1SAND96-8218 ¥ UC—405Unlimited ReleasePrinted February 1996A URORA: A FORTRAN Program forModeling Well Stirred Plasma andThermal Reactors with Gas andSurface ReactionsEllen Meeks, Harry K. Moffat, Joseph F. Grcar, and Robert J. KeePrepared bySandia National LaboratoriesAlbuquerque, New Mexico 87185 and Livermore, California 94551for the United States Department of Energyunder Contract DE-AC04-94AL85000Approved for public release; distribution is unlimited.

2

3UC-405SAND96-8218Unlimited ReleasePrinted February 1996AURORA: A FORTRAN PROGRAM FOR MODELING WELL STIRRED PLASMA ANDTHERMAL REACTORS WITH GAS AND SURFACE REACTIONSEllen Meeks, Joseph F. Grcar, and Robert J. KeeThermal and Plasma Processes DepartmentSandia National LaboratoriesLivermore, CA 94551-0939Harry K. MoffatSurface Processing Sciences DepartmentSandia National LaboratoriesAlbuquerque, NM 87185ABSTRACTThe AURORA Software is a FORTRAN computer program that predicts the steady-state or time-averaged properties of a well mixed or perfectly stirred reactor for plasma or thermal chemistrysystems. The software was based on the previously released software, SURFACE PSR,1 which waswritten for application to thermal CVD reactor systems. AURORA allows modeling of non-thermal,plasma reactors with the determination of ion and electron concentrations and the electron temperature,in addition to the neutral radical species concentrations. Well stirred reactors are characterized by areactor volume, residence time or mass flow rate, heat loss or gas temperature, surface area, surfacetemperature, the incoming temperature and mixture composition, as well as the power deposited intothe plasma for non-thermal systems. The model described here accounts for finite-rate elementarychemical reactions both in the gas phase and on the surface. The governing equations are a system ofnonlinear algebraic relations. The program solves these equations using a hybrid Newton/time-integration method embodied by the software package TWOPNT. The program runs in conjunction withthe new CHEMKIN-III2 and SURFACE CHEMKIN-III3 packages, which handle the chemical reactionmechanisms for thermal and non-thermal systems. CHEMKIN-III allows for specification of electron-impact reactions, excitation losses, and elastic-collision losses for electrons.

4ACKNOWLEDGMENTSThe development of the AURORA code has been supported in part by a cooperative researchagreement between the U. S. Department of Energy and SEMATECH, contract number DE-F104-89AL58872.

5CONTENTS

PageLIST OF FIGURES........................................................................................................................ 6NOMENCLATURE..................................................................................................................... 7I.INTRODUCTION............................................................................................................... 9II.WELL MIXED REACTOR EQUATIONS...................................................................... 11Mass Conservation and Gas-Phase Species Equations................................................................ 12Surface Species Equations........................................................................................................ 13Bulk Species Equations During Deposition................................................................................ 15Bulk Species Equations During Etch......................................................................................... 17Non-Constant Surface-Phase Site Densities............................................................................. 17Gas Energy Equation................................................................................................................ 18Electron Energy Equation for Plasma Systems........................................................................... 20Gas Energy Equation Adjusted for Plasma Systems.................................................................... 22Application of the Bohm Condition for Ion Fluxes to Surfaces................................................... 22Summary of Solution Variables............................................................................................... 23Treatment of Activities for Bulk Species.................................................................................. 24Multiple Reactors in Series...................................................................................................... 24RF Sheath Model Option........................................................................................................ 25III.NUMERICAL SOLUTION METHOD........................................................................... 26Starting Estimates.................................................................................................................. 26Modified Damped Newton�s Method....................................................................................... 27Jacobian Matrix....................................................................................................................... 29Time Stepping Procedure......................................................................................................... 30Sensitivity Analysis............................................................................................................... 31Rate of Production Analysis..................................................................................................... 34IV.PROGRAM STRUCTURE............................................................................................... 36Structure of the Save, Recover, and Restart Files...................................................................... 38The Driver Program for Aurora................................................................................................ 43V . PROGRAM INPUT AND OUTPUT............................................................................. 45Keyword Descriptions............................................................................................................. 46VI. SAMPLE PROBLEM A: THERMAL CVD OF SI3N4................................................ 63Chemkin Input for the Si3N4 Mechanism................................................................................. 66Surface Chemkin Input for the Si3N4 Mechanism..................................................................... 68Aurora Output for the Si3N4 Example..................................................................................... 69VII.SAMPLE PROBLEM B: LOW-PRESSURE CL2 PLASMA........................................ 82Chemkin Input for the Cl2 Plasma Example............................................................................. 85Surface Chemkin Input for the Cl2 Plasma Example................................................................. 87Aurora Output for the Cl2 Plasma Example.............................................................................. 88REFERENCES............................................................................................................................. 96APPENDIX A.EXAMPLE SCRIPT FOR RUNNING CHEMKIN, SURFACECHEMKIN, AND AURORA................................................................... 100

