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ABSTRACT 
An enhanced solution strategy for the SIMPLER algo- 

rithm is presented for low pressure heat and mass transport 
calculations with applications in material processing. The 
accurate solution of highly diffusive flows requires an inflow 
boundary condition that preserves chemical species mass 
fluxes. The flux-preserving inflow boundary condition 
contains a scaling problem that causes the species equations 
to converge very slowly when using the standard SIMPLER 
algorithm. A gradient algorithm, coupled to a line- 
relaxation method, accelerates the convergence of the linear 
problem. Reformulation of the pressure-correction boundary 
conditions ensures that continuity is preserved in each finite 
volume at each iteration. The boundary condition scaling 
problem is demonstrated with a simple linear model problem. 
The enhanced solution strategy is implemented in a baseline 
computer code that is used to solve the multicomponent 
Navier-Stokes equations on a generalized, multiple-block grid 
system. Convergence rate acceleration factors of up to 100 
are demonstrated for several material processing example 
problems. 

NOMENCLATURE 
A = boundary area 
D = average Fickian mass diffusivity 
j = mass diffusion flux 

m = mass flow rate 
n = unit normal vector to boundary 

Pe = Peclet number 
u = velocity 
x = Cartesian coordinate 
Y = mass fraction 
Y = reference mass fraction 
A = finite-difference increment 
V = gradient operator 
4 = potential function 
p = density 

- 

Subscripts 
g = chemical species 
1 = ghost-cell point 
2 = first interior point 

*Senior Technical Staff, Thermal and Plasma Processes Department, 
(510) 294-3709 

INTRODUCTION 
Numerical simulation is a useful tool for studying heat 

and mass transfer in gas-phase manufacturing of materials. 
Numerical models predict the uniformity and deposition 
rate of material coatings and help design reactors and 
processes. Many applications occur at low pressures, such 
as etching and chemical vapor deposition, (Jensen, et al., 
1991) and (Kleijn, 1991a). Segregated solutions algorithms 
are commonly used for chemical vapor deposition (CVD) 
modeling, (Evans and Greif, 1994)) (Kleijn, et aE.,1889), and 
(Kleijn and Hoogendoorn, 1991b). Though they can be slow, 
they are desirable for their simplicity and economic use of 
computer resources. Increased coupling between equations 
improves convergence for some flow regimes, discussed in 
the review by Patankar (1988). Fully coupled methods, 
(Jensen, 1991) and (Knoll, et  al., 1995), are used for reacting 
flow, but at the cost of storing large matrices. For many 
applications, the coupled species transport equations are 
split from the heat and momentum equations (Moffat and 
Jensen, 1986,1988). 

For highly diffusive problems, equation coupling is 
not as important as spatial coupling. Convergence is 
degraded at low pressures by poor numerical propagation of 
information between physical boundaries. Mass diffusivities 
increase with decreasing pressure and gradients in species 
composition can span an entire reactor. Difficulty arises at 
the idow boundary where convection must balance diffusion 
to preserve specified species mass fluxes. Information 
propagates very slowly from such a boundary for a particular 
class of segregated solution algorithms with explicit updating 
of boundary conditions. Boundary condition equations 
should be coupled to interior equations with complete 
solution of the resulting lineared system. 

The focus of this paper is to explain the physical 
processes that adversely affect the convergence rate at low 
pressures and modify the solution algorithm accordingly. 
The algorithm enhancements discussed in this article may 
not be beneficial to fully coupled schemes. Solution 
algorithm enhancements are demonstrated with a baseline 
computational fluid dynamics (CFD) code based on the 
SIMPLER algorithm (Patankar, 1980). The baseline code, 
CURRENT, is an extensive reformulation of the TEACH 
(Gosman and Pun, 1973) code by Evans (1994). He 
recast the governing equations in terms of a generalized 
body-fitted coordinate system with multipleblock grids 
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and implemented multicomponent transport with gas-phase 
and surface-phase chemical reactions. Strengthening the 
implicit coupling between physical boundaries and across 
internal grid-block boundaries in the baseline code greatly 
enhances convergence. Furthermore, convergence rates 
are improved with only modifications to the species and 
continuity algorithms. 

