditions may take the form: 

9U 9U It 
Pi 3x" + P2 gp" + Q U - r (3.16) 

where again the coefficients (pI,p2.q.r) are functions of the independent variables. 
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The entire ELLPACK software package, described by Rice and Boisvert (1985), 

contains both finite element and finite difference numerical routines and numerous matrix 

solution algorithms. Only a small segment of ELLPACK was used in this work. An 

orthogonal collocation on finite elements technique, described by Houstis, Mitchell and 

Rice (1985), was employed with bicubic Hermite polynomial basis functions. 

The orthogonal collocation technique falls under the general method of weighted 

residuals. Finlayson (1980) and Lapidus and Pinder (1981) are both good references for 

the method of weighted residuals and othogonal collocation. In this method the first step 

is to expand the solution in a series of known basis functions and unknown coeffiecients. 

In this work cubic Hermite polynomials, are used as basis functions. The approximate 

expression for the solution, known as a trial function, in one dimension is given by: 

c(z) = q!$i(z) + q^z) + q3$3(z) + q4$4(z) (3.17) 
where: 

4>j(z) = (1 - u)2(l + 2u) 
$2(z) = u(l - u)2h 
$,(z) = u2(3 - 2u)Z 

$4(z) = u2(u - l)hz 

u = [z - z(i)]/hz 

hz = z(i+l) - z(i). 

The next step is to form the residual by substituting the trial function into the 

differential equation to be solved. For any linear differential operator L in the relation: 

Lc - / = 0 (3.18) 

the residual, R(z), is equal to (Lc  -  f )  where c is the approximate trial function of 

equation 3.17. The method of weighted residuals requires that: 

f W(z)R(z)dz = 0 (3.19) 

where W(z) is a weighting function and R(z) is the residual. This expression has the 

effect of forcing the residual to be orthogonal to the weighting function. The rationale 

behind this is that for a function to be orthogonal to each member of a complete set of 
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functions, that function must be zero. The residual is" thus forced to zero regardless of 

the choice of the weighting function. Under the general method of weighted residuals 

there are several methods which employ different weighting functions. In collocation 

techniques, the weighting function is the dirac delta function, and the above integral 

expression reduces to the following algebraic equation: 

R(z) - 0. (3.20) 

The expression for 'c' can therefore be substituted back into the differential 

equation resulting in a system of algebraic equations with the coefficients as the 

unknowns. The coefficients, (q1.q2.q3.q4). correspond to values of 'c' and 'dc/dx' at 

nodes 'i' and 'i+1'. Figure 3.1 shows the relationship between the unknown coefficients 

and the values of the independent variable at the nodes. 

Qi - ci q, - ci+1 

02 - dc./dz q« - dc.+j/dz 

node: i i+1 

Figure 3.1: One dimensional relationship between unknown coefficients and solution values 
at the nodes 

For two dimensional geometries, the trial functions are generated by combinations of 

coefficients and basis functions in both independent variables, 'x' and 'y\ The 

approximation on the dependent variable, 'c', is now: 

c(x,y) 2s q1$1(x)$1(y) + q2$,(x)$3(y) + q^x^y) + q4$s(x)$3(y) 
+ q&frftfy) + q6$2(x)$s(y) + q^x^y) + q^xK^y) 
+ q9$2(x)$2(y) + q10$2(x)<J>4(y) + qn$4(x)$2(y) + q1A(x)4'4(y) 
+ qu$i(x)$2(y) + Qu^iOO^y) + q^sM^y) + q^M^y)- (3.2i) 

There still exists a relation between the q coefficients and the values of 'c' at the nodes, 

and this relationship is demonstrated in figure 3.2. 
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Qs - c(i+l) 
qg - 3c(i+l)/3x 
q7 - 3c(i+l)/3y 

n g2c<i+1) 
0,8 Sx3y~~ 

(j+D 

q, - c(i) 
<h - 3c(i)/3x 
q3 - 3c(i)/3y 

n 32c(i) 

™ 3x3y 

Qis - cCj+l) 
qu - 3c(j+l)/3x 
qis - 3c(j+l)/3y 

32c(j+l) 
3x3y Ql6 

q9 - c(j) 
qio - 3c(j)/3x 
qtL - 3c(j)/3y 

a2^) 
Ql2 ™ 

(i) (i) 
3x3y 

Figure 3.2: Two dimensional relationship between the unknown coefficients and the 
solution values at the nodes 

Once the collocation equations are formulated, a matrix solution is used to solve for 

the unknown coefficients. A direct solution to the matrix equation was obtained through 

gaussian elimination with scaled partial pivoting. 
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CHAPTER 4 

ELECTROSTATIC MODELS 

Electrostatic forces have long been known to influence particle deposition. In earlier 

work, enclosed chambers were used to study deposition rates of aerosol particles to 

chamber walls. Cooper et al. (1979) and Saucy et al. (1983) measured deposition rates of 

neutral and charged particles on chamber walls and found that charged particles deposited 

at higher rates. McMurry and Rader (1985) compared theoretical and experimental 

deposition rates of neutral and charged particles on charged surfaces inside a chamber and 

found significantly higher deposition rates for the charged particles. 

In efforts to predict particle deposition rates to surfaces inside a clean room, recent 

theoretical work has focused on modeling the electrostatic forces exerted on a charged 

particle above a flat conducting surface. Yost and Steinman (1986) approximate the 

electrostatic forces through a modification of equations derived by Kraemer and Johnstone 

(1955), and portions of this modification were later found to be in error by Cooper (1987). 

From fundamental relations, Fissan and Turner (1988) derived a one dimensional 

electrostatic force model accounting for both the coulombic force between a charged 

particle and a charged disk and the image force between a charged particle and a flat 

conducting plate. 

In this work, a two dimensional model of the coulombic electrostatic force exerted 

on a charged particle above a charged disk is derived. While other models are valid only 

along the disk centerline, this model describes the coulombic force at any position above 

the charged disk. Also included in the electrostatic force description is a model of the 

image force between a charged particle and a flat conducting plate, similar to the one 

used by Fissan and Turner (1988). 

A description of the electrostatic force on the particle is incomplete without the 
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knowledge of the particle charge. Through collisions with bipolar ions, aerosol particles 

are naturally charged to an equilibrium level described by the Boltzmann charge 

distribution. Significantly higher charge levels are possible depending on how the particle 

is generated, and a description of common particle charging mechanisms is presented in a 

later section. 

4.1 ELECTROSTATIC FORCE DESCRIPTION 

Models for both coulombic and image electrostatic forces have been developed and 

added to the particle deposition model. A coulombic force of attraction or repulsion will 

exist when both the particle and surface have charge, and an image force of attraction 

will exist when the particle is charged and the surface is at least partially conductive. 

Other electrostatic forces such as dielectrophoretic and dipole-dipole forces are much 

weaker and are not included in the model. 

When both the particle and the surface are charged, a coulombic force will exist. 

The particle will be attracted to the surface if the charges are opposite, and it will be 

repelled if the charges are similar. The general equation that relates the force to the 

particle and surface charge is: 

F - q E (4.1) 
where: 

F - electrostatic force 
E - electric field above the surface 
q - (nXe) - (number of charges on the particleXelementary charge). 

The electric field must therefore be determined before the coulombic force can be 

calculated. A two dimensional description of the electric field can be derived starting 

with the following one dimensional expression for the electric potential, ¥, of a charged 

circular disk, given by Morse and Feshbach (1953): 
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*- 3 [(a2 + r2)* - r] (4.2) 
a 

where: 
a - disk radius 
r - distance above disk on the centerline 
Q - disk charge - (CwXV) - (disk capacitanceXdisk voltage). 

The general procedure for extending the potential function into two dimensions is 

outlined by Jackson (1975). For geometries possessing azimuthal symmetry, the procedure 

is first to obtain a one dimensional expression for the potential on a symmetry axis. If 

the potential function can then be expanded in a power series, a solution in two 

dimensions is obtained by multiplying each power of t and r in the series by 

P^(cos0). where P^(x) is a Legendra polynomial and 9 is the angle off the disk centerline. 

Through power series listed in Abramowitz and Stegen (1964), the following two 

dimensional potential functions were derived: 

for r < a: 

* - 20 ( i _ (I-JP^cosS) + -^-Ljp^cosfl) - ^l(-I-)P4(cos0) 

+ - - 1 <4-3> 

for r > a: 

*" f 1 4*T> - + - - 1 <"•"> 

With the two dimensional potential functions determined, the electric field above the disk 

can be calculated. The electric field is related to the potential by: 

E "3* ,A 
r * TF <4'5) 

C "I  IA 
E0 " ~ ~W • (4'6) 

In cartesian coordinates, the two component electric field is given by: 

E - E cosd - Eflsin0 (4.7) y r Q 
E - E sin0 + E„cos0 (4.8) 

x r v 

An expression for the two dimensional electric field above a circular disk can now be 
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derived which is a function of both the distance to the disk center, r, and the angle off 

the centerline, 0. The following infinite series equations describe the electric field at any 

position above the disk: 

for r < a: 

Er " ir? ( &ptcos8) - (f)P« + 4<"T)tp4(cos0) " 5^T)6p6(cos0) 

+ ... ) (4.9) 

c 2Q | ,r ^3P,(cos0) 1 , r x
23P2(cos6) lxl, r x*3P«(cos0) 

E e  Tir 1 (1_) dd -  + 

1x1x3, r ®SP6(cos0) . 
_  S T O T ) — W~ +- ' (4-10) 

for r > a: 

" s?<-7-),p*<cos9) + sH<-T,Sp«(cos9) -••• 1 (411) 

c 2Q i lxl, as
33P2(cos0) 1x1x3, a^59P4(cos0) 

l=ar 2^r' W~ ~ W r; W~ 
+ ... ). (4.12) 

The infinite series converges rapidly for particle positions either very close to the 

surface or far away from the surface. At positions where the particle is approximately 

one disk radius away from the disk, many terms are required before the infinite series 

converges. Thus, in calculating the electric field above a disk, high order Legendra 

polynomials need to be determined. In the particle deposition program this is accomplished 

through recurrence relations. Starting with the following exact representations of 

P^cosS) and P2(cos0), 

Pj(cos0) - cos0 (4.13) 

P2(cos0) - (l/2)[3cos20 - 1] (4.14) 

Legendra polynomials of any order can be generated through the following recurrence 

relations listed in Abramowitz and Stegun (1964): 

„ _ , < « * »  < 4 1 5 >  
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This completes the development of a two dimensional model of the coulombic force 

between a charged particle and a charged disk. When this expression is evaluated at the 

centerline, and the force is only a function of the distance above the surface, the 

equation predicts exactly what Fissan and Turner's (1988) one dimensional model 

calculates. The following one dimensional expression is obtained by differentiating the 

one dimensional potential function and is valid only along the centerline of the disk: 

E - ir 1 1 - rrrwro '• (417> 

The second force included in the electrostatic force model is the image force, which 

represents the force a particle would experience from its image in the conducting surface 

of an oppositely charged particle. The image force is generally weaker than the 

coulombic force, but at distances very close to the surface, the image force becomes 

significant. The geometry of a charged particle above a perfectly conducting, infinite 

plate was chosen as an approximation. The simple geometry lends itself to the following 

equally simple expression for the image force, reported by Harnell (1949): 

F - • (4.18) 

A description of the coulombic and image electrostatic forces is now complete. Since 

the coulombic force is expected to be the dominant electrostatic force, great detail was 

spent in deriving a two dimensional model for a charged particle above a charged disk. 

The image force is only important at distances very close to the surface and a one 

dimensional geometry of a charged particle above a perfectly conducting infinite plate was 

chosen. The total electrostatic force is the sum of the individual forces, where the 

coulombic force is in two component directions and the image force is in one component. 

4.2 PARTICLE CHARGING MECHANISMS 
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Aerosol particles, exposed to bipolar ions for a sufficiently long time, will attain an 

equilibrium charge distribution described by the Boltzmann law. This charge distribution 

can be regarded as a natural minimum. According to Boltzmann's law, the fraction of 

particles with n elementary charges, f(n), is equal to (Fuchs, 1964): 

where: 

f fn)  - -j- exp ( "^p^-f ) (4.19) 

l - Z exp ( ) 
-OO 

e - elementary unit of charge 
k - Boltzmann constant 
T - absolute temperature 
Dp - particle diameter. 

An approximation for the above expression in terms of a root mean square value, valid for 

particles of diameters 0.1 micrometers and larger, is given in the literature (Hinds, 1984) 

as: 

n — 2.37(Dp)1* (4.20) 
where: 

n = rms average number of charges 
Dp = particle diameter (microns). 

An aerosol particle exposed to unipolar ions will achieve higher charge levels than if 

it is exposed to bipolar ions. The process where a particle acquires charge from unipolar 

ions is known as diffusion charging. Unlike the Boltzmann equilibrium distribution, in 

diffusion charging the particle charge is a function of the time of exposure to the 

unipolar ions. The following expression gives the number of charges on the particle in 

diffusion charging: 

Dpk T , , . tt DpCi Ni t , „ 
n • -%?- ln 1 1 + 2k~T— ' (4"21) 

where: 
Ci « mean ion speed 
Ni « ion concentration 
t - time of exposure to ions. 
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Particle charge buildup also occurs when particles are exposed to strong electric 

fields. Particles acquire charge from the bombardment of ions in the electric field. An 

approximation for saturation charge on the particle is reported by Hinds (1984) as: 

- - (4.22) (f +2) 4e 
where: 

e = dielectric constant of particle 
E = electric field. 

Another mechanism where particles acquire charge is static electrification, when 

particles become charged as they are separated from bulk materials or other surfaces. 

Three types of static electrification are electrolytic charging, spray electrification and 

contact charging. Atomization is an example of electrolytic charging where the liquid may 

strip off charge from the surface of the atomizer. Spray electrification charging occurs 

when particles are separated from liquids with a charged surface layer. When dry, 

nonmetallic particles are separated from solid surfaces, particles may acquire charge 

according to the contact charging mechanism. An approximation for the number of 

charges on the particle for the contact charging mechanism is reported by Hinds (1984): 

n = m~e( U51 log(a) + 8"56 > (4-23) 

where: 
A0 = contact potential between particle and surface 
a = particle radius (cm). 

This concludes the section on particle charging mechanisms. An option to select 

either a Boltzmann equilibrium charge distribution, a diffusion charging mechanism, a field 

charging mechanism or a contact charging mechanism was added to the model. 
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CHAPTER 5 

MODEL PREDICTIONS 

Results of the model will be presented in this chapter. A comparison of numerical 

methods will first be made to verify solution accuracy, and later sections will contain 

predicted deposition rates accounting for electrostatics and thermophoresis. The final 

section of this chapter will contain comparisons between experimental data and model 

predictions. 

5.1 NUMERICAL SOLUTION COMPARISONS 

To test the numerical solution technique, a comparison of the newly developed finite 

element solution with results of a finite difference solution will be made. The two 

methods are fundamentally different in both technique and solution domain. While the 

finite element method solves for the particle concentration in the concentration boundary 

layer, the finite difference technique obtains a solution both inside and outside the 

boundary layer. 

The finite element technique relies on an estimated boundary layer thickness as the 

starting point for the numerical simulation. This thickness is estimated through 

dimensional analysis for a constant density convection diffusion equation by Hidy and 

Brock (1979). External forces such as electrostatics or thermophoresis can influence the 

actual boundary layer thickness, yet the estimated boundary layer thickness is only a 

function of the Reynolds and Schmidt numbers. It is therefore important to test the 

finite element solution under conditions of strong external forces, and compare the results 

to those predicted by the finite difference solution. Except where noted, all test cases 

considered utilized the following parameters: 
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particle diameter: 
particle diffusivity: 
particle density: 
freestream gas velocity: 
wafer radius: 
wafer capacitance: 
gas mean free path: 

0.1 microns 
8.64E-06 cm2/s 
1.0 g/cm3 

30 cm/s 
6 cm 
1.8E-11 farads 
6.6E-06 cm. 