6FIGURES

PageFigure 1.Schematic Representation of a Well Mixed Reactor.................................................. 11Figure 2.Relationship between Aurora, Chemkin and Surface Chemkin Interpreters,and Associated Input and Output files....................................................................... 37Figure˚3.Lines of FORTRAN used to write the Save and Recover Files..................................... 39Figure˚4(a).Lines of FORTRAN used to read the Save, Recover and Restart Files. (a)Reading in Chemistry Data...................................................................................... 41Figure˚4(b).Lines of FORTRAN used to read the Save, Recover and Restart Files. (a)Reading in Solution, Sensitivities, and Rates of Production........................................ 42Figure˚5.Example Driver Routine for Aurora........................................................................... 44

7NOMENCLATURE

CGS Units

a

k Activity of k t h b u l k - p h a s e s p e c i e s none

A

Total surface area of all materials in the reactorcm2

Am

Surface area of the mth material cm2

ck

Concentration of the kth species (gas-phase or bulk-phase)moles/cm3(surface-phase)moles/cm2

cpk

Specific heat at constant pressure of the kth speciesergs/(g K)

G

Bulk growth ratecm/sec

~ h e

Specific enthalpy of the electron upon creation in the gas-phaseergs/g

hk

Specific enthalpy of the kth speciesergs/g

ht

Heat transfer coefficientcal/cm2 - s - K iReaction index or ionic species indexITotal number of reactionskSpecies indexKTotal number of species

Kmb ( )

Total number of bulk species on the mth material

Knmbf ,( )

Index of the first bulk-phase species in phase

n

of the mth material

Knmbl ,( )

Index of the last bulk-phase species in phase

n

of the mth material

Kg

Total number of gas-phase species

Kgf

Index of the first gas-phase species (always equal to 1)

Kgl

Index of the last gas-phase species (always equal to )

Kms ( )

Total number of surface species on the mth material

Knmsf ,( )

Index of the first surface species in phase

n

of the mth material

Knmsl ,( )

Index of the last surface species in phase

n

of the mth material

Kmphase ( )

Vector containing the number of species in each phasemIndex for materialsMNumber of materials in the surface reaction mechanismnIndex for phases

Nm( )

Total number of phases for the mth material

Nmb ( )

Total number of bulk phases for the mth material

Nmbf ( )

Index of the first bulk phase for the mth material

Nmbl ( )

Index of the last bulk phase for the mth material

Ng

Number of gas phases (always equal to 1)

Nms ( )

Total number of surface site types (phases)

CGS Units8

Nmsf ( )

Index of first surface phase

Nmsl ( )

Index of last surface phasePPressuredynes/cm2

Patm

Pressure of one standard atmospheredynes/cm2

qi

Rate of progress of the ith reactionmoles/(cm2sec)RUniversal gas constantergs/(mole K)

˙ s k

Production rate of the kth species from surface reactionsmoles/(cm2sec)tTimesecTTemperature of the bulk gasK

To

Ambient temperatureK

Te

Electron temperatureK

Tion

Temperature of the ionsK

Tsurf

Surface temperatureKUVelocitycm/sVVolumecm3

Wk

Molecular weight of kth speciesg/mole

W

Mean molecular weight of a mixtureg/mole

Xk

Mole fraction of the kth speciesnone

Yk

Mass fraction of the kth speciesnone

Znmk ,( )