The solution algorithm enhancements affect both the 
nonlinear and linear parts of the SIMPLER algorithm. 
The nonlinear part is modified by including the boundary 
condition equations in the linearization of the transport 
equations. Coupling the boundary conditions allows the 
boundaries to directly communicate at each iteration, but 
it is during the solution of the linear problem in which 
information is numerically propagated. The convergence of 
the linear problem is accelerated by adding the generalized 
minimal residual (GMRES) gradient scheme of Saad and 
Schultz (1986) to the line-relaxation scheme. The gradient 
algorithm is matrix-free, described by Wigton et  al. (1985) 
and is implemented with only minor modifications to the 
existing code. The solution of the continuity equation must 
also be modified to keep up with the improved species 
algorithm. 

The following sections discuss the baseline code and the 
developments which lead to the enhanced solution strategy. 
First, the solution of the governing equations with the 
baseline solution algorithm is discussed. Then, the low 
pressure convergence problems are investigated for a simple 
model problem. Lessons from the model problem lead 
to modifications to the baseline solution algorithm and 
boundary condition treatment. Improved performance is 
demonstrated for two example chemical reactor problems. 

TRANSPORT EQUATIONS 
The governing equations used in this work, (Evans and 

Greif, 1994) and (Kleijn,1989), describe the conservation 
of mass and the transport of momentum, energy, and 
chemical species, and are suitable for chemically reacting 
flows with multicomponent transport. The low Mach 
number approximation is used where the pressure is split 
into dynamic and thermodynamic parts and the viscous 
dissipation term is dropped from the thermal energy 
equation. 

There are two types of boundary conditions: conditions 
at physical boundaries and conditions at grid-block inter- 
faces. The interface,conditions are the result of the block-by- 
block solution algorithm for the linearized equations. Ghost- 
cells are used around the grid-blocks to calculate fluxes 
and averages at boundaries and interfaces. Most boundary 
conditions are updated explicitly in the baseline CFD code. 
The ghost-cells, used to couple grid blocks along block 
interfaces, are locally explicit, but are updated during line- 
relaxation sweeps so that information propagates across the 
blocks. 

Dirichlet conditions are traditionally applied at an inflow 
boundary, but they may not preserve the correct species mass 
flow rates when the flow is highly diffusive. If there is a 
gradient in chemical composition near the inflow boundary, 

then the more stringent condition for preserving species mass 
fluxes is applied: 

% = p u ~ ,  + j,. (1) A 
which states that the species mass flux is balanced by 
the convective flux and the diffusive flux. The correct 
composition of chemical species entering the reactor is 
artificially imposed instead of moving the grid boundaries 
far away from the source of the composition gradient. 

At an outflow boundary, variables are extrapolated from 
the interior to the ghost-cells. The boundary velocity is also 
extrapolated from the interior. Since the extrapolation for 
the boundary velocity does not necessarily satisfy continuity, 
the outflow velocities are scaled to satisfy global mass 
conservation. 

LOW PRESSURE CONVERGENCE P R O B L E M  
The root of the low-pressure convergence problem is 

the unfavorable scaling within the chemical species mass 
flux-preserving inflow boundary condition, applied in highly 
diffusive regions. A simple linear model problem is used to 
demonstrate how convergence degrades with the species cell- 
Peclet number. 

Chemical reaction rates, which usually cause conver- 
gence problems in reacting flow computations, play a lesser 
role in the convergence rate degradation. The reactions are 
relatively slow at low pressure and not very energetic so 
there is not a strong effect on the temperature. Surface 
chemistry is more problematic than gas-phase chemistry 
since it provides highly nonlinear sources and sinks for gas- 
phase species at physical boundaries. 

Peclet Number Scaling 
A scaling problem between convection and diffusion 

is artificially introduced by using a flux-inflow-boundary 
condition near a strong species composition gradient. For 
low Peclet numbers, diffusive transport dominates convective 
transport. Yet, for the limiting case of uniform M o w  
composition and no chemical reactions, the convective 
transport term determines the species distribution within the 
flow domain. The Peclet number scaling makes it difficult to 
enforce the convective part of the boundary condition. The 
scaling is demonstrated using the inflow boundary condition, 
Eq. (l), simplified by the assumption of Fickian diffusion: 

8% 3 = puYg - pD-. 
A dX 

Dividing by the total mass flux gives: 

- D dug y - y y - -  ,- u d x '  (3) 

where yg = m,/m represents the reference inflow mass 
fraction for species g. The cell-Peclet number, PeAzr is 
defined by the length scale of the finite volume, Ax,  the 
convective velocity, and a mass diffusivity, D: PeA, = 
uAx/D.  The boundary condition is discretized about the 
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inflow cell face using centered differences and the explicit 
formula for updating the boundary point is: 

For small limiting values of the cell-Peclet number, the ghost- 
cell mass &action is more dependent on the interior point, 
Yg,z than the reference value, Fg, during the explicit update. 
Yet, the mass fractions must approach the reference value 
when there are no chemical reactions or sources. 