To test the utility of the finite element method, test runs will be studied where the 

actual concentration boundary layer thickness is both reduced and enlarged due to 

external forces. Using an electrostatic force, an attractive force will reduce the boundary 

layer thickness and a repulsive force will enlarge the actual boundary layer thickness. 

Figure 5.1 shows predicted concentration profiles for both numerical methods in the 

absence of external forces. There is very good agreement between the two solutions, as 

the finite element technique's estimated boundary layer thickness is approximately 

equivalent to the thickness predicted by the finite difference solution. 

Figure 5.2 again shows predicted concentration profiles for both numerical solution 

methods, but now an attractive electrostatic force is present. The wafer is charged to 10 

volts and the particle has a single negative charge. This force has the effect of pulling 

particles in closer and reducing the boundary layer thickness. The solution profiles are 

again very similar, as the point at which the concentration breaks from the freestream 

value is similar for both methods. 

The case where the boundary layer thickness is enlarged due to external forces is 

shown in figure 5.3. A repulsive electrostatic force is present with a 10 volt surface 

charge and a single positive charge on the particle. On a first attempt, the same 

boundary layer thickness as in the previous test cases was used. Since the finite element 

solution's starting point does not represent a freestream value, the solution's accuracy is 

affected and the concentration profiles are not expected to match as well in the previous 

cases. A second finite element test case was run with a new boundary layer thickness of 

twice the previous, and the resulting solution shown in Figure 5.3 is very similar to that 



Finite Element 

Finite Difference 

Dimensionless Position above the Surface ( x 10 ") 

Figure 5.1: A comparison of predicted particle concentration profiles for two 
numerical methods in the absence of external forces 



Finite Element 
Finite Difference 

Dimensionless Position above the Surface ( x 10 ) 

Figure 5.2: A comparison of predicted particle concentration profiles for two 
numerical methods with an attractive electrostatic force 



Finite Element 
Finite Difference 

Dimensionless Position above the Surface ( x 10 ) 

Figure 5.3: A comparison of predicted particle concentration profiles for two 
numerical methods with a repulsive electrostatic force 
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of the finite difference method. 

The finite element method has been tested against a finite difference routine for 

several test cases, and it was found that both numerical methods predicted similar results. 

In conditions where the concentration boundary layer is enlarged due to external forces, 

the finite element technique may require an adjusted boundary layer thickness. The 

remaining sections of this chapter will contain predictions of deposition velocities 

determined via the finite element method. 

5.2 DEPOSITION VELOCITIES 

In the situation where the only external force acting on the aerosol particle is 

gravity, two deposition mechanisms are expected to exist. Micron size particles and larger 

will deposit on surfaces via sedimentation and submicron size particles and smaller will 

deposit on surfaces due to their random Brownian motion. Information on the relative 

importance of each deposition mechanism for various particle sizes is reported by Fuchs 

(1964). Table 5.1 shows the relative magnitude of each deposition mechanism for various 

unit density particles. In this table the second column represents a mean displacement in 

one second due to Brownian diffusion, AXg, determined from the following equation: 

Axb = [(4 D t)/<|*. 

The third column represents the distance fallen by a particle in one second under gravity. 

Starting from the small particle sizes and moving down Table 5.1, it is evident that 

particles are more affected by diffusion than gravity until a particle size of about 0.4 

microns, where the importance of the mechanisms switches. 

Figure 5.4 shows deposition velocities as a function of particle diameter for a wafer 

perpendicular to the air flow with freestream air velocities of 10, 30 and 50 centimeters 

per second. The higher air flowrates push more particles towards the surface, and 
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Table 5.1: Relative magnitudes of diffusion and sedimentation deposition mechanisms for 

several particle sizes. 

Particle 
Diameter 

(cm) 

2.0E-07 
4.0E-07 
1.0E-06 
2.0E-06 
4.0E-06 
1.0E-05 
2.0E-05 
4.0E-05 
1.0E-04 
2.0E-04 
4.0E-04 
1.0E-03 
2.0E-03 

Displacement 
due to 

Diffusion 
(cm) 

1.28E-01 
6.40E-02 
2.58E-02 
1.31E-02 
6.75E-03 
2.95E-03 
1.68E-03 
1.03E-03 
5.90E-04 
4.02E-04 
2.78E-04 
1.74E-04 
1.23E-04 

Displacement 
due to 
Gravity 
(cm) 

1.31E-06 
2.62E-06 
6.63E-06 
1.37E-05 
2.91E-05 
8.64E-05 
2.24E-04 
6.73E-04 
3.47E-03 
1.28E-02 
4.93E-02 
3.02E-01 
1.21E+00 
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Freestream Air Velocity: 
•—• 10 cm/s 
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•—A 50 cm/s 

10 2-f-

10-3+ 

10 
-4 

0.01 0.1 1.0 

Particle Diameter (microns) 

10.0 

Figure 5.4: Particle deposition velocities on a wafer perpendicular to the flow in the 
absence of external forces for freestream air velocities of 10. 30 and 50 
cm/sec 
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deposition rates therefore increase with higher flowrates. The deposition velocities of 

larger particles are not, however, influenced by the freestream air velocity. This is 

explained by examining Equation 2.10, which relates the particle velocity to the air 

velocity and external forces. Large particles experience such strong gravity forces that 

the air velocity terms are not significant compared to the external force terms. 

The minimum deposition velocity in Figure 5.4 occurs for a particle diameter of about 

0.2 microns. At this particle size both Brownian diffusion and sedimentation are 

comparable. The location of the minimum is in general agreement with the data of Table 

5.1, which suggest a minimum in the region of 0.4 microns. 

5.3 DEPOSITION VELOCITIES WITH ELECTRICAL FORCES 

The effect of electrostatics on deposition velocities will be studied in this section. 

In conditions where charged particles are above a conducting surface, an image force will 

attract particles toward the surface. If the surface also has a charge, then a coulombic 

force will either attract or repel particles from the surface depending on the signs of the 

charges. 

The effect of the image force on deposition rates is detailed in figure 5.5, where 

deposition velocities versus particle diameters are plotted for two particle charging 

mechanisms. The surface charge is zero and the particle is charged to either an average 

Boltzmann or contact charging level. The Boltzmann distribution represents a minimum 

equilibrium distribution and the contact charging mechanism represents the highest charge 

level considered in this work. Table 5.2 lists the particle charges for each mechanism. 

All other mechanisms considered in the model would fall between the two lines. From 

this figure it is evident that for the charge distributions considered, particles with 

diameters in the range of 0.05 to 1.0 microns are influenced by the image force while 
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Figure 5.5: Predicted deposition velocities of particles under the influence of 
diffusion, gravity and an image force with the particle charge represented 
by two charging mechanisms for a face velocity of 30 cm/s 
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Table 5.2: Particle charge versus diameter for a Boltzmann equilibrium distribution and a 

contact charging mechanism. 

Particle Diameter Boltzmann Distribution Contact Charging 
(microns) 

0.01 4.51E-03 9.08E-01 
0.03 2.25E-01 3.87E+00 
0.05 4.04E-01 7.33E+01 
0.08 5.92E-01 1.34E+02 
0.10 6.65E-01 1.71E+02 
0.15 9.18E-01 2.77E+02 
0.20 1.06E+00 3.90E+02 
0.50 1.68E+00 1.13E+03 
1.00 2.37E+00 2.51E+03 
5.00 5.30E+00 1.53E+04 
10.00 7.50E+00 3.31E+04 
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particles outside this range are not. This figure shows that as particle charge is lowered 

from contact charging levels to Boltzmann equilibrium levels, the deposition velocities of 

particles with diameters of 0.05 to 1.0 microns will be lowered. 

Particles smaller than 0.05 microns cannot carry much charge and all charging 

mechanisms predict similarly low charge levels. In this particle size range, diffusion due 

to the random Brownian motion of the particles is the dominant deposition mechanism, and 

the deposition velocities of the small particles are therefore similar for each charging 

mechanism. For particles larger than one micron, gravity is the dominant force on the 

particle, and the image force is not strong enough to enhance deposition velocities. 

When both the particle and surface are charged, an image force and a coulombic 

force will be present, as given by equations 4.9 and 4.18. Figure 5.6 shows deposition 

velocities of particles with a single negative charge and positive surface potentials of 0, 

100 and 1000 volts. For singly charged particles, it is seen that those particles smaller 

than one micron are significantly affected by the surface potential, while particles larger 

than one micron in diameter are not affected by the electrostatic force. Figure 5.7 shows 

a similar plot except now the particles have 10 negative charges. With stronger 

electrostatic forces, the deposition velocities are higher. Particles less than one micron 

are dominated by this force, as a ten fold increase in the applied voltage leads to 

approximately a tenfold increase in deposition velocities. Comparing figure 5.6 to figure 

5.7, it is seen that the stronger electrostatic force in figure 5.7 causes increased 

deposition velocities for particles in the 1.0 to 5.0 micron range. The force is still not 

strong enough to cause enhanced deposition of particles larger than 5.0 microns. 

The effect of the particle charge distribution on deposition velocities is displayed in 

figure 5.8. The curve representing the deposition velocity of particles charged to the 

Boltzmann distribution exhibits an unusual trend. In the particle size range of 0.01 to 0.1 

microns there is a local maximum, and as in previous graphs, there is a local minimum in 
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Figure 5.6: Predicted deposition velocities of singly charged particles under the 
influence of an attractive coulombic force for a face velocity of 30 cm/s 
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Figure 5.7: Predicted deposition velocities of particles with ten elementary charges 
under the influence of an attractive coulombic force for a face velocity 
of 30 cm/s 
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Figure 5.8 Predicted deposition velocities of particles with a contact charge, 
Boltzmann charge or zero charge above a surface charged to 100 volts 
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the particle size range of 0.1 to 1.0 microns. The local maximum is due to the nature of 

the Boltzmann distribution, listed in table 5.2. The charge on the particle increases 

rapidly in the particle size range of 0.01 to 0.03 microns. 

5.4 DEPOSITION VELOCITIES WITH THERMOPHORETIC FORCES 

The mechanism by which particles migrate from regions of high temperature to 

regions of low temperature is known as thermophoresis. For the situation where the 

particle size is small compared to the gas mean free path, a thermophoretic force will be 

imparted on a particle when high energy gas molecules strike the particle, pushing it away 

from the high temperature area. This phenomenon can drive all airborne particles away 

from a surface and create a particle free zone. 

Figure 5.9 shows predicted deposition velocities under the influence of a 

thermophoretic force. For a 10 degree Kelvin difference between the surface and the 

surroundings, the themophoretic force drives all particles with diameters 0.03 to 1.0 

microns away from the surface. When the temperature difference is increased to 30 

degrees, all particles in the range from 0.02 to 1.5 microns are driven away from the 

surface. 

In the absence of other external forces, the thermophoretic mechanism appears to be 

an excellent method of limiting particle deposition. The creation of a particle free area 

above the surface of semiconductor devices could be obtained through this mechanism. It 

is not clear at this point, however, if electrostatic forces on the particle can negate the 

effect of thermophoresis, and this is the subject of the following section. 

5.5 DEPOSITION VELOCITIES WITH ELECTRICAL AND THERMOPHORETIC FORCES 
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Figure 5.9: Particle deposition velocities under the influence of a thermophoretic 
force 



The combined effect of thermophoretic and electrical forces on particle deposition 

rates will be studied in this section. Temperature differences between the surface and the 

surroundings of 10 and 30 degrees Kelvin will be combined with an attractive electrical 

force where particles are charged to Boltzmann and contact charging levels and the 

surface is charged to 100 volts. 

Figure 5.10 shows deposition velocities influenced by both a thermophoretic and an 

electrical force. The electrical force is due to a surface charge of 100 volts and a 

particle charged to Boltzmann equilibrium levels. The figure shows the existence of a 

particle free zone. For a 10 degree temperature difference between the surface and 

surroundings, particles with diameters in the range of 0.2 to 1.0 microns are driven away 

from the surface. When the temperature difference is increased to 30 degrees, the range 

of particles driven away from the surface increases to 0.1 to 1.5 microns. This figure 

demonstrates that the thermophoretic force is strong enough to overcome the electrostatic 

forces due to Boltzmann equilibrium charge levels. 

The Boltzmann equilibrium distribution represents the minimum charge expected on 

the particle. A significantly higher charge is present when the particle is charged at 

contact charging levels. Figure 5.11 shows predicted deposition velocities again influenced 

by both thermophoretic and electrical forces, where the electrical force is due to a 

surface charge of 100 volts and a particle charge according to the contact charging 

mechanism. It is evident from this figure that the thermophoretic force does not reduce 

deposition velocities as the particle free zones of previous graphs are no longer present. 

In conclusion, it is apparent from the results presented in this section that 

thermophoresis can significantly reduce particle deposition rates, even under conditions 

where medium and weak electrostatic forces exist. However, when strong electrical forces 

are present, thermophoresis has no effect on reducing the rate of particles depositing on 

a surface. 
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Figure 5.10: Predicted deposition velocities, under the influence of a thermophoretic 
force, of particles charged to a Boltzmann equilibrium distribution above a 
surface charged to 100 volts 
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Figure 5.11: Predicted deposition velocities, under the influence of a thermophoretic 
force, of particles charged to contact charging levels above a surface 
charged to 100 volts 
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5.6 COMPARISONS OF MODEL PREDICTIONS WITH EXPERIMENTAL DATA 

The measurement of aerosol particle deposition rates on surfaces is difficult, since 

the mass of the particles striking the surface is small. Past researchers have utilized 

light scattering techniques to measure deposition rates of particles 0.5 microns and larger. 

Recently, Otani et al. (1989) have experimentally measured deposition velocities of 

particles in the size range 0.03 to 0.8 microns by means of fluorometry. Utilizing a free 

standing wafer in laminar stagnation flow, these workers have determined deposition rates 

of Rhodimane B particles under conditions with various freestream air velocities, wafer 

diameters and particle and surface charge combinations. In comparing the experimental 

results with the model, the following parameters were used: 

Figure 5.12 shows a comparison of the experimental results with the predictions of 

the model for freestream air flowrates of 10, 30 and 50 centimeters per second and a 

wafer diameter of 3.8 centimeters. Both the aerosol particle and wafer surface are free 

of charge. From this figure it is evident that the best agreement is for the test cases 

with freestream air velocities of 10 and 30 centimeters per second. The experimental data 

for the other flowrate are all slightly higher than the model predictions. 

In figure 5.13 comparisons are made by varying the electrostatic force and holding 

the freestream velocity constant for a wafer diameter of 2.55 centimeters. This figure 

shows that the experimental results compare well with the model in the absence of 

electrical forces. When electrical forces are taken into account, the experimental data are 

Particle Density: 
Freestream Air Velocity: 
Wafer Radius: 
Wafer Capacitance: 

2.3 g/cm3 

Wafer Voltage: 
Particle Charge: 

10,30,50 cm/s 
2.55,3.80 cm 
1.0E-11 farads 
0,500 volts 
0.-1 
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of Otani et al. (1989) 
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Figure 5.13: Model predictions versus experimental data for a 2.55 cm radius wafer 
with a freestream air velocity of 10 cm/s and surface charges of 0 and 
500 volts. Symbols represent data of Otani el al. (1989) 
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nearly one order of magnitude lower than the model predictions. The trends in the data 

do, however, compare with the model predictions, as the slopes of the data and model 

lines are similar. Since information on the characteristics of the experimental surface was 

not available, differences between the model predictions and experimental data may be 

explained by the model's assumption of a perfectly conducting surface with an assumed 

capacitance of 10 picofarads. 

This concludes the chapter on predictions of the model. In summary, it was shown 

that the newly developed finite element method produced results similar to the existing 

finite difference technique. The effect of the face velocity was then demonstrated, as 

deposition rates increased with higher face velocities for submicron particles. 