Site fraction of the kth species on site

n

of the mth materialnoneGREEK

bi

Temperature exponent in the rate constant of the ith reactionnone

r

Mass densityg/cm3

rk

Mass density of the k th speciesg/cm3

rn m,

Site density of the n th bulk phase on the mth materialmole/cm2

uki

Stoichiometric coefficient of species k in reaction i,

uki ki ki= ¢¢- ¢

u ki

Stoichiometric coefficient of the k th reactant species in the ith reaction

¢u ki

Stoichiometric coefficient of the kth product species in the ith reaction

˙ w k

Production rate of the kth species from gas-phase reactionsmole/(cm2sec)

sk

Number of sites occupied by the kth species

ck

Chemical symbol of the k th species

9AURORA: A FORTRAN PROGRAM FOR MODELING WELL STIRRED PLASMAAND THERMAL REACTORS WITH GAS AND SURFACE REACTIONS�I. INTRODUCTIONContinuously stirred tank or well mixed reactor models have been in use for many years in thestudy of chemistry within a unit process for a variety of applications. For thermal (neutral) systems,perfectly stirred reactor (PSR) models are a common method for testing and developing chemicalreaction mechanisms.4 Such reactor models are widely employed in combustion research.5-11, 1 Moffatet al.1 included the capability to study detailed surface reaction mechanisms in a well stirred reactorsimulation by incorporating general surface chemistry using the software, SURFACE CHEMKIN . 12, 13This model has been applied to thermal chemical vapor deposition (CVD) systems.1 4 In the plasmacommunity, global models have been used to predict average electron energies and electron densities fora variety of power-deposition systems.15-18 The model described here combines the generalized surfacechemistry and neutral chemistry capabilities previously applied to thermal systems with the globalplasma-modeling approach, through inclusion of an electron-energy or power balance and detailedelectron-driven kinetics. The model builds on the Sandia perfectly stirred reactor software, SURFACEPSR1. This model includes the description of detailed surface kinetics and allows for the determinationof surface-species site fractions, as well as bulk-phase deposition and etch rates. This approach allowsinvestigation of systems with close coupling between gas-phase kinetics and surface kinetics.�The contents of a well mixed or stirred reactor are assumed to be nearly spatially uniform due tohigh diffusion rates or forced turbulent mixing. In other words, the rate of conversion of reactants toproducts is controlled by chemical reaction rates and not by mixing processes. Thus the reactor isconsidered to be �limited� by reaction kinetics. This is a very good assumption for the very low pressure,highly diffuse operating conditions of most plasma-etch reactors and some thermal CVD systems. Anessential element of the stirred reactor model is the assumption that the reactor is sufficiently mixed tobe described well by spatially averaged or bulk properties. For low-pressure processes (1 Torr andbelow), the dominance of species diffusion renders this assumption valid in many practicalapplications. The major advantage of the well stirred approximation lies in the relatively smallcomputational demands of the mathematical model. Such a model allows investigators with onlymoderate computational resources to easily consider and analyze large, detailed chemical reactionmechanisms.

� Copyright ' 1996, Sandia Corporation. The U.S. Government retains a nonexclusive license in this software asprescribed in AL 88-1 and AL 91-7. Export of this program may require a license from the United States Government.� Caution: AURORA works only with the newer CHEMKIN-III, not the original CHEMKIN or CHEMKIN-IIpackages; and works only with the newer SURFACE CHEMKIN-III, not the original SURFACE CHEMKIN package.

10In addition to fast mixing, the modeling of well-stirred reactors requires several assumptions.First, mass transport to the reactor walls is assumed to be infinitely fast. Therefore, the relativeimportance of surface reactions to gas-phase reactions is determined only by the surface-to-volumeratios of each material and the relative reaction rates (rather than by transport constraints). Second,the flow through the reactor must be characterized by a nominal residence time, which can be deducedfrom the flow rate and the reactor volume. The treatment of plasmas requires that power is depositeduniformly into the plasma bulk or, alternatively, that the electrons� diffusion and thermal conductiontransport processes are fast relative to the rates of electron-driven chemical kinetics. In addition, weassume that the chemical reaction rate coefficients are independent of reactor conditions. Thisassumption may be violated in the case where the electron energy distribution function deviatessignificantly from Maxwellian conditions.16 However, modeling plasma systems in this manner stillprovides important insight into the reactor chemistry.16, 17, 19-21 F i n a l l y , t h e c h a r a c t e r i z a t i o n o f a q u a s i n e u t r a l b u l k p l a s m a d e p e n d s o n a t h i n - s h e a t h a p p r o x i m a t i o n , w h e r e t h e s h e a t h t h i c k n e s s i s much smaller than the reactor-chamber dimensions.The AURORA program includes an option to represent multiple stirred tank reactors that areconnected in series. In such cases, we assume that the effluent of the preceding reactor is the input to thenext stirred tank reactor. Each stirred tank reactor can have different temperatures, heating rates,volumes, and surface areas, for example.Modeling well-stirred reactors requires solving systems of nonlinear algebraic equations.Solution of the equations in AURORA employs a modified Newton iteration method implemented in thenumerical software, TWOPNT.22 This software was originally developed for application to premixedflame modeling,23 and has also been employed in boundary-layer chemically reacting flow problems.24,25 TWOPNT uses a hybrid Newton/time-integration procedure. Both Newton iteration26, 6 and timeintegration27 have been used previously to solve well-stirred reactor problems. The advantage of theTWOPNT approach is that it combines the strengths of both methods. Consequently, the algorithm isboth robust and efficient. In addition, the method facilitates rate-of-production and sensitivityanalysis of computed results. Determination of chemical production rates and thermodynamicproperties employs CHEMKIN˚III2 and SURFACE C HEMKIN˚III3 software packages.T h i s r e p o r t b e g i n s w i t h t h e d e s c r i p t i o n o f t h e s e t o f a l g e b r a i c e q u a t i o n s d e s c r i b i n g t h e w e l l mixed reactor. This is followed by a detailed description of the numerical method and a method forcalculating the first-order sensitivity coefficients of the mass fractions and temperature with respect tothe rate constants. The report then includes a discussion of the code structure and a description of theuser input keywords, as well as examples of CHEMKIN input files. Finally, we present two detailedsample problems.