(5) 

Bad initial guesses for the mass fractions result in very slow 
convergence to the actual solution. The interior points are 
strongly dependent on the boundary points because of the 
elliptic nature of the partial differential equations. The 
scaling argument indicates that any implicit scheme used to 
update interior points without coupling the boundary points 
is ineffective. 

Linear Model Problem 
The severity of the Peclet number scaling problem is 

demonstrated using a simple linear model problem. The 
model approximates the multicomponent transport processes 
with simple diffusion, described by the Laplace equation: 

024 = 0. (6) 

The “mass flux preserving” inflow boundary condition is set 
over part of the boundary and the rest of the boundary has 
a zero-gradient condition: 

1 
(7) 

V 4 . n  = 0, (8) 

d - ; V + . n  = 1, 

where n is the unit normal vector to the boundary. The 
Peclet number scaling is introduced as the parameter, E ,  even 
though there is no convection in the model. The solution to 
these equations is 4 = 1 and the initial condition is 4 = 0. 
For the purposes of discussion, the scaling parameter E will 
be referred to as the Peclet number, Pe. 

Equations (6) through (8) are discretized using centered 
differences on a uniform multiple-block grid. The scalar 
variable, 4, is located at the center of volumes formed by 
grid points. The mesh consists of three grid blocks, each of 
size 31 x 11 points. The blocks stack on top of each other 
to form a square grid, shown in Fig. 1, with cells of unit 
length. The “inflow boundary” is the west face of the bottom 
Block 1. The discrete linear equations are solved using a line 
relaxation scheme, each iteration consisting of four sweeps in 
alternating directions. 

A large number of line-relaxation iterations are required 
to solve the equations when the scaling is poor (small 
Peclet number) and the boundary conditions are evaluated 
explicitly. The convergence is plotted as a function of the 

Lz-norm of the linear system residual in Fig. 2. The number 
of iterations required to converge the problem scales with 
($  + A). As the Peclet number increases, the number 
of iterations required to converge the problem with the 
flux inflow boundary condition approaches that for a fixed 
Dirichlet boundary condition, 4 = 1. 

Implicit coupling of the physical boundary conditions 
in the line-relaxation scheme improves convergence by 25%, 
but the work required is still excessive. The boundary 
information is propagated implicitly in the direction of the 
linesolve, but more “explicit-like” in the sweep direction. 
The full set of boundaries, which drive the interior equations, 
are not directly coupled. Each boundary point should 
simultaneously see every other boundary point. 

Matrix-free, preconditioned gradient algorithms provide 
an efficient solution to the boundary communication 
problem. The method is similar to direct inversion, but 
there is no need to store inverse-matrix fill-in. The GMRES 
gradient algorithm is used to invert the linear system with 
the block-by-block line-relaxation implicit scheme acting 
as a preconditioner. The GMRES scheme enhances the 
implicitness of the line-relaxation scheme. The gradient 
algorithm is not restarted for the model problem and the 
number of search directions is limited to 20 so that outer 
iterations on the problem are required. The convergence 
history for the enhanced implicit scheme is shown in 
Fig. 3. The residual norm is plotted as a function of the 
number of preconditioning calls. Each preconditioning call 
is comparable in computational work to one iteration of 
the line-relaxation scheme alone. The overhead work of 
the gradient algorithm effectively increases the amount of 
CPU time required for each preconditioner call by 30%. The 
addition of the GMRES scheme accelerates the convergence 
of the line-relaxation scheme by anywhere from a factor of 4 
to 1000, depending on the cell-Peclet number. 

The GMRES acceleration scheme provides no additional 
benefits as the mesh density is refined. The amount of 
work required to converge on a finer mesh follows theoretical 
scaling laws for relaxation-type schemes. When the number 
of mesh points is increased by a factor of 16 to three 
121 x 41 grids, the number of iterations required to reach 
the convergence tolerance increases by roughly an order 
of magnitude. The convergence rate for the GMRES 
accelerated scheme on the denser grid behaves similarly to 
the line-relaxation itself, shown in Fig. 4. 