Electrostatics was found to significantly effect particle deposition rates as shown by plots 

of deposition velocities for various electrostatic conditions. Thermophoresis was then 

investigated, and particle free zones were found to exist for certain particle size ranges. 

The combined effect of electrical and themophoretic forces on particle deposition rates 

was studied, and it was found that particle free zones were still created when weak 

electrical forces were present. When stronger electrical forces were present, 

thermophoresis had no effect on deposition rates. The final section of this chapter 

compared model predictions to experimental data obtained by other researchers. While 

good agreement was obtained for deposition velocities in the absence of electrical forces, 

model predictions and experimental data differed by nearly one order of magnitude when 

electrical forces were considered. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this work is to develop a model for predicting particle deposition 

rates on surfaces inside a clean room. Such a model has been developed to account for 

particles depositing on surfaces via convection, diffusion and sedimentation, and also 

through electrical and thermophoretic external forces. 

6.1 CONCLUSIONS 

1. In the absence of external forces other than gravity, a minimum deposition velocity 

occurs for a particle diameter of approximately 0.2 microns. 

2. By raising the surface temperature above that of the surroundings, a thermophoretic 

force on the particle was found to be strong enough to push particles away from the 

surface and create a particle free zone for certain particle diameters. 

3. The coulombic and image electrical forces were found to significantly effect particle 

deposition rates. 

4. The particle free zone created from thermophoretic forces was still found to be 

present when medium to weak electrical forces existed. Thermophoresis, however, had no 

effect on reducing particle deposition rates when strong electrical forces were present. 
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6.2 RECOMMENDATIONS FOR FURTHER STUDY 

1. Further research is needed in comparing model predictions to experimental data, 

especially for situations where electrical and thermophoretic forces are present. 

2. To better describe the clean room environment with fabrication equipment, it may 

be useful to extend the model to account for: 

a) low pressure operating conditions 

b) geometries other than flow past a wedge 

c) turbulence. 
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APPENDIX A 

OPERATOR INSTRUCTIONS 

This software was developed to predict particle deposition rates on surfaces inside a 

cleanroom. The program can be used to study how various particle deposition mechanisms 

effect the flux of particles to a surface. Various deposition mechanisms are modeled in 

the program, including convection, diffusion, sedimentation, electrostatics and 

thermophoresis. The software is menu driven, results are printed to data files and input 

data files can be saved for later use. 

An option exists in the program for a choice of either a finite difference or finite 

element numerical solution. This option is costly in terms of memory requirements, 

because the computer system must have at least 640 Kbytes of memory to run this 

software. A second version of the program is available for larger computer systems that 

allows for larger discretization grids in a finite element solution. 

There are 11 fortran files that must be linked together to create an executable file. 

If the computer has 640 Kbytes of memory, the file RCT640.FOR should be used, or for 

larger computer systems, the file RCTIOOO.FOR should be used. An executable program, 

compiled with a Ryan McFarland version 2.4 Fortran compiler, is supplied for use on 

personal computers. 

A.l INPUT VARIABLES 

Variables that describe the properties of the gas, the particle and the surface must 

be input for each simulation. Fluid mechanics and numerical solution parameters must also 

be specified. 
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Gas Properties 
- gas density (g/cm3) 
- gas kinematic viscosity (cm2/sec) 
- gas mean free path (cm) 
- gas free stream velocity (cm/sec) 
- gas free stream temperature (K) 
- gas thermal conductivity (cal/cm/sec/K) 

Particle Properties 
- particle density (g/cm3) 
- particle diameter (cm) 
- particle diffusivity (cm2/sec) 
- particle thermal conductivity (cal/cm/sec/K) 
- particle charge (elementary units) 

Wafer Properties 
- wafer capacitance (farads) 
- wafer voltage (volts) 
- wafer temperature (K) 

Fluid Mechanics Parameters 
- characteristic length (cm) 
- potential flow constant (dimensionless) 

Numerical Solution Parameters 
- dimensionless discretization length in (x) and (y) 
- number of grids in the (x) and (y) direction 
- grid expansion factors in (x) and (y) 
- output grid in (x) and (y) 

The characteristic length of the system should be chosen as the dimension of the 

object which alters the gas flow. For the case of a free standing wafer, the 

characteristic length should be chosen as the radius of the wafer. If the wafer is on a 

benchtop, the characteristic length should be the an approximate radius of the bench. 

The dimensionless potential flow constant's value is often taken to be 1.0. From a 

dimensional analysis of the potential flow equations, this implies that the dimensional 

potential flow constant equals the freestream gas velocity divided by the characteristic 

length of the system. 

There are limitations on two numerical parameters. The number of grids in (x) and 

(y) cannot exceed 51 by 51 for the finite difference method and 5 by 12 for the finite 
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element method. For large computer systems, the finite element grid can be 10 by 20. 

The other numerical parameters are adjustable, however the following parameters are 

recommended: 

Finite Difference 
51 
51 
1.00 
1.25 
10 
2 

1.00 
1.00 
4 
1 1  

Grid expansion factors control individual grid sizes for nonuniform grids. Figure A.l 

shows how a grid is descretized with several grid expansion factors. 

grid expansion 
factor 

Number of grids in (x) 
Number of grids in (y) 
Grid expansion factor in (x): 
Grid expansion factor in (y): 
Interval between data output in (x): 
Interval between data output in (y): 

Finite Element 
Maximum (y) - dimensionless 
Grid expansion factor in (x): 
Output grid in (x): 
Output grid in (y): 

1.25 

1.50 

0.0 1.0 

Figure A.l: Descretization grid for different grid expansion factors 

A factor of 1.25 indicates that the next consecutive grid will be 25 percent larger than 
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the previous grid. This allows more grids to be placed in the vicinity of the surface 

where the concentration profile is the steepest, and a better numerical solution is 

obtained. 

In a finite element solution, the grid expansion factor in (y) and the maximum (y) 

should be adjusted according to the concentration profile. Micron size particles and 

larger experiencing strong attractive external forces will have virtually a flat 

concentration profile, and a grid expansion factor of about 2.0 should be used. For 

submicron particles and weak external forces, a grid expansion factor of 1.0 is 

recommended. The effect of changing the grid expansion factor is evident upon the 

residual, since an accurate numerical solution will have a residual very close to zero. 

The maximum (y) value should usually be 1.0, except in the case where external 

forces push particles away from the surface. It will be evident that the finite element 

solution's estimate of the concentration boundary layer thickness is incorrect if the 

concentration profile immediately drops from the freestream value at the outer edge of 

the boundary layer. This problem can be corrected by doubling the value of the maximum 

(y). This has the effect of doubling the numerical solution domain to twice the estimated 

boundary layer thickness. 

A.2 OUTPUT VARIABLES 

The results of the simulation will be output in data files. The names of the files 

will have the same name as the input file, but with a different extension. If the finite 

difference numerical solution is used, the input variables, calculated parameters, 

concentration data and flux data is in a file with a '.out' extension. Two additional files 

are created for use with graphics software. A file with a '.ptl* extension contains 

dimensionless concentration as a function of dimensionless position, and a file with the 



'.pt2' extension has the dimensioniess flux as a function of the dimensioniess distance 

along the surface. The finite element numerical solution creates the same '.ptl' and '.pt2' 

files but also creates a file with a '.dat' extension that contains dimensioniess flux and 

concentration data and a file with a '.out' extension that contains input variables and 

calculated parameters. 

All of the concentration and flux data is output in nondimensionalized form. The 

position in (x) and (y) is nondimensionalized with respect to the characteristic length of 

the system. The concentration is nondimensionalized with respect to the free stream 

aerosol particle concentration. The flux is nondimensionalized with respect to the product 

of the free stream velocity and the free stream particle concentration. To convert the 

variables to dimensional form, multiply the (x) and (y) position by the characteristic 

length, multiply the concentration by the free stream concentration, and multiply the flux 

by the product of the free stream particle concentration and the free stream velocity. 

A.3 EXAMPLE SIMULATION 

A wafer (radius - 5 cm) is at the center of a 50 (cm) square table. The freestream 

air velocity is 50 (cm/s), which is directed vertically towards the horizontal table. Both 

the particle and wafer surface are free of static charge. The temperature of the air and 

the temperature of the wafer surface is 293 (K). The deposition rate of 1 micron 

diameter particles with a diffusivity of 5.31E-04 (cm2/s) is to be determined. 

The characteristic length of the system should be chosen as 50 (cm), the size of the 

table. The program uses this dimension to calculate the air flow velocity distribution in 

the vicinity of the surface. The dimensioniess position, (x) and (y), will vary from 0.0 

(0/50) to 0.1 (5/50). 

An example of the program with the menus as they appear on the screen is 
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presented below. The numerical values were chosen to represent conditions at standard 

temperature and pressure. The general procedure is to either create or edit an input data 

file, and to use this input file to run the simulation. The main menu below is what first 

appears on the screen. It has 4 options; an input file can be created, an existing input 

file can be edited, the simulation can be started, or the program can be exited. 

(1) CREATE AN INPUT FILE 
(2) EDIT AN INPUT FILE 
(3) START THE SIMULATION 
(4) EXIT THE PROGRAM 

In this example option (2) is selected to edit an already existing input file, and after 

entering the name of the input file, the following screen appears: 

SELECT ONE OF THE FOLLOWING TO EDIT 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 

# OF DIFFERENT PARTICLES 1 
PARTICLE CHARACTERISTICS (DENSITY.DIAMETER.DIFFUSIVITY,CHARGE) 
GAS DENSITY 
GAS KINEMATIC VISCOSITY 
GAS MEAN FREE PATH 
GAS FREE STREAM VELOCITY 
CHARACTERISTIC LENGTH 
POTENTIAL FLOW CONSTANT 
WEDGE ANGLE PARAMETER 
WAFER CAPACITANCE 
WAFER VOLTAGE 

1.205E-03 (G/CM~3) 
1.500E-01 (CM~2/SEQ 
6.600E-06 (CM) 
5.000E+01 (CM/SEC) 
5.000E+01 (CM) 
1.000E+00 
1.00 
1.800E-11 (FARADS) 
0.000E+00 (VOLTS) 
5.000E+00 (CM) 
5.600E-05 (CAL/(CM-S-K)) 

WAFER RADIUS 
(13) THERMAL CONDUCTIVITY-GAS 
(14) THERMAL CONDUCTTVITY-PARTICRBOOE-Ol (CAL/(CM-S-K)) 
(15) WAFER TEMPERATURE 2.930E+02 (K) 
(16) GAS TEMPERATURE 2.930E+02 (K) 
(17) NUMERICAL SOLUTION METHOD FINITE ELEMENT 
(18) NUMERICAL PARAMETERS (GRIDS.EXPANSION FACTORS.OUTPUT FORMAT) 
(19) PARTICLE BEAM SIMULATION OR BOUNDARY CONDITION MODIFICATION 
(20) SAVE CHANGES AND RETURN TO MAIN MENU 

Option (1) allows for up to 20 different particles to be considered and the characteristics 

of the particles are detailed in option (2). Options (3-16) allow for a single value to be 
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input. Option (17) toggles the numerical method between finite difference and finite 

element and option (18) contains the parameters of the numerical method. Option (19) 

supplies the necessary information for simulating a particle beam or changing the boundary 

conditions. Option (20) saves the input file and returns the user to the main menu. 

On the selection of option (2), the following screen appears: 

(1) PARTICLE DENSITY 
(2) PARTICLE DIAMETER 
(3) PARTICLE DIFFUSIVITY 
(4) PARTICLE CHARGE 
(5) NEXT PARTICLE 
(6) RETURN TO EDIT MENU 

1.000E+00 (G/CM~3) 
1.000E-06 (CM) 
5.310E-04 (CM~2/S) 
0.000E+00 

In options (1-3) the numerical values can simply be entered, but in option (4) a particle 

charging mechanism may be selected. The following screen appears on the selection of 

option (4). 

(1) SELECT ANY PARTICLE CHARGE 
(2) BOLTZMAN EQUILIBRIUM CHARGE DISTRIBUTION 
(3) PARTICLE IS CHARGED BY CONTACT CHARGING 
(4) PARTICLE IS CHARGED BY DIFFUSION CHARGING 
(5) PARTICLE IS CHARGED BY HELD CHARGING 
(6) RETURN TO PARTICLE MENU 

Numerical parameters associated with the charging mechanism must be entered in order for 

the particle charge to be calculated. The contact potential is needed for contact 

charging, the product of the ion concentration and the time of charging is required for 

diffusion charging, and the electric field and particle dielectric constant are needed for 

field charging. An equilibrium average Boltzman charge can be calculated through option 

(2), or any particle charge can be entered through the option (1). All of the charging 



70 

mechanisms calculate a positive charge. Negative charges can be entered through option 

(1). 

Option (18) of the edit menu allows for the parameters of the numerical method to be 

modified. The following screen appears if a finite element solution is specified. 

(1) MAXIMUM (X) - DIMENSIONLESS 1.000E-01 
(2) MAXIMUM (Y) - DIMENSIONLESS 1.000E-00 
(3) DISCRETIZATION GRID IN (X) 5 
(4) DISCRETIZATION GRID IN (Y) 12 
(5) GRID EXPANSION FACTOR IN (X) 1.000E+00 
(6) GRID EXPANSION FACTOR IN (Y) 1.000E+00 
(7) OUTPUT GRID IN (X) 4 
(8) OUTPUT GRID IN (Y) 11 
(9) OUTPUT ON COLLOCATION POINTS YES 
(10) RETURN TO EDIT MENU 

If the finite difference numerical method is chosen, a similar screen is shown. 

(1) MAXIMUM (X) - DIMENSIONLESS 1.000E-01 
(2) MAXIMUM (Y) - DIMENSIONLESS 1.000E-01 
(3) DISCRETIZATION GRID IN (X) 51 
(4) DISCRETIZATION GRID IN (Y) 51 
(5) GRID EXPANSION FACTOR IN (X) 1.000E+00 
(6) GRID EXPANSION FACTOR IN (Y) 1.250E+00 
(7) INTERVAL BETWEEN DATA OUTPUT IN (X)10 
(8) INTERVAL BETWEEN DATA OUTPUT IN (Y)2 
(9) GAS AND PARTICLE VELOVITIES ARE NOT PRINTED 
(10) RETURN TO EDIT MENU 

Option (20) of the edit menu should be selected once all of the input variables have been 

defined. The input data file will then be saved on disk, and the simulation can be started 

by selecting option (3) of the main menu. 

A.4 PROGRAM OUTPUT - FINITE ELEMENT SOLUTION 
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When the above example is run using a finite element numerical method, the 

following results are printed in a file with a '.dat' extension. The first table lists 

dimensionless concentration versus dimensionless position, and the second table lists 

dimensionless flux versus dimensionless position. The third table shows a residual, which 

should be very close to zero if the solution is accurate. A file with a '.out' extension 

lists the variables specified in the input file. 