11II. WELL MIXED REACTOR EQUATIONSConservation of mass, energy, and species describe a well mixed reactor including net generationof chemical species within the reactor volume, and net loss of species and mass to surfaces in the reactor.The stirred reactor consists of a chamber, which may or may not be thermally insulated, having inletand outlet ducts. Figure 1 illustrates the conceptual representation of a generic reactor chamber. Asteady flow of reactants is introduced through the inlet with a given species composition andtemperature. The mass flow rate into the reactor,

˙ *m

, may not be equal to the mass flow rate out of thereactor,

˙ m

, due to deposition on or etching of surface materials. In the AU R O R A model, the reactorpressure is specified, so that the conservation equations determine the volume outflow. Although Fig.˚1depicts a single surface in the reactor, an actual reactor may contain many different material surfaces,s u c h a s r e a c t o r w a l l s , s i l i c o n w a f e r , s u b s t r a t e h o l d e r , e t c . E a c h o f t h e s e m a t e r i a l s m a y h a v e a different set of reaction kinetics associated with it. For this reason, we have included the capability ofd e f i n i n g m u l t i p l e s u r f a c e m a t e r i a l s t h a t r e p r e s e n t d i f f e r e n t f r a c t i o n s o f t h e t o t a l s u r f a c e a r e a , w i t h corresponding surface chemistry mechanisms.

VtT, Tehk(Tk)nkPQlossm*TinnkinhkinINLETOUTLETmT,TenkhkSURFACETsurfSite fraction, ZkSite den r n BULKgrowth/etch ratecompositionA

Qsource¥¥Figure 1.Schematic Representation of a Well Mixed Reactor

12Mass Conservation and Gas-Phase Species EquationsThe AURORA model includes several unique capabilities for well mixed reactor modeling.First, the model allows for the description of plasma kinetics, where a system is characterized by morethan one temperature (e.g. the electron temperature, the ion temperature, or a neutral gas temperature).In these cases, some reaction rates may depend on one temperature, while other reaction rates maydepend on another. This capability is incorporated through the use of the multi-fluid CHEMKIN-IIIsoftware package,2 and should not impact users who are only interested in systems that are in thermalequilibrium. Secondly, the model considers reaction kinetics on multiple surfaces within the reactor.Balances of surface species and bulk material species determine the surface state as well as net etch ord e p o s i t i o n r a t e s . T h i s c a p a b i l i t y r e q u i r e s s o m e h i e r a r c h y o f i n f o r m a t i o n a b o u t g a s - p h a s e , s u r f a c e - phase, and bulk-phase information. Only one gas phase is allowed, while more than one phase surfaceo r b u l k p h a s e m a y b e d e f i n e d f o r e a c h m a t e r i a l . T h e d e t a i l s o f t h i s h i e r a r c h y a r e d e s c r i b e d i n t h e S URFACE CHEMKIN-III manual.3Even though we seek the solution to the steady-state equations, the computational algorithmoften requires a partial solution of the related transient problem. Therefore, the transient conservationequations are presented here. We begin with global mass conservation in the reactor volume, where thetime-rate of change of the mass in the reactor is equal to the difference between the mass flow in andthe mass flow out, plus any material that is added to or subtracted from the surfaces within thechamber. This equations is stated as:

d ρ V( )dt = ṁ* - ṁ+ Amm=1M∑ ṡk,mk=1Kg∑ Wk

.Here r is the mass density, V is the reactor volume,

ṁ*

is the inlet mass flow rate, and

ṁ

is the outletmass flow rate. The outlet mass flow differs from the inlet mass flow when deposition or etching ofmaterials within the reactor occurs, as represented by the last term on the right-hand side. In thisterm, Am is the surface area of the m th material defined within the reactor, and