ENHANCED NAVIER-STOKES ALGORITHM 
The solution algorithm enhancements to the Navier- 

Stokes code involve the species equations and the pressure- 
correction equation. The modifications to the species 
equations follow those described for the model problem where 
the boundary condition equations are treated implicitly and 
the linear problem is solved to completion with the GMRES 
algorithm. When the linearized species equations are f d y  
converged, the solution can change too fast for the nonlinear 
problem and the overall solution strategy becomes unstable. 
Stability is increased by satisfying the continuity equation 
more rigorously. 
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Errors in continuity cause artificial sources and sinks in 
the species equations. In the baseline algorithm, neither 
continuity nor the linearized species equations are satisfied 
exactly at each iteration. The errors tend to offset each other 
and no stability problems result. Conversely, the enhanced 
solution algorithm does such a good job of satisfying the 
transport equations that they become very sensitive to mass 
errors. 

The solution to the continuity problem is twofold. First, 
it is recognized that continuity errors during iteration are 
due to the use of zero-gradient boundary conditions for 
the pressure-correction on all boundaries and incomplete 
convergence of the linear pressure-correction equation. The 
zero-gradient boundary condition on the pressure-correction 
term does not allow outflow boundary velocities to change. 
The outflow boundary condition is reformulated so that the 
outflow velocity can be corrected in a manner consistent 
with continuity. Secondly, the matrix-free GMRES gradient 
algorithm is added to the solution algorithm for the pressure- 
correction equation to accelerate convergence. 

The pressure-correction procedure is reformulated in a 
manner consistent with other projection methods for low 
Mach number flows, (Chorin, 1967) and (Dwyer, 1994). 
The pressure is still updated according to the SIMPLER 
algorithm. The pressure-correction is treated as a velocity 
potential and is set to zero at the outflow boundary ghost 
points. Matrix coefficients are extrapolated from the interior. 
A velocity correction can then be formulated at the outflow 
boundary and the velocity updated in a way that is consistent 
with continuity. The velocity potential approaches the fixed 
boundary value of zero everywhere upon overall convergence. 

2.54 

EXAMPLE PROBLEMS 
Two manufacturing process examples are presented to 

demonstrate the convergence performance of the enhanced 
solution strategy. All example problems are run on a 
Hewlett Packard 735/125 workstation. The baseline code is 
compiled for 32-bit precision floating-point arithmetic and 
the modified code is compiled for 64bit precision. The 
modified code must be compiled at 64-bit precision in order 
to avoid numerical precision problems with the gradient 
algorithm. The discrete governing equations in the code are 
solved using dimensional quantities in terms of the metric 
cgs system. 

320.0 

Si02 Deposition 
Silicon dioxide' dielectric growth in a rotating disk 

chemical vapor deposition (CVD) reactor is modeled. This 
problem involves gas-phase and surface-phase chemistry in 
a diffusive environment. The baseline CFD code does not 
exhibit extremely poor convergence rates for this problem, 
but the enhanced code improves the average convergence 
time by a factor of two. 

In the CVD reactor, a tetraethoxysilane (TEOS) 
precursor gas is injected through a shower head arrangement 
onto a heated substrate, supplying the silicon and oxygen for 
the deposition. The heat applied to the substrate conducts 
into the flow field and dissociates the TEOS into other 
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chemical precursors. The chemical precursors react at the 
substrate with intermediate surface species to form silicon 
dioxide. 

The reactor geometry is discretized with finite volumes 
in a body-fitted coordinate system. The reactor grid, shown 
in Fig. 5, is constructed from three blocks with the following 
block sizes: 21 x 41, 21 x 16, and 21 x 16 grid points. Radial 
position is measured relative to the vertical centerline and 
axial position is measured relative to the base of the outflow 
face. Only half the grid is used for the computation since 
the reactor is axisymmetric about the vertical centerline. 
The thermodynamic pressure in the reactor is 1 torr. The 
growth substrate is maintained at 1000 K and rotates at 
30 rpm. The process gas, a mixture of nitrogen and TEOS 
shown in Table 1, flows into the reactor at 300 K. The 
axial temperature distribution along the outer vertical wall 
is represented by a piecewise linear curve, given in Table 2. 

380.0 

Table 1: TEOS Inflow Conditions as a Function of Radial 
Position 

10.16 

XTEOS 

20 cm/s 30 cm/s 

Table 2: Wall Temperature Profile as a Function of Axial 
Position 

The gas-phase species considered in the model are: 

A single gas-phase reaction describes the thermal 
N2, Si(OCzH5)4, Si(OH)(OCzH5)3, CZH~OH, C2H4, and 
HzO. 
decomposition of TEOS into triethoxysilanol and ethene: 

Si(OCzH5)4 Si(OH)(OCzH5)3 + C2H4. 