Particle Diameter: 1.000E-06 (cm) Diffusivity: 5.310E-04 (cm~2/sec) 

Diffusion Boundary Layer Thickness: 2.833E-03 (dimensionless) 

+++++++++++++++++++++++++++++++++++++++++++++++++++++ 
+ + 
+ DIMENSIONLESS CONCENTRATION ON 4 X 11 GRID + 
+ + 
+++++++++++++++++++++++++++++++++++++++++++++++++++++ 

X-ABSCISSAE ARE 0.052831 0.302831 0.552831 0.802831 

Y -
Y -
Y -
Y -
Y -
Y -
Y -
Y -
Y -
Y -
Y -

2.630E-03 
2.373E-03 
2.115E-03 
1.857E-03 
1.600E-03 
1.342E-03 
1.085E-03 
8.271E-04 
5.696E-04 
3.120E-04 
5.444E-05 

9.838E-01 9.838E-01 9.838E-01 9.838E-01 
9.522E-01 9.522E-01 9.522E-01 9.522E-01 
9.051E-01 9.051E-01 9.051E-01 9.051E-01 
8.405E-01 8.405E-01 8.405E-01 8.405E-01 
7.579E-01 7.579E-01 7.579E-01 7.579E-01 
6.587E-01 6.587E-01 6.587E-01 6.587E-01 
5.458E-01 5.458E-01 5.458E-01 5.458E-01 
4.230E-01 4.230E-01 4.230&41 4.230E-01 
2.938E-01 2.938E-01 2.938E-01 2.938E-01 
1.615E-01 1.615E-01 1.615E-01 1.615E-01 
2.821E-02 2.821E-02 2.821E-02 2.821E-02 

++++++++++++++++++++++++++++++++++++++++++++++ 

+ + 
+ 
+ 

+ 
+ 

DIMENSIONLESS FLUX 
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++++++++++++++++++++++++++++++++++++++++++++++ 

X 

5.283E-02 
3.028E-01 
5.528E-01 
8.028E-01 

FLUX 

1.1053E-04 
I.1053E-04 
1.1053E-04 
1.1053E-04 

++++++++++++++++++++++++++++++++++++++++++++++++ 

+ + 
+ TABLE OF RESIDUAL ON 4X11 GRID + 
+ + 
++++++++++++++++++++++++++++++++++++++++++++++++ 

X-AJBSCISSAE ARE 0.052831 0.302831 0.552831 0.802831 

Y a 2.630E-03 1.665E-05 6.662E-06 -3.789E-05 -7.007E-05 
Y m 2.373E-03 -1.279E-05 -2.059E-05 3.684E-05 -2.530E-05 
Y « 2.115E-03 2.403E-05 2.401E-05 -3.415E-05 -3.629E-05 
Y •a 1.857E-03 1.670E-05 2.367E-05 -1.904E-05 -5.170E-05 
Y » 1.600E-03 -2.389E-05 -1.886E-05 2.164E-05 6.694E-05 
Y m 1.342E-03 8.517E-06 2.7%E-05 2.167E-06 -6.567E-05 
Y - 1.085E-03 -3.743E-05 -1.553E-05 -3.746E-05 -3.095E-05 
Y « 8.271E-04 1.780E-05 -4.723E-06 -4.578E-06 -2.150E-05 
Y - 5.6%E-04 1.130E-05 -2.127E-05 2.381E-05 -1.681E-05 
Y - 3.120E-04 -8.030E-06 -1.714E-05 -3.284E-07 -6.035E-06 
Y m 5.444E-05 -6.016E-06 -6.072E-06 1.596E-06 1.719E-06 

A.5 PROGRAM OUTPUT - FINITE DIFFERENCE SOLUTION 

The following data is output in a file with a '.out' extension when a finite difference 

solution is obtained. Two additional files are also created. A file with a '.ptl' extension 

contains concentration versus position data, and a file with a '.pt2' extension contains 

flux versus position data. 



FINITE DIFFERENCE GRID STATISTICS: 
The X-grid has 51 nodes with initial spacing 2.000E-03 
The Y-grid has 51 nodes with initial spacing 3.568E-07 
Grid Expansion Factors in X and Y are 1.000E+00 1.250E+00 
The print-out interval between x-grids is 10 
The print-out interval between y-grids is 5 

CONVERGENCE CRITERIA: 
Max Matrix Norm Max Iterations 

ADI(NX x NY) 1.000E-03 * 250 
BK (2 x 2) 1.000E-03 100 

BOUNDARY CONDITIONS: 
COEFFICIENTS ON: 

C' C and CO C0(RHS) 
At the Left Boundary of X: 1.000E+00 0.000E+00 0.000E+00 
At the Right Boundary of X: O.OOOE+OO 1.000E+00 0.000E+00 
At the Left Boundary of Y: 0.000E+00 1.000E+00 0.000E+00 
At the Right Boundary of Y: 0.000E+00 1.000E+00 1.000E+00 
Wall Temperature (K) - 2.930E+02 and Bulk Temperature (K) - 2.930E+02 

GAS PROPERTIES: 
Density (g/cm3) - I.205E-03 
Kinematic Viscosity (cm2/s) • 1.500E-01 
Mean Free Path (cm) - 6.600E-06 
Freestream Velocity (cm/s) - 5.000E+01 
Thermal Conductivity (cal/cm-sec-K) - 5.600E-05 

FLUID MECHANICS PARAMETERS: 
Characteristic Length (cm) - 5.000E+01 
Wedge Angle Parameter (0 to 1) - 1.000E+00 
Potential Flow Velocity Constant (dmnlss) - 1.000E+00 

ELECTRICAL FORCE PARAMETERS: 
Collector Capacitance (StC/stV) - 1.620E+01 
Collector Voltage (StatVoIts) - O.OOOE+OO 

— GAS TEMPERATURE DEG K — 
1.000E-01! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
3.277E-02! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
1.074E-02! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
3.517E-03! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
1.152E-03! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
3.764E-04! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
1.224E-04! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
3.914E-05! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 



1.187E-051 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
2.928E-06! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 
3.568E-12! 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 2.930E+02 

~Y X-> 2.000E-08 2.000E-02 4.000E-02 6.000E-02 8.000E-02 1.000E-01 

PARTICLE PROPERTIES: 
Density (g/cm3) - 1.000E+00 
Diameter (cm) - 1.000E-06 
Diffusivity (cm2/s) - 5.310E-04 
Thermal Conductivity (cal/cm-sec-K) - 8.100E-01 

CALCULATED PARAMETERS AND DIMENSIONLESS GROUPS: 
Knudsen Number (lambda/dp) - 6.600E+00 
Mobility (s/g) - 1.317E+10 
DIFBAR - 1/Mass Peclet No.(dmnlss) - 2.124E-07 
Flow Reynolds No. - 1.667E+04 
Particle Reynolds No. - 3.333E-04 
Stokes No. - 6.895E-09 
Schmidt No. • 2.825E+02 
Slip Correction - 2.245E+01 
Drag Coefficient - 7.206E+04 
Approx. BL Thickness (-l/sqrt(RE)) - 7.746E-03 
Thermophoretic Coefficient (dmnlss) - 5.325E-01 

RESIDUAL SUM OF SQUARES - 6.34084E-07 

PARTICLE CONCENTRATION — 
1.000E-01! 0.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 0.000E+00 
3.277E-02! 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 0.000E+00 
1.074E-02! 1.001E+00 1.001E+00 1.001E+00 1.001E+00 1.001E+00 0.000E+00 
3.517E-03! 1.014E+00 1.014E+00 1.014E+00 1.014E+00 1.014E+00 0.000E+00 
1.152E-03! 5.832E-01 5.832E-01 5.832E-01 5.832E-01 5.832E-01 0.000E+00 
3.764E-04! I.974E-OI 1.974E-01 1.974E-01 1.974E^01 1.974E-01 0.000E+00 
1.224E-04! 6.427E-02 6.427E-02 6.427E-02 6.427E^02 6.427E-02 0.000E+00 
3.914E-05! 2.056E-02 2.056E-02 2.056E-02 2.056E-02 2.056E-02 O.OOOE+OO 
1.187E-05! 6.232E-03 6.232E^03 6.232E-03 6.232E-03 6.232E-03 0.000E+00 
2.928E-06! 1.538E-03 1.538E-03 1.538E-03 1.538E-03 1.538E-03 0.000E+00 
3.568E-12! 0.000E+00 0.000E+00 0.000E+00 O.OOOE+OO 0.000E+00 0.000E+00 

~Y X-> 2.000E-08 2.000E-02 4.000E-02 6.000E-02 8.000E-02 1.000E-01 

— DIMENSIONLESS DEPOSITION VELOCITY TO THE SURFACE 
3.568E-07I-5.953E-01-5.953E-0I-5.953E-01-5.953E-01-5.953E-01-5.953E-01 

~Y X-> 2.000E-08 2.000E-02 4.000E-02 6.000E-02 8.000E-02 1.000E-01 



— DIMENSIONLESS PARTICXE FLUX TO THE SURFACE 
3.568E-07I-I.1I6E-04-1.I16E-04-1.116E-04-1.116E-04-1.116E-04 0.000E+00 

"Y X-> 2.000E-08 2.000E-02 4.000E-02 6.000E-02 8.000E-02 1.000E-01 

CONVERGENCE REALIZED IN 12 ITERATIONS 
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Appendix B 

Finite Element Software 

This appendix contains modified ELLPACK (Houstis, Mitchell and Rice, 1985) 

subroutines. Unmodified ELLPACK subroutines were used in obtaining a finite element 

solution, but are not included in this appendix. Figure B.l shows a flowchart of all the 

ELLPACK subroutines used in the finite element solution with the modified subroutines 

denoted by an asterisk. Modifications to the subroutines are highlighted by lines of the 

symbols, 'W and 'ttt', before and after the program changes. The following 

subroutines and functions are included in this appendix: 

ELLPACK 
SETGRD 
EQBLCK 
CALCVP 
TABLER 
RESID 
BCOND 
PDE 
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Figure B.l: flowchart of ELLPACK subroutines used in the finite element solution 



c 
SUBROUTINE ELLPACK 
INCLUDE 'COMBLKS.INC' 

C 
cuuuuuuuiwuuuuuwumuuuuuuu 
c 

REAL COEF(480,17),UNKVCT(4,396),WRKSP(26880), 
TABX(51 ),TAB Y (51) 

INTEGER IDCOEF(48C>, 17),NUMUNK(4.396),OUTFNC(4),OUTTYP(4) 
C 
cmttmmtmtttttttmttmtmtmmtmttttt 

LOGICAL HOMOBC 
CHARACTERS BCTYPE 

C 
C 

COMMON /PROBR/AXZ,BXZ,AYZ,BYZ,DX,DY 
COMMON /GRIDXZ/GRI DX(51) 
COMMON /GRIDYZ/GRIDY(5I) 
COMMON /PROBI/NGRDXZ.NGRDYZ 
COMMON /INTEGS/NUMBEQ.NUMCOE.LEVELZ.MOUTPT.NROW 

C 
cuuuuuuuuuuuuuuuuumuuuuwu 
c 

AX = 0. 
AY = (DP/2.)/(DBL*EL) 
DX = .005 
DY = .005 
MXNEQ = 480 

C 
ctttttmmmmtttmtmtttttmmtmmttttt 
C INITIALIZE MATRICES 
C 

DO 5 J - 1, 17 
DO 7 K = 1, MXNEQ 

COEFtfU) = 0.0 
IDCOEF(K,J) = 0 

7 CONTINUE 
5 CONTINUE 

C 
C 

DATA BCTYPE,HOMOBC,P1,P2JLEVEL/'UNCU',.FALSE.,0.,0.,1/ 
C 

AXZ = AX 
BXZ = BX 
AYZ = AY 
BYZ = BY 
LEVELZ - LEVEL 

CWUWUUUUUUUUUUUUUUUUUiUWU 
c 

MOUTPT = 13 
WRITE (MOUTPT.lOl) DP.DIFFUS 
IF (DNMCHG .NE. 0.0) WRITE (MOUTPT.103) DNMCHG 
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WRITE (MOUTPT.102) DBL 
101 FORMAT (1H ,//20H Particle Diameter: ,1PE10.3,5H (cm), 

16H Diffusivity: ,1PE10.3,11H (cm~2/sec)/) 
102 FORMAT (1H ,/37H Diffusion Boundary Layer Thickness: .1PE10.3, 

.16H (dimensionless)) 
103 FORMAT (1H ,17HParticle Charge: .1PE10.3) 

C 
CttttttttttttttttttttttttttttttttttTttttrtTtttttttt 

CALL SETGRD(GRIDX.GRIDY.NGRIDX.NGRIDY,GRDEX.GRDEYAX.BXAY,BY 
..IGRIDX.IGRIDY) 
NGRDXZ = NGRIDX 
NGRDYZ = NGRIDY 

C 
C SET OUTPUT TYPES 
C NOUT = 2 FOR EXAMPLE 1.-4 FOR EXAMPLE 2 
C 

NOUT = 3 
C TABLE APPROXIMATE CONCENTRATION SOLUTION ON A SPECIFIED GRID 

OUTFNC(l) = 1 
OUTTYP(l) - 4 

C TABLE APPROXIMATE PARTICLE FLUX ON SPECIFIED GRID 
OUTFNC(2) = 2 
OUTTYP(2) = 4 

C TABLE RESIDUAL ON SPECIFIED GRID SIZE 
OUTFNC(3) = 3 
OUTTYP(3) = 4 

CUUWUUUUUUIUUUUUUUUUUUUUUU 
c 
C PRINT OUTPUT ON SPECIFIED GRID OR ON COLLOCATION POINTS 
C 

IF (NCOL .EQ. 1) THEN 
FACTOR = .5/SQRT(3.) 
NTABX = (NGRIDX-1) 
DO 10 I = 1, NTABX 

IP1 = (I + 1) 
H = GRIDX(IPl) - GRIDX(I) 
FCTR = H * FACTOR 
TMDL = (GRIDX(IPl) + GRIDX(I)) * .5 
TABX(I) - TMDL - FCTR 

10 CONTINUE 
NTABY •= (NGRIDY-1) 
DO 20 J = 1, NTABY 

JP1 «= (J + 1) 
H - GRIDY(JPl) - GRIDY(J) 
FCTR = H * FACTOR 
TMDL - (GRIDY(JP1) + GRIDY(J)) * .5 
TABY(J) - TMDL - FCTR 

20 CONTINUE 
ELSE 

DO 12 I = 1.NTABX 
A I M 1  = 1 - 1  
TABX(I) = AX + (BX-AX)*AIM 1 /(NTABX-1) 
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12 CONTINUE 
DO 22 J = 1,NTABY 

AIM1 = J - 1 
TABY(J) = AY + (BY-AY)*AIM 1 /(NTABY-1) 

22 CONTINUE 
END IF 

C 
cttttmtmtmtttttttttmmtttmtmtttrtmtt 

CALL RCTCOL(GRIDX,NGRIDX,GRIDY,NGRIDY,COEF,IDCOEF,MXNEQ, 
UNKVCT,NUMUNK,WRKSP,HOMOBC,BCTYPEP 1 ,P2,OUTFNC, 
OUTTYP,NOUT,TABX,TABY) 

C CLOSE(MOUTPT) 
RETURN 
END 

SUBROUTINE SETGRD(GRIDX,GRIDY,NGRIDX,NGRIDY.GRDEX,GRDEYAX1BX 
.,AY,BY,IGRIDX,IGRIDY) 

C 
REAL GRIDX(*),GRIDY(*) 

C 
DX = BX - AX 
DY = BY - AY 
NGRIDX = IGRIDX 
NGRIDY = IGRIDY 
AIGR1X = IGRIDX - 1 
AIGR1Y = IGRIDY - 1 

C 
IF ((GRDEX .NE. 1.0) .OR. (GRDEY .NE. 1.0)) GO TO 20 

C 
C CODE TO SET A UNIFORM IGRIDX X IGRIDY GRID 
C 
C 

DO 10 I = 1,IGRIDX 
A I M 1  = 1 - 1  
GRIDX(I) = AX + (AIM1)*DX/ (AIGR1X) 

10 CONTINUE 
DO 12 I = 1,IGRIDY 

A I M 1  = 1 - 1  
GRIDY(I) = AY + (AIM1)*DY/ (AIGR1Y) 

12 CONTINUE 
RETURN 

CUUUUUUUUUUUUUU1UUWUUUUUUU 
c 
C CODE TO SET A NONUNIFORM GRID USING GRID EXPANSION FACTORS 
C 

20 CONTINUE 
XSUM = 1.0 
YSUM = 1.0 
DO 30 J = 1, IGRIDX-2 

XSUM = XSUM + (GRDEX)**J 
30 CONTINUE 

DO 32 J = 1, IGRIDY-2 



YSUM = YSUM + (GRDEY)**J 
32 CONTINUE 

DELX = DX/XSUM 
DELY - DY/YSUM 
GRIDX(l) = AX 
GRIDY(l) = AY 
GRIDX(2) = AX + DELX 
GRIDY(2) = AY + DELY 
DO 40 I = 3, IGRIDX 