ṡk,m

is the molarsurface production rate of the kth species on the m th material per unit surface area. There are

K g

gas-phase species and M materials. This mass conservation equation can be rewritten to provide therelation between the outlet flow rate and the inlet flow rate as follows:

ṁ = ṁ* + Amm=1M∑ ṡk,mWk

k=1Kg∑ +ρ V 1T dTdt - 1W dWdt � �

(1)The time derivatives on the right-hand side result from the condition that the pressure and reactorvolume are independent of time.

W

is the gas mixture�s mean molecular weight, while

T

depicts thegas temperature, with a bar to indicate that this temperature actually represents a mixture-averagedtemperature in multi-temperature plasma systems. In thermal systems, this is merely the gas

13temperature. In the AURORA solution, the two transient terms in Eq.˚(1) are neglected, since they willbe small, and since we are primarily interested in the steady-state conditions.The time-dependent equation for mass conservation of each gas-phase species, ignoring theimplicit time dependence of r through its dependence on the temperature and molecular weight, is

ρ V dYkdt = ṁ* Yk* - Yk

( )+ω̇kWkV+ ṡk,mm=1_M∑ WkAm - Yk Amm=1_M∑ ṡk,mWkk=1_{Kg}∑� �

kKg=1 , ...,

(2)or

dYkdt = 1τ Y^k* - Y^k

( )+ ω̇kWkρ + 1ρ V Am^{m=1}_M∑ ṡk,mWk - Yk ṡk,mWk^{k=1}_{Kg}∑ � � kKg=1 ,...,

(3)In these equations

Yk

is the mass fraction of the kth species,

Wk

is the molecular weight of the kthspecies, and

ω̇k

is the molar rate of production of the k th species by gas-phase chemical reaction perunit volume. The superscript * indicates inlet stream quantities.The nominal residence time t in the reactor is related to the reactor volume and the inlet massflow rate as follows:

t r= Vm ˙ *

(4)where the mass density r is related to the pressure, gas temperature and electron temperature throughthe multi-fluid ideal gas equation of state (see, for example, the description of these relations in theCHEMKIN-III manual2 ). The residence time is often used as a characteristic parameter of the reactor,rather than the mass flow rate. In this case,

˙ *m

can be calculated from a specified residence time usingEq. (4).Surface Species EquationsTo determine surface-species site fractions, we begin with a conservation equation that balancesthe time rate of change of each surface species concentration with the net production rate of that surfacespecies through chemical reactions at the surface. For each surface material there may be more thanone surface phase; for example, sp2 and sp3 structures may be treated as two different phases in thesurface mechanism. In addition, there may be several species defined for each phase representing, forexample, open surface sites, physisorbed species, or chemisorbed species. Each surface phase containsan independent set of surface species; in other words, a given surface species exists in only one phase on

14only one material. The surface species conservation equation is applied to every species in each surfacephase n contained on each surface material m , as:

dtAcWAWsm k k m k k( ) =˙

kKmKmmMsf sl= ( ) ( ) =, ..., ; , ...,1

(5)Here

Am

is the surface area of the mth material in the reactor and

ck

is the molar concentration of thekth surface species (moles/cm2).W i t h i n t h e A URORA code, we use a strict ordering of species, species types, and surfacematerials that allows very general descriptions of the chemistry between species of all types in thereactor. The subscript k is then used for all species, whether gas-phase, surface-phase, or bulk-phase.For this reason, in Eq. (5) and subsequent equations, we introduce somewhat complicated indices for therange of surface species. Specifically,

KNmsf sf ( )( ),

refers to the first surface-phase species in thefirst surface phase of the material m, while

KNmsl sl ( )( ),

refers to the last surface-phase species of thelast surface phase of the mth material. The total number of surface materials is M , w i t h t h e t o t a l number of surface phases on each material given by

Nms ( )

and the total number of bulk phases by

Nmb ( )

. The surface phase index range for a material is given by

NmnNmsf sl( ) £ £ ( )