The water and ethanol species are byproducts of the surface- 
phase reaction mechanism, given in Table 3. A short- 
hand notation is used involving the symbol G for describing 
the intermediary glass-like surface species required to form 
bulk dielectric, SiOz(D). The notation (D) indicates the 
solid material in this mechanism. The computational 
solution indicates that the chemical precursors are fairly well 
distributed across the substrate surface. One of the primary 
chemical radical precursors to the silicon dioxide deposition 
is Si(OH)(OC2H5)3, shown in Fig. 6. 
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Table 3: TEOS Surface-Phase Reaction Mechanism 

Reaction 

1. 
2. SlGSE SiGS(0H) + CzH4 
3. SiG(OH)E2 SiGfOH)2E + CzH4 

Sf(OC2H5)4 + SiGS(0H) e SiOz(D) + SiGE3 + C2H5OH 

- -  
4. 
5 .  
6. 
7. 
8. 

SiGE3 2 SiG(OH)E2 + C2H4 
SiG(OH)2E e SiG3(0H) + C2H5OH 
SiG(OH)E2 C SiGSE + C2H50H 
SiG(OH)2E e SiG3E + H 2 0  
Si(OH)(OCzH5)3 + SiGS(0H) S Si02(D) + SiGE3 + H 2 0  

The cell-Peclet numbers at the inflow boundary are close 
to values that begin to cause convergence problems for the 
model problem. The species Peclet numbers are based on the 
inflow conditions and are given for a unit reference length of 
one centimeter: Pw,  = 0.27 to 0.57 and P~TEOS = 2.0 to 
4.2. These numbers are multiplied by the wall-normal grid 
spacing of 0.35 cm to form the cell-Peclet numbers. 

Solutions generated with the baseline code and the 
modified code use mostly the same input parameters. The 
baseline code uses an under-relaxation value of 0.5 for the 
temperature equation and 0.9 for the species equations. 
With the modified solver, the species equations are damped 
at a value of 0.5 and the temperature equation is damped at 
a value of 0.9. 

The convergence rate for this problem, shown in Fig. 7, 
is measured in terms of the L1-norm of the species equation. 
The L1-norm is constructed from flux balances over each 
control volume for each species equation, scaled by the 
maximum species convective flux. Only the residual norm 
for the species equations is plotted since it is most indicative 
of convergence problems. The baseline code converges to the 
level of after 4000 iterations at which point it reaches 
the limits of numerical precision. The baseline code runs 
at a rate of 0.8 seconds per iteration (averaged over 7500 
iterations). The modified code with the gradient algorithm 
runs at a rate of 2.5 seconds per iteration (averaged over 1000 
iterations). One iteration of the modified code requires many 
calls to the line-relaxation preconditioner. The iteration rate 
for the modified code varies slightly due to the variable search 
direction strategy in the gradient scheme. 

There are actually two measures of convergence. The 
mathematical residual norm describes how well the discrete 
governing equations have been satisfied. If this measure is 
used, the modified code converges to the Ll-norm of 
twenty times faster than the baseline code. At this same 
convergence level, the baseline code is converged as far as 
numerical precision will allow. The residual norm can be 
misleading since physical quantities of interest often converge 
to within engineering accuracy long before the residual norm 
reaches the limits of computer precision. The second measure 
of convergence is based on the physical quantities that are to 
be extracted from the simulation. The number of iterations 
required to converge to engineering accuracy is found by 
studying surface heat and mass flux profiles at the substrate. 

Even though the modified code runs about three times slower 
per iteration than the baseline code, the modified code 
converges to an engineering solution twice as fast as the 
baseline code. 

Met hyltrichlorosilane Injection 
The injection and mixing of cold methyltrichlorosilane 

(MTS) gas, CH3SiC13, into hot helium gas is modeled for 
a silicon carbide CVD flow-tube experiment. A mixing 
chamber is designed such that the gases mix completely and 
flow uniformly out the exhaust. 

The geometry consists of a cylindrical center plug with 
normal injectors inside a cylindrical mixing chamber, shown 
in Fig. 8. The center plug, with a spherical cap, is 2.5 cm 
in diameter and the mixing chamber is 5.0 cm in diameter. 
The injectors are 1.0 mm in diameter and are modeled as a 
continuous ring. The grid system consists of five blocks of 
size: 26 x 26, 7 x 26, 11 x 26, 36 x 21, and 36 x 26 grid points. 
Only half the grid is used for the computations since it is 
symmetric about the axial centerline. 