GRIDX(I) - GRIDX(I-l) + GRDEX*DELX 
DELX = GRIDX(I) - GRIDX(I-l) 

40 CONTINUE 
DO 42 I - 3. IGRIDY 

GRIDY(I) = GRIDY(I-I) + GRDEY*DELY 
DELY - GRIDY(I) - GRIDY(I-1) 

42 CONTINUE 
C 
cmtttttmtttttttttttmttmtmmttmmmtt 

RETURN 
END 

C 
SUBROUTINE EQBLCK(NROW,X,BXCl,BXC2,Y,BYCl,BYC2,COEF,MXNEQ) 

COMMON /PROBR/AX,BX,AY,BY,DX,DY 
C 
C 

REAL X(2),BX 1 (12),BXC 1 (12),BXC2( 12),Y(2),BY 1 (12),BYC 1 (12), 
BYC2( 12),COEF(MXNEQ ,*),CVALUS(7) 

C 
C LOOP OVER 4 COLLOCATION POINTS (X(I),Y(J) TO 
C COMPUTE COEFFICIENTS FROM COLLOCATION EQUATIONS 
C 

DO 140 K = 1.4 
C 
C SET COLLOCATION POINT INDECES I,J AND PUT VALUES 
C OF BASIS FUNCTIONS AND THEIR DERIVATIVES INTO 
C APPROPRIATE TEMPORARY ARRAYS BX1.BY1 
C 

GO TO (10,30,70,50),K 
C 

1 0  1 = 1  
J - 1 
DO 20 L = 1,12 

BY1(L) = BYC1(L) 
BX1(L) - BXC1(L) 

20 CONTINUE 
GO TO 90 

C 
30 J - 1 

I = 2 
DO 40 L = 1,12 

BX1(L) = BXC2(L) 
40 CONTINUE 



GO TO 90 
C 

50 J = 2 
I = 1 
DO 60 L = 1,12 

BX1(L) = BXC1(L) 
60 CONTINUE 

GO TO 90 
C 

70 J = 2 
I = 2 
DO 80 L = 1.12 

BY1(L) = BYC2(L) 
80 CONTINUE 
90 CONTINUE 

cuuuuuuuuuuuuuumuuuuuuumu 
c 
C EVALUATE PDE COEFFICIENTS AT (X(I).Y(J)) 
C 

IF (X(I)-DX .LT. AX) THEN 
CALL CALCVP(X(I),Y(J),VXBAR1,VYBAR) 
CALL CALCVP(X(I)+DX,Y(J),VXBAR2,VYBAR) 
CALL CALCVP(X(I)+2*DX,Y(J),VXBAR3,VYBAR) 
DVXBAR = (-3*VXBAR 1 + 4*VXBAR2 - VXBAR3)/(2*DX) 

ELSE IF (X(I)+DX .GT. BX) THEN 
CALL CALCVP(X(I),Y(J),VXBAR1.VYBAR) 
CALL CALCVP(X(I)-DX,Y(J),VXBAR2,VYBAR) 
CALL CALCVP(X(I)-2*DX,Y(J),VXBAR3,VYBAR) 
DVXBAR = (3*VXBAR 1 - 4*VXBAR2 + VXBAR3)/(2*DX) 

ELSE 
CALL CALCVP(X(I)-DX,Y(J),VXBAR1 .VYBAR) 
CALL CALCVP(X(I)+DX,Y(J),VXBAR2, VYBAR) 
D VXBAR = (VXBAR2-VXBAR 1 )/(2*DX) 

END IF 
C 

IF (Y(J)-DY .LT. AY) THEN 
CALL CALCVP(X(I).Y(J),VXBAR.VYBAR 1) 
CALL CALCVP(X(I),Y(J)+DY,VXBAR,VYBAR2) 
CALL CALCVP(X(I),Y(J)+2*DY, VXBAR, VYBAR3) 
DVYBAR = (-3*VYBAR 1 + 4*VYBAR2 - VYBAR3)/(2*DY) 

ELSE IF (Y(J)+DY .GT. BY) THEN 
CALL CALCVP(X(I),Y(J),VXBAR,VYBAR 1) 
CALL CALCVP(X(I),Y(J)-DY,VXBAR,VYBAR2) 
CALL CALCVP(X(I),Y(J)-2*DY, VXBAR,VYBAR3) 
DVYBAR = (3*VYBAR 1 - 4*VYBAR2 + VYBAR3)/(2*DY) 

ELSE 
CALL CALCVP(X(I),Y(J)-DY,VXBAR,VYBAR 1) 
CALL CALCVP(X(I),Y(J)+DY,VXBAR,VYBAR2) 
D VYBAR = (VYBAR2-VYBAR 1 )/(2*DY) 

END IF 
C 

CALL CALCVP(X(I),Y(J),VXBAR,VYBAR) 
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CALL PDE(X(I),Y(J),VXBAR,VYBAR,DVXBAR,DVYBAR,CVALUS) 
C 
ctttmtmtttttttmtmtttttmtmtmmttttm 
C TEMPORARY VARIABLES 

T i l  -  C V A L U S (  1  ) * B X  1  ( 9 )  
T12 = C VALUS( 1 )*BX 1(10) 
T13 - CVALUS( 1 )*BX 1(11) 
T14 = C VALUS( 1 )*BX 1(12) 

C IF THE COEFFICIENT OF UX = 0 SKIP RELATED COMPUTATIONS 

IF (CVALUS(4).EQ.0.0) GO TO 100 
C 

T i l  =  T i l  +  C  V A L U S ( 4 ) * B X  1  ( 5 )  
T12 = T12 + C VALUS(4)*BX 1 (6) 
T13 = T13 + CVALUS(4)*BX1(7) 
T14 = T14 4 C VALUS(4)*BX 1 (8) 

C 
100 CONTINUE 

C IF THE COEFFICIENT OF U = 0 SKIP RELATED COMPUTATIONS 
IF (CVALUS(6).EQ.0.0) GO TO 110 

C 
T i l  =  T i l  +  C  V A L U S ( 6 ) * B X  1 ( 1 )  
T12 = T12 + C VALUS(6)*BX 1 (2) 
T13 = T13 + C VALUS(6)*BX 1 (3) 
T14 = T14 + CVALUS(6)*BX 1 (4) 

C 
110 CONTINUE 

T21 - C VALUS(3)*B Y1 (9) 
T22 = CVALUS(3)*BY 1(10) 
T23 = C VALUS(3)*BY 1(11) 
T24 = C VALUS(3)*BY 1(12) 

C IF THE COEFFICIENT OF UY = 0 SKIP RELATED COMPUTATIONS 
IF (CVALUS(5).EQ.0.0) GO TO 120 

C 
T21 = T21 + C VALUS(5)*BY 1 (5) 
T22 = T22 + CVALUS(5)*BY 1 (6) 
T23 = T23 + CVALUS(5)*BY 1 (7) 
T24 = T24 + CVALUS(5)*BY 1 (8) 

120 CONTINUE 
C 
C COMPUTE COEFFICIENTS AND RIGHT SIDE OF THE COLLOCATION 
C EQUATIONS FOR THE OPERATOR 
C 
C L(UC) = CUXX*DXXUC+CUYY*DYYUC+CUX*DXUC+CUY*DYUC+CU*UC 
C 

COEF(NROW,l) - BY1(1)*T11 + BX1(1)*T21 
COEF(NROW,2) = BY1(3)*T11 + BX1(1)*T23 
COEF(NROW,3) = BY1(1)*T13 + BX1(3)*T21 
COEF(NROW,4) = BY1(3)*T13 + BX1(3)*T23 

C 
COEF(NROW,5) = BY1(1)*T12 + BX1(2)*T21 
COEF(NROW,6) = BY1(3)*T12 + BX1(2)*T23 
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C0EF(NR0W,7) = BY1(1)*T14 + BX1(4)*T21 
C0EF(NR0W,8) = BY1(3)*T14 + BX1(4)*T23 

C 
COEF(NROW,9) - BY1(2)*T12 + BX1(2)*T22 
COEF(NRO W, 10) = BY1(4)*T12 + BX1(2)*T24 
COEF(NROW,l 1) - BY1(2)*T14 + BX1(4)*T22 
COEF(NROW, 12) = BY1(4)*T14 + BX1(4)*T24 

C 
COEF(NROW, 13) - BY1(2)*T11 + BX1(1)*T22 
COEF(NROW, 14) - BY1(4)*T11 + BX1(1)*T24 
COEF(NROW, 15) - BY1(2)*T13 + BX1(3)*T22 
COEF(NROW, 16) = BY1(4)*T13 + BX1(3)*T24 

C IF THE COEFFICIENT OF UXY IS 0 SKIP RELATED COMPUTATIONS 
IF (CVALUS(2).EQ.0.0) GO TO 130 

C 
T3I = CVALUS(2)*BX 1 (5) 
T32 = C VALUS(2)*BX 1 (6) 
T33 = C VALUS(2)*BX 1 (7) 
T34 = C VALUS(2)*BX 1 (8) 

C 
c 
c COMPUTE COEFFICIENTS AND RIGHT SIDE OF THE COLLOCATION 
C EQUATIONS CORRESPONDING TO THE OPERATOR L(UQ = L(UC) + CUXYHJXY 
C 

COEF(NROW,l) = BY1(5)*T31 + COEF(NROW,l) 
COEF(NROW,2) = BY1(7)*T31 + COEF(NROW,2) 
COEF(NROW,3) = BY1(5)*T33 + COEF(NROW,3) 
COEF(NROW,4) - BY1(7)*T33 + COEF(NROW,4) 

C 
COEF(NROW,5) = BY1(5)*T32 + COEF(NROW,5) 
COEF(NROW,6) = BY1(7)*T32 + COEF(NROW,6) 
COEF(NROW,7) - BY1(5)*T34 + COEF(NROW,7) 
COEF(NROW,8) = BY1(7)*T34 + COEF(NROW,8) 

C 
COEF(NROW,9) = BYI(6)*T32 + COEF(NROW.9) 
COEF(NRO W, 10) = BY1(8)*T32 + COEF(NROW.10) 
COEF(NROW,I I) = BYI(6)*T34 + COEF(NROW,ll) 
COEF(NRO W, 12) = BY1(8)*T34 + COEF(NROW,I2) 

C 
COEF(NRO W, 13) = BY1(6)*T31 + COEF(NROW,I3) 
COEF(NRO W, 14) = BY1(8)*T31 + COEF(NROW,14) 
COEF(NROW, 15) = BY1(6)*T33 + COEF(NROW,15) 
COEF(NROW, 16) = BY1(8)*T33 + COEF(NROW,16) 

130 CONTINUE 
C ***** COMPUTE THE RIGHT SIDE ***** 
C 

COEF(NROW, 17) - PDERHS(X(I).Y(J)) 
C INCREASE EQUATION COUNTER 

NROW = NROW + 1 
140 CONTINUE 

RETURN 
END 
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C 
cuuuuuuuuuuuuuuuuuuuuwwuu 

SUBROUTINE CALCVP(X,Y,VXBAR,VYBAR) 
INCLUDE 'COMBLKS.INC' 

C 
C RESCALE THE PARTICLE VELOCITY FROM THE FREE STREAM VELOCITY 
C TO THE VELOCITY AT THE OUTER EDGE OF THE CONCENTRATION 
C BOUNDARY 
C LAYER. 
C 

REAL X.Y.VXBAR.VYBAR 
CALL TMPRTR(X,Y*DBL,2,2,TEMPR,DTMPDX,DTMPDY) 
TK(2,2) = TEMPR 
DTKDX(2,2) = DTMPDX 
DTKDY(2,2) = DTMPDY 
CALL VBAR(X,Y*DBL,2,2,VXBAR,VYBAR) 
VXBAR = VXBAR*UO/VDBL 
VYBAR = VYBAR*UO/VDBL 
RETURN 
END 

C 
cmtmmmttmtmttttttttttttmmmmmt 
c 
c 

SUBROUTINE TABLER(OUTFNC,TABX,TABY,TPRINT,GTYPE, 
NGRDXD.NGRDYD.UNKNWN.RECTAN) 

INCLUDE 'COMBLKS.INC' 
C 
C 

REAL TABX(NTABX),TAB Y (NTABY) ,DERVSL(6),UNKN WN(*),TPRI NT (NTABX) 
C 

INTEGER GTYPE(NGRDXD,NGRDYD),OUTFNC 
C 

LOGICAL RECTAN 
C 

COMMON /GRIDXZ/GRIDX( 1) 
COMMON /GRIDYZ/GRIDYU) 
COMMON /XBOUZZ/XBOUND( 1) 
COMMON /YBOUZZ/YBOUNDU) 
COMMON /BNDRY/IPIECE.NBOUND.NBNDPT 
COMMON /INTEGS/NUMBEQ,NUMCOELEVEL.MOUTPT,NROW 

CUWUUUUUUUUUUUHUUUWUUUUHU 
c 
C PRINT HEADING 
C 

IF (OUTFNC.EQ.I) WRITE (MOUTPT.9001) NTABX.NTABY 

IF (OUTFNC.EQ.2) WRITE (MOUTPT.9011) 
IF (OUTFNC.EQ.3) WRITE (MOUTPT.9021) NTABX.NTABY 

IF (OUTFNC.NE.2) WRITE (MOUTPT.9031) (TABX(I),I=1,NTABX) 
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IF (0UTFNC.EQ.2) WRITE (MOUTPT.9027) 
IF (OUTFNC.NE.2) WRITE (MOUTPT.9040) 
WRITE (10*) ' ' 
WRITE (11*) ' ' 

C 
c 

DBAR = DIFFUS/(UO*DBL*EL) 
DO 20 JUP = l.NTABY 

J - NTABY - JUP + 1 
Y = TABY(J) 

C 
DO 10 I = l.NTABX 

TPRINT(I) = 0.0 
X - TABX(I) 
CALL VBAR(X,0.25*DBL,2,2,VXBAR,VYBAR) 
IPNTYP = 0 

C IF ( .NOT. RECTAN) CALL OUTSID(X,Y,GTYPE,GRIDX,GRIDY,XBOUND, 
C YBOUND,NGRDXD,NGRDYD,NBNDPT,IPNTYP, 
C IERR) 

IF (IPNTYP.EQ.3) GO TO 10 
IF (OUTFNC.EQ.l) TPRINT(I) = COLAPR(X,Y,UNKNWN,DERVSL, 

RECTAN) 
IF (OUTFNC.EQ.2) THEN 
BFF - COLAPR(X,.25,UNKNWN,DERVSL,RECTAN)*VYBAR 
BF1 = COLAPR(X,.26,UNKNWN,DERVSL,RECTAN) 
BF2 = COLAPR(X,.24,UNKNWN,DERVSL,RECTAN) 
DF = DB AR*(BF 1 -BF2)/.02 
TPRINT(I) - ABS(-DF + BFF) 

END IF 
IF (OUTFNC.EQ.3) TPRINT(I) = RESID(X,Y,IPNTYP,UNKNWN,RECTAN) 

10 CONTINUE 
C 

YDBL •= Y*DBL 
IF ((OUTFNC.NE.2) .AND. (NTABX.LE.4)) THEN 

IF (OUTFNC.EQ.l) WRITE (10,9053) YDBL,(TPRINT(I),I=1,NTABX) 
WRITE (MOUTPT,9052) YDBL,(TPRINT(I),I=1,NTABX) 

ELSE IF ((OUTFNC.NE.2) .AND. (NTABX.GT.4)) THEN 
IF (OUTFNC.EQ.l) WRITE (10,9053) YDBL.(TPRINT(I),I=1,NTABX) 
WRITE (MOUTPT,9051) YDBL,(TPRINT(I).I= l.NTABX) 

END IF 
20 CONTINUE 

IF (OUTFNC .EQ. 2) THEN 
WRITE (MOUTPT.9049) (TABX(I),TPRINT(I),I-l.NTABX) 

DO 30 I = l.NTABX 
WRITE (11,9053) TABX(I),TPRINT(I) 

30 CONTINUE 
END IF 

C 
RETURN 

C 



9001 FORMAT (///IH .10X.46 (lH+)/lH ,10X,1H+,44X,1H+/1H ,10X.1H+,1X, 
27HDIMENSIONLESS CONCENTRATION, 
3H ON.I2.2H X,I3,5H GRID.1X.1H+) 

9011 FORMAT (///IH ,10X,46 (lH+)/lH .10X.1H+.44X.1H+/1H ,10X,1H+,13X, 
18HDIMENSIONLESS FLUX.13X.1H+/1H ,10X, 
1H+.44X.1H+/1H ,10X,46 (IH+)///) 

9021 FORMAT (///IH ,10X,46 (lH+)/lH ,10X,1H+,44X,1H+/1H .10X.1H+.4X, 
9HTABLE OF ,8HRESIDUAL,3H ON.I4.2H X.I4, 
6H GRID.4X.1H+) 

9027 FORMAT (/IH ,20X,1HX,13X.4HFLUX/1H .15X.10 (1H-),5X,13 (IH-)) 
9031 FORMAT (IH .10X.1H+,44X.1H+/1H .10X.46 (lH+)///lH ,4X, 

. 15HX-ABSCISSAE ARE,6X,F10.6.2X.F10.6,2X,F10.6,2X,F10.6/ 

. IH ,4X,15 (1H-),6X,F10.6,2XJF10.6,2X,F10.6,2X,F10.6/ 

. (26X,F10.6,2X,F10.6,2X,F10.6,2X,F10.6)) 
9040 FORMAT (//) 
9049 FORMAT (IH ,15X,1PE10.3,5X,1PE13.4) 
9051 FORMAT (IH ,4X,4HY = ,1PE10.3,7X.1PE10.3,2X,1PE10.3.2X,1PE10.3, 

2X, 1PE10.3/(22X, 1PE10.3,2X, 1PE10.3,2X, 1PE10.3,2X, 1PE10.3)) 
9052 FORMAT (IH ,4X,4HY = ,1PE10.3,7X.1PE10.3,2X,1PE10.3,2X,1PE10.3, 

2X,1PE10.3) 
9053 FORMAT (1X,1P10E12.5) 

C 
ctmtmttttttttttttttmtmttttttttttttttttttm 

END 
C 

REAL FUNCTION RESID(X,Y,IPTCOM.UNKNWN,RECTAN) 
C 
C 

REAL UNKNWN(*),BVALUS(4),DERVSL(6),CVALUS(7) 
C 
C 

LOGICAL RECTAN 
C 

COMMON /BRANZZ/BRANGE(2,1) 
COMMON /BNDRY/IPIECE.NBOUND.NBNDPT 
COMMON /GRIDXZ/GRIDX(1) 
COMMON /GRIDYZ/GRIDY(1) 
COMMON /PROBR/AX,BXAY,BY,DX,DY 

C 
RESID = 0. 

C 
C CHECK TO SEE IF (X.Y) IS ON THE BOUNDARY. 
C IN THIS CASE THE RESIDUAL OF THE BOUNDARY 
C OPERATOR MUST BE COMPUTED. 
C 
C FOR RECTANGULAR DOMAINS, NEED TO SET IPTCOM 
C 

IF ( .NOT. RECTAN) GO TO 10 
IPTCOM = 1 
IF (X.EQ.AX .OR. X.EQ.BX .OR. Y.EQ.AY .OR. Y.EQ.BY) IPTCOM = 2 

C 
10 IF (IPTCOM.EQ.2) GO TO 20 



CJJUUUUUUUUUUUUUUWUWUUUUUU 
c 
C EVALUATE THE COEFFICIENTS OF THE PDE OPERATOR. 
C 

IF (X-DX .LT. AX) THEN 
CALL CALCVP(X,Y,VXBARI,VYBAR) 
CALL CALCVP(X+DX,Y,VXBAR2,VYBAR) 
CALL CALCVP(X+2*DX,Y,VXBAR3, VYBAR) 
DVXBAR - (-3*VXBAR 1 + 4*VXBAR2 - VXBAR3)/(2*DX) 

ELSE IF (X+DX .GT. BX) THEN 
CALL CALCVP(X,Y,VXBAR1,VYBAR) 
CALL CALCVP(X-DX,Y,VXBAR2,VYBAR) 
CALL CALCVP(X-2*DX,Y,VXBAR3,VYBAR) 
DVXBAR = (3*VXBAR 1 - 4*VXBAR2 + VXBAR3)/(2*DX) 

ELSE 
CALL CALCVP(X-DX,Y,VXBAR 1,VYBAR) 
CALL CALCVP(X+DX,Y,VXBAR2,VYBAR) 
D VXBAR = (VXBAR2-VXBAR 1 )/(2*DX) 

END IF 
C 

IF (Y-DY .LT. AY) THEN 
CALL CALCVP(X,Y, VXBAR, VYBAR 1) 
CALL CALCVP(X,Y+DY,VXBAR,VYBAR2) 
CALL CALCVP(X,Y+2*DY, VXBAR, VYBAR3) 
D VYBAR = (-3* VYBAR I + 4*VYBAR2 - VYBAR3)/(2*DY) 

ELSE IF (Y+DY .GT. BY) THEN 
CALL CALCVP(X,Y,VXBAR,VYBAR 1) 
CALL CALCVP(X,Y-DY,VXBAR,VYBAR2) 
CALL CALCVP(X,Y-2*DY,VXBAR,VYBAR3) 
DVYBAR = (3*VYBAR 1 - 4*VYBAR2 + VYBAR3)/(2*DY) 

ELSE 
CALL CALCVP(X,Y-DY,VXBAR,VYBAR 1) 
CALL CALCVP(X,Y+DY,VXBAR,VYBAR2) 
D VYBAR = (VYBAR2-VYBAR 1 )/(2*DY) 

END IF 
C 

CALL CALCVP(X,Y,VXBAR.VYBAR) 
CALL PDE(X,Y,VXBAR,VYBAR,DVXBAR,DVYBAR,CVALUS) 
GO TO 60 

C 
ctttmtmmttttttmttmtmtmtmtmmtm 
c 
C EVALUATE COEFFICIENTS OF BOUNDARY OPERATOR 
C 

20 CONTINUE 
C 
C FIND THE BOUNDARY PIECE THE POINT IS ON 
C 

IF (RECTAN) GO TO 40 
C 
C NONRECTANGULAR CASE 
C 
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DO 30 IP = UNBOUND 
IPIECE = IP 
P - BRANGEU.IP) 
CALL BCOORD(P,X I ,Y 1 .IPIECE) 
P - BRANGE(2,IP) 
CALL BCOORD(P,X2,Y2,IPIECE) 
IF (X.LT.AMIN1 (XI ,X2)-EPSGRD) GO TO 30 
IF (Y.LT.AMIN 1 (Y1 ,Y2)-EPSGRD) GO TO 30 
IF (X.GT.AMAX1 (X1 ,X2)+EPSGRD) GO TO 30 
IF (Y.GT.AMAX 1 (Y1 ,Y2)+EPSGRD) GO TO 30 
GO TO 50 

C 
30 CONTINUE 

GO TO 80 
C 
C RECTANGULAR CASE 
C 

40 IF (X.EQ.BX) IP = I 
IF (Y.EQ.AY) IP = 2 
IF (X.EQ.AX) IP = 3 
IF (Y.EQ.BY) IP = 4 

C 
50 CONTINUE 

C 
C EVALUATE BOUNDARY COEFFICIENTS 
C 

TEMP = BCOND(IP,X,Y,BVALUS) 
C 
C EVALUATE COMPUTED SOLUTION AND ITS DERIVATIVES AT (X.Y) 
C 

60 CONTINUE 
TEMP - COLAPR(X,Y,UNKNWN,DERVSL,RECTAN) 

C 
C DERIVATIVES OF SOLUTION ARE NOW IN THE ARRAY DERVSL 
C 
C COMPUTE THE RESIDUAL FOR ALL CASES 
C 

IF (IPTCOM.EQ.2) GO TO 70 
C 
C RESIDUAL OF PDE OPERATOR IS 
C 

RESID = C VALUS( 1 )*DERVSL( 1) + CVALUS(2)*DERVSL(2) + 
CVALUS(3)*DERVSL(3) + CVALUS(4)*DERVSL(4) + 
CVALUS(5)*DERVSL(5) + CVALUS(6)*DERVSL(6) - PDERHS(X,Y) 

GO TO 80 
C 
C THE RESIDUAL OF THE BOUNDARY OPERATOR IS 
C 

70 CONTINUE 
RESID - BVALUS( 1 )*DERVSL(6) + BVALUS(2)*DERVSL(4) + 

BVALUS(3)*DERVSL(5) - BVALUS(4) 
C 



80 CONTINUE 
RETURN 
END 

C 
C 

REAL FUNCTION BCOND(I,X,Y.BVALUS) 
C 

REAL BVALUS(4) 
COMMON /PARAMS/ALPHA.RL 

C 
C 
awuuuuuuuuuuuuuuuuuuuuuuu 
C 

GO TO (10,20,30,40),I 

10 BVALUSd) = 0. 
BVALUS(2) o l. 
BVALUS(3) o 0. 
BVALUS(4) = 0. 
BCOND = BVALUS(4) 
RETURN 

20 CONTINUE 
BVALUS(l) = 1. 
BVALUS(2) = 0. 
BVALUS(3) = 0. 
BVALUS(4) - 0. 
BCOND - BVALUS(4) 
RETURN 

30 BVALUS(l) - 0. 
BVALUS(2) - 1. 
BVALUS(3) - 0. 
BVALUS(4) = 0. 
BCOND = BVALUS(4) 
RETURN 

40 BVALUSd) - 1. 
BVALUS(2) = 0. 
BVALUS(3) = 0. 
BVALUS(4) = 1. 
BCOND = BVALUS(4) 
RETURN 

END 
C 

SUBROUTINE PDE(X,Y,VXBAR,VYBAR,DVXBAR,DVYBAR,CVALUS) 
INCLUDE 'COMBLKS.INC' 

C 
REAL CVALUS(6) 
PE - VDBL*DBL*EL/D1FFUS 



10 CONTINUE 
CVALUS(l) - DBL**2 
CVALUS(2) - 0. 
CVALUS(3) - 1. 
CVALUS(4) - -PE*DBL*VXBAR 
CVALUS(5) - -PE*VYBAR 
CVALUS(6) - -PE*(DBL*DVXBAR+DVYBAR) 

RETURN 
END 
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Appendix C 

User Interfaces and Electrostatic Models 

This appendix contains listings of programs developed for the particle deposition 

program to model electrostatic forces and increase software user-friendliness. The entire 

software package is shown in a flowchart of figure C.l, where newly developed 

subroutines are denoted by an asterisk. The following mainline driver program and 

subroutines for user interfaces and electrical force models are included in this appendix: 

MENU 
CREATE 
WRT 
EDIT 
PCHARGE 
EDISK 
LEGEND 
COEFF 
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Figure C. I: flowchart of the particle deposition model 
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PROGRAM MENU 
£******************************************************************* 
C 
C AEROSOL PARTICLE DEPOSITION PROGRAM 
C 
C VERSION 1.0 
C 
C FOR THE SOLE USE OF THE CENTER FOR MICROCONTAMINATION CONTROL 
C AND THE SUPPORTING MEMBER COMPANIES. 
C 
C AUTHORS: THOMAS PETERSON. KEVIN SANNES 
C CHEMICAL ENGINEERING DEPARTMENT 
C UNIVERSITY OF ARIZONA 
C (602) 621-6044 
C 

INCLUDE 'COMBLKS.INC 
COMMON /BC/GIVBCX.GIVBCY.NAME 
COMMON /PB/NUMBCL.NUMBCR.K 1 OR2,KJORI.BCTEMP 
DIMENSION BCTEMP(20),K 1 OR2(20),KJORI(20) 
CHARACTER*4 GIVBCX.GIVBCY 
CHARACTER* 11 NAME 
CHARACTER* 14 NAMEF 
INTEGER PRTNUM 
WRITE (*,98) 

2 WRITE (*100) 
READ (*,*) NOPTN 
IF ((NOPTN .LT. 1) .OR. (NOPTN .GT. 4)) GOTO 2 
IF (NOPTN .EQ. 1) WRITE (*110) 
IF (NOPTN .EQ. 2) WRITE (*,112) 
IF (NOPTN .EQ. 3) WRITE (*,114) 

IF (NOPTN .EQ. 4) GOTO 999 
READ (*,99) NAME 
NAMEF = NAME//'. IN' 
IF (NOPTN .EQ. 1) CALL CREATE(NAMEF) 
IF (NOPTN .EQ. 2) CALL EDIT(NAMEF,'EDT') 
IF (NOPTN .EQ. 3) THEN 

CALL EDIT(NAMEF,'RUN') 
CALL CNTRTN 

END IF 
GO TO 2 

98 FORMAX(/ ' ***************************************************' 
/.' 
/,' * Aerosol Particle Deposition Software *', 

* 

***************************************************' 

* VERSION 1.0 
i 

* For the sole use of the Center for Microcontam- *', 
* ination Control and member companies. * 
I***************************************************' t 
* Authors: Thomas Peterson, Kevin Sannes * 



/,' * University of Arizona 
/,' * Chemical Engineering Department *', 
/,' * (602) 621-6044 *\ 
J! *************************************************** >^ 

99 FORMAT(All) 
100 F0RMAT(1H ./,5X,'(1) CREATE AN INPUT FILE',/ 

. ,5X,'(2) EDIT AN INPUT FILE',/,5X,'(3) START THE SIMULATION', 

. /,5X,'(4) EXIT THE PROGRAM',/) 
110 FORMAT(lH ,/,' ENTER THE INPUT FILENAME TO BE CREATED',/) 
112 FORMATdH ,/,' ENTER THE INPUT FILENAME TO BE EDITED',/) 
114 FORMATdH ,/,' ENTER THE INPUT FILENAME FOR SIMULATION',/) 
999 END 

SUBROUTINE CREATE(NAMEF) 
INCLUDE 'COMBLKS.INC' 
COMMON /BC/GIVBCX.GIVBCY.NAME 
CHARACTERS GIVBCX.GIVBCY 
CHARACTER* 11 NAME 
CHARACTER* 12 NAMEF 
INTEGER PRTNUM 

C 
C SET DEFAULT VALUES 
C 

TWALL = 293. 
TINF = 293. 
CW = 18.E-12 
VOLTS = 0. 
ELMFP = 6.6E-6 
FNUG = .15 
RHOG = 1.205E-3 
TCONDG - 5.6E-5 
TCONDP = .81 
A1 - 1. 
NCASES = 1 
NCOL - 1. 
EL = 1. 
EM - 1. 
NSOLN = 2 
XMAX = 1. 
YMAX - 1. 
BX = 1. 
BY - 1. 
NX = 51 
NY - 51 
GRIDUPX = 1. 
GR1DUPY - 1.25 
NINTX = 10 
NINTY = 2 
IGRIDX = 10 
IGRIDY = 12 
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GRDEX = 1. 
GRDEY = 1. 
NTABX - 4 
NTABY = 11 
RW - 1. 
CFL(1,1) - 1. 
CFL(1,2) - 0. 
CFL(2,1) - 0. 
CFL(2,2) = 1. 
CFR(1.1) - 0. 
CFR(1.2) - 1. 
CFR(2,1) •= 0. 
CFR(2,2) = 1. 
TL(1) - 0. 
TL(2) = 0. 
TR(1) - 0. 
TR(2) - 1. 
PRTNUM = 1 
GIVBCX = ' NO' 
GIVBCY = ' NO' 