The flow-tube model is not a low pressure problem, but 
it is very diffusive. The thermodynamic pressure is 100 torr. 
The MTS flows in at a rate of 500 sccm and a temperature 
of 300 K. The helium flows in at a rate of 4500 sccm and 
a temperature of 1400 K. The mole fraction of MTS for 
complete mixing is 0.1. 

The cell-Peclet number at the helium inflow is low 
enough that convergence problems are expected. The species 
Peclet numbers are based on the inflow conditions and are 
given for a unit reference length: PeHe = 0.037 and Perms = 
300.0. These numbers should be multiplied by the w d -  
normal grid spacing of 0.367 cm for helium and 0.0346 cm 
for MTS to find the cell-Peclet numbers. 

In addition to boundary condition scaling problems in 
the linear problem, there are transport property problems 
which affect the stability of the nonlinear iteration process. 
The mixing configuration is hard to solve because the 
injected gas has a molecular weight of 149.5 and the carrier 
gas has a molecular weight of 4. The MTS mass fraction 
in the completely mixed gas is about 0.8 even though the 
volume fraction is low. The disparities in molecular weight 
and transport properties cause numerical problems during 
the iterative phase of the nonlinear solution procedure. 
When the solution procedure is started, the MTS injection 
is impulsive. If the linearized species equations are solved 
exactly at each nonlinear iteration, large nonphysical errors 
are introduced. Solution damping is ineffective for this 
problem. The error is controlled by limiting the degree to 
which the linear problem is converged. The number of search 
directions for the gradient solver is selected such that the 
boundary conditions boundary conditions remain coupled, 
but not so many that physical errors from the incorrect 
transport properties dominate. Even with strict limits on 
search directions, the strong coupling between boundaries is 
maintained. 

The convergence history for the species equations, in 
terms of the scaled L1-norm of the conservation laws, 
is plotted in Fig. 9. The converged mixing levels are 
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approached after about 200 iterations. The modified code 
runs at about six seconds per iteration for this problem. 
The convergence history for the baseline code is not shown 
because it is prohibitively slow for this case. Well over 100000 
iterations are required with the baseline code. The modified 
code provides an acceleration of at least a factor of 100 over 
the baseline code. 

SUMMARY 
An enhanced solution strategy for the SIMPLER algo- 

rithm is presented for low pressure heat and mass transport 
calculations with applications in material processing. The 
solution strategy is implemented in an existing baseline 
computer code that is used to solve the multicomponent 
Navier-Stokes equations on a generalized, multiple-block grid 
system. 

The adverse interaction between the inflow boundary 
condition scaling and the implicit line-relaxation scheme 
is demonstrated using a simple linear model problem. 
The convergence rate degrades with the species cell-Peclet 
number. The physical boundaries do not communicate 
directly during relaxation sweeps. Enhancing the solution 
algorithm for the linear problem with a gradient algorithm 
increases the convergence rate by at least two orders 
of magnitude. The preconditioned gradient algorithm 
accelerates the convergence, but the convergence rate is still 
proportional to the grid size. Future considerations should 
include the use of multigrid methods for mesh independent 
convergence rates. 

The solution strategy modifications are consistent 
with the segregated solution approach of the SIMPLER 
algorithm. Segregation is much more attractive than using 
a fully coupled Newton method because it is easier to 
increase the chemical complexity without running out of 
computing resources. The code modifications are relatively 
nonintrusive, requiring few changes to validated sections 
of code. The boundary condition equations are coupled 
to the interior equations for the linearization. The linear 
problem is solved completely at each nonlinear iteration 
using a gradient method to accelerate the existing line- 
relaxation method. The modifications are only applied to 
the species equations and the pressure-correction equation. 
Boundary conditions for the pressure-correction equation are 
reformulated to ensure continuity is preserved in each finite 
volume at each iteration. 
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Figure 1: Three-Block Grid for Model Problem 
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Figure 3: Line-Relaxation Convergence is Accelerated by 
GMRES 
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Figure 2: Line-Relaxation Convergence Scales Inversely with 
Peclet Number Figure 4: Line-Relaxation Convergence Accelerated by 

GMRES on Denser Grid 
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Figure 8: Five-Block MTS Grid System 
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Figure 6: Triethoxysilanol Mole Fraction Contours in TEOS 
Reactor 
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Figure 9: 
Solution Strategy 

MTS Convergence Performance for Enhanced 

Figure 7: Convergence History for TEOS Problem 
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