C 
C WRITE DEFAULT VALUES TO DISK AND ALLOW USER TO EDIT 
C 

WRITE (M0) 
READ (*.*) U0 
WRITE (*,20) 
READ (* ,*) EL 
CALL WRT(NAMEF) 
CALL EDIT(NAMEF,'EDT') 

10 FORMATS' PLEASE ENTER THE FREE STEAM VELOCITY (CM/SEQ.') 
20 FORMAT*/,' PLEASE ENTER A CHARACTERISTIC LENGTH (CM).') 

RETURN 
END 

SUBROUTINE WRT(NAMEF) 
INCLUDE 'COMBLKS.INC' 
COMMON /BC/GIVBCX,GIVBCY,NAME 
COMMON /PB/NUMBCL,NUMBCR,K 1 OR2.KJORI.BCTEMP 
DIMENSION BCTEMP(20),K 1 OR2(20),KJORI(20) 
CHARACTER* 11 NAME 
CHARACTER* 14 NAMEF 
CHARACTERS GIVBCX,GIVBCY 
INTEGER PRTNUM 

C 
C WRITE PARAMETERS TO FILE 
C 

OPEN( 14,FILE=NAMEF,STATUS='UNKNOWN') 
WRITE( 14,90) NCASES 
DO 10 J = 1 NCASES 

WRITE(14,i 10) DRHO(J),DDP(J),DDIFFU(J),DNUMCH(J) 



10 CONTINUE 
WRITE (14,110) RHOG.FNUG.ELMFP.UO 

WRITE (14,110) EL,EM,A1 
WRITE (14,110) CW.VOLTS.RW 
WRITE (14,110) TCONDG,TCONDP,TWALL,TINF 
WRITE (14,100) NSOLN.PRTNUM.NCOL 
IF (NSOLN .EQ. 1) THEN 

WRITER 14,118) BX,BY 
WRITE(14,120) IGRIDX,IGRIDY,GRDEX,GRDEY,NTABX,NTABY 
ELSE 

WRITE(14,118) XMAX.YMAX 
WRITE(14,120) NX,NY,GRIDUPX,GRIDUPY,NINTX,NINTY 
END IF 

WRITE (14,130) CFL( 1,1 ),CFL( 1,2),TL( 1),GIVBCX 
WRITE (14,130) CFL(2,1 ),CFL(2,2),TL(2),GIVBCY 
WRITE (14,140) CFR( 1,1 ),CFR( 1,2),TR( 1) 
WRITE (14,140) CFR(2,1),CFR(2,2),TR(2) 

C 
C WRITE PARTICLE BEAM DATA 
C 

IF (GIVBCX .EQ. 'YES' .OR. GIVBCX .EQ. 'yes' .OR. GIVBCY .EQ. 
'YES' .OR. GIVBCY .EQ. 'yes' .OR. GIVBCX .EQ. ' YES' .OR. 
GIVBCY .EQ. ' YES') THEN 

WRITE(14,150) NUMBCL.NUMBCR 
IF (NUMBCL .NE. 0) THEN 

DO 12 NN=1,NUMBCL 
WRITE(14,160) K1 OR2(NN),KJORI(NN),BCTEMP(NN) 

12 CONTINUE 
END IF 
IF (NUMBCR .NE. 0) THEN 

DO 14 NN-1,NUMBCR 
WRITE(14,160) K1 OR2(NN),KJORI(NN),BCTEMP(NN) 

14 CONTINUE 
END IF 

END IF 
90 FORMAT(1X,HO) 

100 FORMAT(1X,I10,1X,I10,1X,I10) 
110 FORMAT(1X,1PE10.3,1X,1PE10.3,1X,1PE10.3,1X,1PE10.3) 
118 FORMAT(1X,1PE10.3,1X,1PE10.3) 
120 FORMAT(1X,I10,1X,I10,1X,1PE10.3,1X,1PE10.3,1X,I10,1X,I10) 
130 FORMAT(1X,1PE10.1,1X,1PE10.1,1X,1PE10.1,1X,6XA4) 
140 FORMAT(1X,1PE10.I,1X,1PE10.1,1X,1PE10.1) 
150 FORMAT( 1 X,110,1X,110) 
160 FORMAT( 1 X,110,1 X,110,1 X,F 10.2) 

CLOSE(14) 
RETURN 
END 

SUBROUTINE EDIT(NAMEF,CHR) 
INCLUDE 'COMBLKS.INC' 
COMMON /BC/GIVBCX,GIVBCY,NAME 



COMMON /PB/NUMBCL,NUMBCR,K 1 OR2.K JORI.BCTEMP 
DIMENSION BCTEMP(20),K 1 OR2(20),KJORI(20) 
CHARACTERS GIVBCX.GIVBCY 
CHARACTER*3 CHRACOL 
CHARACTER* 11 NAME 
CHARACTER* 14 NAMEF 
CHARACTER* 18 ANSOLN 
CHARACTER*50 PRTVAR 
REAL NOPT.NOPT1 
INTEGER PRTNUM 

C 
C READ DATA FROM FILE 
C 

OPEN( 14,FILE=NAMEF,STATUS-'UNKNOWN') 
READ (14,90) NCASES 
DO 10 J = 1 NCASES 

READ (14,110) DRHO(J),DDP(J).DDIFFU(J).DNUMCH(J) 
10 CONTINUE 

READ (14,110) RHOG.FNUG.ELMFP.UO 
READ (14,120) EL,EM A1 
READ (14,120) CW,VOLTS,RW 
READ (14,110) TCONDG,TCONDP,TWALL,TINF 
READ (14,100) NSOLN,PRTNUM,NCOL 
IF (NSOLN .EQ. 1) THEN 

READ (14,130) BX.BY 
READ (14,140) IGRIDX,IGRIDY,GRDEX,GRDEY,NTABX.NTABY 

ELSE 
READ (14,130) XMAX.YMAX 
READ (14,140) NX,NY,GRIDUPX,GRIDUPY,NINTX,NINTY 

END IF 
READ (14,210) CFL( 1,1 ),CFL( 1,2),TL( 1),GIVBCX 
READ (14,210) CFL(2,1 ),CFL(2,2),TL(2),GIVBCY 
READ (14,220) CFR(1,1),CFR(1,2),TR(1) 
READ (14,220) CFR(2,1),CFR(2,2),TR(2) 

C 
C READ PARTICLE BEAM DATA 
C 

IF (GIVBCX .EQ. 'YES' .OR. GIVBCX .EQ. 'yes' .OR. GIVBCY .EQ. 
'YES' .OR. GIVBCY .EQ. 'yes' .OR. GIVBCX .EQ. ' YES' .OR. 
GIVBCY .EQ. ' YES') THEN 

REAEX14,230) NUMBCL.NUMBCR 
IF (NUMBCL .NE. 0) THEN 

DO 12 NN=1,NUMBCL 
READ(14,240) K1 OR2(NN),KJORI(NN),BCTEMP(NN) 

12 CONTINUE 
END IF 
IF (NUMBCR .NE. 0) THEN 

DO 14 NN-1,NUMBCR 
READ(14,240) K10R2(NN),KJ0RI(NN).BCTEMP(NN) 

14 CONTINUE 
END IF 

END IF 



99 

CLOSER 14) 
C 
C RETURN IF RUN OPTION IS SELECTED 
C 

IF (CHR .EQ. 'RUN') RETURN 
ANSOLN = 'FINITE DIFFERENCE ' 

IF (NSOLN .EQ. I) ANSOLN •= 'FINITE ELEMENT 
PRTVAR - 'GAS AND PARTICLE VELOCITIES ARE NOT PRINTED' 
IF (PRTNUM .EQ. 2) THEN 

PRTVAR = 'GAS AND PARTICLE VELOCITIES ARE PRINTED' 
END IF 

20 WRITE (*,150) NCASES.RHOG.FNUG.ELMFP.UO.ELAI.EM.CW.VOLTS.RW, 
TCONDG.TCONDP,TWALL,TINF ANSOLN 

READ (*,*) NOPT 
IF ((NOPT.NE.2.).AND.(NOPT.NE. 17.).AND.(NOPT.NE. 18.).AND. 

(NOPT.GT.O.).AND.(NOPT.LT. 19.)) WRITE(* 160) 
IF (NOPT .EQ. 1.) THEN 

READ(**) NCASES 
ELSE IF (NOPT .EQ. 2.) THEN 

DO 25 J - 1, NCASES 
26 WRITE (*,200) DRHO(J).DDP(J).DDIFFU(J).DNUMCH(J) 

READ (*,*) NOPT2 
IF ((NOPT2.LT. 1 ).OR.(NOPT2.GT.6)) GO TO 26 
IF ((NOPT2.GE. l).AND.(NOPT2.LT.5).AND.(NOPT2.NE.4)) 

WRITE (*,160) 
GO TO (27,29,31,33,35,37) NOPT2 

27 READ (*,*) DRHO(J) 
GO TO 26 

29 READ (*,*) DDP(J) 
GO TO 26 

31 READ (*,*) DDIFFU(J) 
GO TO 26 

33 CALL PCHARGE(CHRG,DDP(J)) 
DNUMCH(J) = CHRG 
GO TO 26 

35 GO TO 25 
37 GO TO 20 
25 CONTINUE 

ELSE IF (NOPT .EQ. 3.) THEN 
READ(*,*) RHOG 

ELSE IF (NOPT .EQ. 4.) THEN 
READ(*,*) FNUG 

ELSE IF (NOPT .EQ. 5.) THEN 
READ(* *) ELMFP 

ELSE IF (NOPT .EQ. 6.) THEN 
RFAFV* 110 

ELSE IF (NOPT .EQ. 7.) THEN 
RFAPy* *} FI 

ELSE IF (NOPT .EQ. 8.) THEN 
RFATY**} A1 

ELSE IF (NOPT .EQ. 9.) THEN 
REAEX*.*) EM 



ELSE IF (NOPT .EQ. 10.) THEN 
RFADf**1 PW 

ELSE IF (NOPT .EQ. 11.) THEN 
READ(* .*) VOLTS 

ELSE IF (NOPT .EQ. 12.) THEN 
RFAFV* *) RW 

ELSE IF (NOPT .EQ. 13.) THEN 
READ(**) TCONDG 

ELSE IF (NOPT .EQ. 14.) THEN 
READ(**) TCONDP 

ELSE IF (NOPT .EQ. 15.) THEN 
READ(**) TWALL 

ELSE IF (NOPT .EQ. 16.) THEN 
READ(*,*) TINF 

ELSE IF (NOPT .EQ. 17.) THEN 
IF (NSOLN .EQ. 1) THEN 

NSOLN = 2 
ANSOLN = 'FINITE DIFFERENCE ' 

NX = 51 
NY = 51 
XMAX = 1. 
YMAX - 1. 
GRIDUPX = 1. 
GRIDUPY = 1.25 
NINTX = 10 
NINTY = 2 

ELSE 
NSOLN = 1 
ANSOLN = 'FINITE ELEMENT 

IGRIDX - 5 
IGRIDY = 12 

BX - 1. 
BY - 1. 

GRDEX = 1. 
GRDEY = 1. 
NTABX - 4 
NTABY = 11 

END IF 
ELSE IF (NOPT .EQ. 18.) THEN 

30 IF (NSOLN .EQ. 2) THEN 
WRITE (*.170) XMAX,YMAX,NX,NY,GRIDUPX,GRIDUPY 
WRITE (*,180) NINTX,NINTY,PRTVAR 
READ(**) NOPTl 
IF ((NOPTl .GE. 1 .).AND.(NOPTl .LE.8.)) WRITE (*160) 
IF (NOPTl .EQ. 1.) THEN 
READ(* *) XMAX 
ELSE IF (NOPTl .EQ. 2.) THEN 
READ(* *) YMAX 
ELSE IF (NOPTl .EQ. 3.) THEN 

RFAIV**^ NY 
ELSE IF (NOPTl .EQ. 4.) THEN 
READ(* *) NY 
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ELSE IF (NOPT1 .EQ. 5.) THEN 
READ(*,*) GRIDUPX 
ELSE IF (NOPT1 .EQ. 6.) THEN 
READ(*.*) GRIDUPY 
ELSE IF (NOPT1 .EQ. 7.) THEN 
READ(**) NINTX 
ELSE IF (NOPT1 .EQ. 8.) THEN 
READ(* ,*) NINTY 
ELSE IF (NOPT1 .EQ. 9.) THEN 
IF (PRTNUM .EQ. 1) THEN 

PRTNUM - 2 
PRTVAR - 'GAS AND PARTICLE VELOCITIES ARE PRINTED' 

ELSE 
PRTNUM = 1 

PRTVAR - 'GAS AND PARTICLE VELOCITIES ARE NOT PRINTED' 
END IF 
ELSE 
GO TO 40 
END IF 
GO TO 30 

ELSE IF (NSOLN .EQ. 1) THEN 
ACOL o ' NO' 
IF (NCOL .EQ. 1) ACOL = 'YES' 
WRITE (*,170) BX,BY,IGRIDX,IGRIDY,GRDEX,GRDEY 
WRITE (*,190) NTABX,NTABYACOL 
READ(*,*) NOPT1 
IF ((NOPT1 .GE. 1 .).AND.(NOPTl .LE.8.)) WRITE (*,160) 
IF (NOPT1 .EQ. 1.) THEN 
RFAFV* RV 
ELSE IF (NOPT1 .EQ. 2.) THEN 
READ(*,*) BY 
ELSE IF (NOPT1 .EQ. 3.) THEN 
READ(* *) IGRIDX 
ELSE IF (NOPT1 .EQ. 4.) THEN 
READ(* *) IGRIDY 
ELSE IF (NOPT1 .EQ. 5.) THEN 
READ(* *) GRDEX 
ELSE IF (NOPT1 .EQ. 6.) THEN 
READ(*,*) GRDEY 
ELSE IF (NOPT1 .EQ. 7.) THEN 
READ(*,*) NTABX 
ELSE IF (NOPT1 .EQ. 8.) THEN 
READ(*,*) NTABY 
ELSE IF (NOPT1 .EQ. 9.) THEN 
IF (NCOL .EQ. 1) THEN 

NCOL = 2 
ELSE 

NCOL = 1 
END IF 
ELSE 
GO TO 40 
END IF 
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GO TO 30 
END IF 

ELSE IF (NOPT .EQ. 19.) THEN 
WRITER*,250) 
REAEK**) 
WRITE(*,260) 
READ(*,*) 

ELSE 
CALL WRT(NAMEF) 
RETURN 

40 END IF 
GO TO 20 

90 FORMAT( 1 X,110) 
100 FORMAT( 1 X,110,1 X.I 10,1 X,110) 
110 FORMAT(1X,E10.3,1X,E10.3,1X,E10.3,1X,E10.3) 
120 FORMAT(1X,E10.3,1X,E10.3,1X,E10.3) 
130 FORMAT( 1 X,E 10.3,1 X,E 10.3) 
140 FORMAT(l X,110,1 X.I 10,1X,El 0.3,1 X,E10.3,1 X,110,1 X,110) 
150 FORMAT(lH ,/,' SELECT ONE OF THE FOLLOWING TO EDIT',//, 

. 5X,'(1) H OF DIFFERENT PARTICLES', 11X,110,/, 

. 5X,'(2) PARTICLE CHARACTERISTICS (DENSITY,DIAMETER,DIFFUSIVITY, 

.CHARGE)',/,5X,'(3) GAS DENSITY',24XJPE10.3,' (G/CM~3)',/, 

. 5X,'(4) GAS KINEMATIC VISCOSITY',12X,1PE10.3,' (CM~2/SEC)',/, 

. 5X,'(5) GAS MEAN FREE PATH', 17X.1PE10.3,' (CM)',/, 

. 5X,'(6) GAS FREE STREAM VELOCITY', 11 X.1PE10.3.' (CM/SEQ',/, 

. 5X,'(7) CHARACTERISTIC LENGTH',14X.1PE10.3,' (CM)',/, 

. 5X,'(8) POTENTIAL FLOW CONSTANT', 12X.1PE 10.3,/, 

. 5x,'(9) WEDGE ANGLE PARAMETER',14X.1PE10.3,/, 

. 5X,'(10) WAFER CAPACITANCE', 18X.1PE10.3,' (FARADS)',/, 

. 5X,'(11) WAFER VOLTAGE',22X,1PEI0.3,' (VOLTS)',/, 

. 5X,'(12) WAFER RADIUS',23X,1PE10.3,' (CM)',/, 

. 5X,'(13) THERMAL CONDUCTIVITY-GAS',11X,1PE10.3,' (CAL/(CM-S-K)) 

. ',/,5X,'(14) THERMAL CONDUCTIVITY-PARTICLE',6X,1PE10.3,' (CAL/( 

.CM-S-K))',/,5X,'(15) WAFER TEMPERATURE',18X,1PE10.3,' (K)',/, 

. 5X,'(16) GAS TEMPERATURE',20X, 1PE10.3,' (K)',/, 

. 5X,'( 17) NUMERICAL SOLUTION METHOD', 11 X,A 18,/, 

. 5X,'(18) NUMERICAL PARAMETERS (GRIDS.EXPANSION FACTORS.OUTPUT', 

. ' FORMAT)'./. 

. 5X,'(19) PARTICLE BEAM SIMULATION OR BOUNDARY CONDITION MODIF', 
'ICATION',/, 

1 5X,'(20) SAVE CHANGES AND RETURN TO MAIN MENU',/) 
160 FORMAT(lH .'ENTER THE NEW VALUE',/) 
170 FORMAT(lH ./.5X.'(I) MAXIMUM (X) - DIMENSIONLESS'.8X,1PE10.3,/, 

. 5X,'(2) MAXIMUM (Y) - DIMENSIONLESS',8X,1PE10.3,/, 

. 5X,'(3) DISCRETIZATION GRID IN (X)',9X,I10,/, 

. 5X,'(4) DISCRETIZATION GRID IN (Y)'.9X,I10,/, 

. 5X,'(5) GRID EXPANSION FACTOR IN (X)',7X,1PE10.3,/, 

. 5X,'(6) GRID EXPANSION FACTOR IN (Y)',7X,1PE10.3) 
180 FORMAT(5X,'(7) INTERVAL BETWEEN DATA OUTPUT IN (X)'.I10,/, 

5X,'(8) INTERVAL BETWEEN DATA OUTPUT IN (Y)',I10,/, 
. 5X,'(9) '.A50,/, 
. 5X,'(10) RETURN TO EDIT MENU',/) 
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190 FORMAT(5X,'(7) OUTPUT GRID IN (X)\17X,I10,/, 
5X,'(8) OUTPUT GRID IN (Y)',17X,I10,/, 

. 5X,'(9) OUTPUT ON COLLOCATION POINTS', 14XA3,/, 

. 5X,'(10) RETURN TO EDIT MENU'./) 
200 FORMAT(/,5X,'( 1) PARTICLE DENSITY',19X,1PE10.3.' (G/CM~3)',/, 

. 5X,'(2) PARTICLE DIAMETrERM8X.lPE10.3.' (CM)'./, 

. 5X,'(3) PARTICLE DIFFUSIVITY', 15X, 1PE10.3,' (CM~2/S)',/. 

. 5X,'(4) PARTICLE CHARGE',20X,1PE10.3,/. 

. 5X,'(5) NEXT PARTICLE',/.5X,'(6) RETURN TO EDIT MENU'./) 
210 FORMAT( 1 X.E 10.1,1 X.E 10.1,1 X.E 10.1,1 X,6X A4) 
220 FORMAT(1X,E10.1,1X.E10.1,1X,E10.1) 
230 FORMAT( 1 X.I 10,1 X.110) 
240 FORMAT( 1 X.I 10,1 X.I 10,1 X.F 10.2) 
250 FORMAT(//, 1 X.'PARTICLE BEAM SIMULATION OR BOUNDARY CONDITION '. 

. 'MODIFICATION'.//. 

. 5X,'- The default configuration is for a uniform particle conc', 

. 'etration.',//, 

. 5X,'- The default boundary conditions are specified as follows:' 

. ,/,10X,'dC/dx «= 0 at the left boundary'./, 

. 10X,'C = 0 at the bottom boundary',/, 
lOX.'C = 0 at the right boundary',/, 

. lOX.'C = 1 at the top boundary',//, 
5X,'- These default values are stored in the input file as:',/, 

. 5X,' 1.0 0.0 0.0 NO',/, 

. 5X,' 0.0 1.0 0.0 NO'./, 

. 5X,' 0.0 1.0 0.0',/, 

. 5X,' 0.0 1.0 1.0',/, 

. 5X,'- The Is and 0s are coefficients in the equation: (A)dC +', 

. ' (B)C = (D)',/. 

. 5X,'- The NO indicates that a particle beam is NOT to be simu', 

. 'lated.',//, 

. lX.'PRESS ANY KEY TO CONTINUE.') 
260 FORMAT(/, 1 X,'TO MODIFY THE BOUNDARY CONDITIONS:',/, 

. 5X,'- Use a text editor to change the Is and 0s as desired.',/, 

. 5X,'- Make sure all the columns line up.',/, 

. 5X,'- Use the finite difference numerical solution to run th', 

. 'e simulation.',//, 

. IX,'TO SIMULATE A PARTICLE BEAM:',/, 

. 5X,'- Use a text editor to change each NO to YES.',/, 

. 5X,'- Make sure all the columns line up.',/, 

. 5X,'- Add the following extra lines at the end of the file:',/, 

. 10X,' 0 4'./, 

. 10X,' 2 1 1.0'./, 

. 10X,' 2 2 1.0 V. 

. 10X,' 2 3 I.0V, 

. 10X,' 2 4 1.0 V. 

. 5X,'- This makes the concentration equal 1.0 at the first four', 
' grid points',/,5X,' of the upper left and zero for all othe', 

. 'r grid locations on the top',/,5X,' boundary. The number of ' 

. ,'grids, (4), can be adjusted for the',/,5X,' particle beam', 

. ' width.',/, 

. 5X,'- Use the finite difference numerical solution to run the'. 



' simulation.',//. 
. IX/PRESS ANY KEY TO CONTINUE.') 
END 

SUBROUTINE PCHARGE(CHRG,DPP) 
INCLUDE 'COMBLKS.INC' 
WRITE (*,100) 
READ (*,*) NOPT 
IF ((NOPT .LT. 1) .OR. (NOPT .GT. 6)) RETURN 
GO TO (10,20,30,40,50,60) NOPT 

C 
C ANY PARTICLE CHARGE 
C 

10 WRITE (*,110) 
READ (*,*) CHRG 
RETURN 

C 
C BOLTZMAN EQUILIBRIUM CHARGE 
C 

20 IF (DPP .GT. l.E-5) THEN 
CHRG = 2.37*SQRT(DPP*1.E4) 

ELSE 
DPI = DPP*1.E4 

CHRG - -52.88*DP1*DP1 + 13.15*DP1 - .1217 
END IF 
RETURN 

C 
C CONTACT CHARGING 
C 

30 WRITE (*,120) 
READ (**) CVLTS 
CHRG = CVLTS*DPP*(1.151*LOG10(DPP/2)+8.56)/2.88E-7 
RETURN 

C 
C DIFFUSION CHARGING 
C 

40 WRITE (*,130) 
READ (*,*) RNIT 
CHRG - 299.5*DPP*TINF*LOG(1 +62.94*DPP*RNIT/TINF) 
RETURN 

C 
C FIELD CHARGING 
C 

50 WRITE (*140) 
READ (* *) EFLD 
EFLD - EFLD/300. 
WRITE (*150) 
READ (*,*) DIEL 
CHRG =' (3*DIEL/(DIEL+2))*EFLD*DPP*DPP/4/4.8E-10 
RETURN 



C RETURN TO EDIT MENU 
C 

60 RETURN 
100 FORMAT(//,5X,'(l) Select any particle charge',/, 

5x,'(2) Boltzman equilibrium charge distribution',/, 
5x,'(3) Particle is charged by contact charging',/, 

. 5x,'(4) Particle is charged by diffusion charging',/, 
5x,'(5) Particle is charged by field charging',/, 

. 5x,'(6) Return to particle menu',/) 
110 FORMAT(/,5X,'Enter the particle charge',/) 
120 FORMAT(/,5X,' Enter the contact potential between the particle a 

.nd the',/,5x,'surface (volts)',/) 
130 FORMAT(/,5X,'Enter the product of the ion concentration and the 

. diffusion',/,5x,'charging time (ions/cm~3Xsec)',/) 
140 FORMAT(/,5X,'Enter the electric field (volts/cm)',/) 
150 FORMAT(/,5X,'Enter the particle dielectric constant',/) 

END 

SUBROUTINE EDISK(THETA,R,ER,ETHETA) 
C 
C Calculates the electric field above a charged disk at any 
C position (r.theta). 
C 
C The electric field equations are derived from Morse & Feshbach, 
C Methods of Theoretical Physics, p 1267, for a disk geometry. 
C 
C The electric field units are (statvolts/cm). 
C 
C A power series expansion is used to approximate the electric 
C field. Convergence is satisfied when the next term of the series 
C changes the previous sum by less than a specified tolerance, ETOL. 
C Also specified is NTRMS, the number of terms summed between 
C tolerance checks. 
C 

INCLUDE 'COMBLKS.INC' 
C 
C Calculate term in front of infinite series 
C 

EW . RW 
QTRM - 2*CW*VOLTS/R/EW 

C 
C Exit subroutine if QTRM equals zero 
C - No charge on disk 
C - Electric fields are zero 

IF (QTRM .EQ. 0.0) THEN 
ER = 0.0 
ETHETA = 0.0 
RETURN 

END IF 
C 
C Use analytical solution if THETA equals zero 
C - Centerline of disk 



C - No theta E. field 
IF (THETA .EQ. 0.0) THEN 

ETHETA = 0.0 
ER = (2*CW*VOLTS/EW/EW)*( 1 -1 /SQRT( 1 +EW*EW/R/R)) 
RETURN 

END IF 
C Get 1st legendra polynomial 

CALL LEGEND(THETA, 1 ,PN,DPN) 
C Calculate 1st term of series 

IF ( R .LT. EW ) THEN 
RTRM - PN*R/EW 
TTRM = DPN*R/EW 

ELSE 
RTRM - EW/R/2 
TTRM - 0.0 

END IF 
C Initilize sums 

RSUM = RTRM 
TSUM = TTRM 

C Get 2nd legendra polynomial 
C Get coefficient of 2nd term 

CALL LEGEND(THETA,2,PN,DPN) 
CALL COEFF( 1 ,R,ERC,ETC) 

C Calculate 2nd term 
RTRM - ERC*PN 
TTRM - ETC*DPN 

C Update sums 
RSUM = RSUM + RTRM 
TSUM = TSUM + TTRM 

C ITRM = Legendra Polynomial index 
C RT = Variable for convrg. check 
C LNUM - Loop number 

ITRM = 2 
RT - RTRM 
LNUM = 0 

C Check for series convergence 
C R1 » Value before (NTRMS) summations 
C Sum the next (NTRMS) terms 
C Increment by 2 for Leg. Poly. 

100 IF(ABS(RT/RSUM) .GT. ETOL) THEN 
R1 = RSUM 
DO 110 J=l. NTRMS 

ITRM - ITRM + 2 
CALL LEGEND(THETA,ITRM,PN,DPN) 
CALL COEFF(LNUM*NTRMS+J+1 ,R,ERC,ETC) 
RTRM = PN*ERC 
TTRM = DPN*ETC 
RSUM = RSUM + RTRM 
TSUM = TSUM + TTRM 

110 CONTINUE 
C RT - Change after (NTRMS) summations 
C LNUM « Loop counter 



RT - R1 - RSUM 
LNUM - LNUM + 1 
GOTO 100 

END IF 
C ER • Radial electric field 
C ETHETA = Theta electric field 

ER = QTRM*RSUM 
ETHETA = QTRM*TSUM 

RETURN 
END 

SUBROUTINE LEGEND(THETA,ITRM,PN,DPN) 
C 
C Generates Legendra polynomials of any order through 
C reccurence relations given in Abramowitz and Stegun, Handbook 
C of Mathematical Functions, p.782-3. The reccurence relation is 
C started with exact values of Pl(cos_theta) and P2(cos_theta). 
C 
C The subroutine is called by EDISK, which requests legendra poly-
C nomials of order 1,2,4,6,8... 
C 
C The last two consecutive polynomials are saved as temporary 
C variables in PM1 and PM2. PN is the Legendra polynomial and 
C DPN is the derivative of PN with respect to theta. 
C 
C 

CS = COS(THETA) 
SN = SIN(THETA) 

C Calculate Pl(cos_theta) 
IF ( ITRM .EQ. 1 ) THEN 

PN = CS 
DPN = -SN 
PM2 = PN 

C Calculate P2(cos_theta) 
ELSE IF ( ITRM .EQ. 2 ) THEN 

PN = (3*CS*CS - l)/2 
DPN - -3*CS*SN 
PM1 - PN 

ELSE 
C ITRM = 4,6,8,... 
C 
C CALCULATE (ITRM-1) LEGENDRA POLYN0MMt2) 
C 

PN - (2*(lTRM-2)+1 )*CS*PM 1 /(ITRM-1) - (ITRM-2)*PM2/(ITRM-1) 
PM2 = PM1 
PM1 «= PN 

C 
C CALCULATE (ITRM) LEGENDRA POLYNOMIAL (n=irtm-l) 
C 

PN = (2*(ITRM-1)+1 )*CS*PM 1 /ITRM - (ITRM-1)*PM2/ITRM 



IF (THETA .EQ. 0.0) THEN 
DPN - 0.0 

ELSE 
DPN = CS*ITRM*PN/SN - ITRM*PM1/SN 

END IF 

PM2 - PM1 
PM1 - PN 

END IF 

RETURN 
END 

SUBROUTINE COEFF(ITRM,R,ERC,ETQ 
C 
C Calculates the coefficient of the (itrm) term of the power series. 
C The variables (ere) and (etc), returned as the coefficient for the 
C radial and theta coordinates, include the correct sign, the fraction 
C from the expansion and the ratio of position and radius distances. 
C 
C The subroutine is called by EDISK, which requests coefficients in 
C consecutive order (1,2,3,...) 
C 

INCLUDE 'COMBLKS.INC' 

FRAC - 1.0 

IF ( R .LT. EW) THEN 

DO 30 K = 2, (ITRM-1)*2, 2 
FRAC = (K-1)*FRAC/K 

30 CONTINUE 

ERC - ((-1 )**ITRM)*FRAC*((R/EW)**(ITRM*2)) 
FRAC - 0.5 

DO 32 K - 2, (ITRM-1)*2, 2 
FRAC = (K-1 )*FRAC/(K+2) 

32 CONTINUE 

ETC - ((-1 )** ITRM)*FRAC*((R/EW)**(ITRM*2)) 

ELSE 

DO 36 K - 2, (ITRM+1)*2, 2 
FRAC = (K-1)*FRAC/K 

36 CONTINUE 

ERC - ((-1 )**ITRM)*((EW/R)**(ITRM*2+1 ))*FRAC 



FRAC - 0.5 

DO 38 K - 2, ITRM*2, 2 
FRAC - (K-1 )*FRAC/(K+2) 

38 CONTINUE 

ETC - ((-1 )**(ITRM+1 ))*((EW/R)**(ITRM*2+1 ))*FRAC 

END IF 

RETURN 
END 
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