. The first phasedefined in the system is always the gas-phase, with

n= 1

, such that

Nsf 1 2( ) =

and

Ksf g21 1,( ) = +

inall cases where surface species are defined. In each phase, n, there are

Knmphase,( )

species, whoseindices are in the range,

KnmkKnmsf sl, ,( ) £ £ ( )

. When the species index range includes all surfacespecies, as in Eq.˚5, we introduce a shorthand notation, where

KmKNmsf sf sf( ) = ( )( ),

and

KmKNmsl sl sl( ) = ( )( ),

. Although this nomenclature is somewhat confusing on first glance, it need notunduly concern the user; all of this formalism is strictly maintained internally in the AURORA codestructure through use of SURFACE CHEMKIN routines. For further insight into this nomenclature, see theSURFACE CHEMKIN user�s manual.3The molar concentration of a surface species is related to the total site density of a surfacephase,

rn m,

, to the site fraction of the kth surface species, and to the species coverage factor,

sk

, a s f o l l o w s :

cZk n m kk= r s ,

(6)Assuming the surface areas of each material are constant, substituting Eq. (6) into Eq. (5), and expandingthe derivatives, we obtain:

dZkdt = σ k ṡk,mρ n,m - Zkρ n,m dρ n,mdt

kKmKmMsf sl= ( ) ( ) =,..., ; ,...,1

(7)The net change in surface-phase site densities is defined as:

σ^k

k=Ksf (n,m)

Ksl (n,m)

∑ ṡ^{k,m} =

dρ^{n,m} dt

n N m N m m M

s f

s l

=_{( ) ( )} =

, ..., ; , ...,1.(8)Equation (8) is the surface site conservation equation that must hold true for each surface phase in eachmaterial. Here we note that, for the steady-state case, applying Eq.˚(7) to all surface species will leadto a singular Jacobian matrix. To obtain a well posed system of equations, one must introduce theadditional requirement that all surface site fractions,

Zk

, sum to one:

1= Zk

k=Ksf (n,m)

Ksl(n,m)∑

.(9)Eq.˚(9) may then be solved directly in place of one of the surface-species balances in Eq.˚(7). However,this approach results in the numerical round-off error in the calculation of the all of the

˙ s k

�s to beassigned to one equation (Eq.˚9). This may cause problems in the case when that surface-site fraction issmall. Instead, we chose to apportion the additional constraint represented by Eq˚(9) over all of theequations represented by Eq. (7) for the surface phase n according to the size of the surface site fraction,as follows:

dZkdt = σ k ṡk,mρ n,m - Zkρ n,m dρ n,mdt + Zkτ 1- Zll=Ksf (n,m)Ksl (n,m)∑� �

kKmKmMsf sl= ( ) ( ) =,..., ; ,...,1

.(10)Note that the time constant for the second term on the right-hand-side of Eq.˚(10) is arbitrary, and wehave chosen t because it is dimensionally correct and physically significant for the well mixed reactormodel. If Eq.˚(10) is summed over all surface species in phase n and combined with Eq.˚(8), then thefollowing relation results:

d 1- Zl

l=Ksf n,m( ) l=Ksl n,m( ) ∑ � � dt = - 1- Zl

l=Ksf n,m( ) l=Ksl n,m( ) ∑ � � ρ n,m dρ n,mdt - 1- Zl

l=Ksf n,m( ) l=Ksl n,m( ) ∑ � � τ

,(11)which is equivalent to the sum of the

�s being equal to one, with a false transient.Bulk Species Equations During DepositionAURORA allows for the deposition and etching of bulk phases of materials in the reactor,although we do not account for changes in reactor volume or surface area with time due to etch ordeposition processes. When there is only a single bulk species in a bulk phase, the bulk species molefraction is trivially defined as one. When more than one bulk species exist in a bulk phase, thecomposition of the bulk phase may change with time, requiring solution of the bulk species molefraction. For bulk phases that are being deposited, the mole fractions of the bulk-phase species are

16assumed to be initially unknown and are determined through time-dependent species balance equationsfor each bulk species:

ddt A^mL^{n,m}X^kbC^{n,m}b W^k

( ) = AmWkṡk,m

(12)or

AmLn,mCn,m_b Wk ddt Xk_b( )+ AmWkXk_b ddt Ln,mCn,m_b( ) = AmWkṡk,m

(13)Here

Xkb

is the bulk-species mole fraction of the kth species in phase n of the m th material.

Ln m,

is thefilm thickness for the nth bulk phase of the mth material.

Cn mb,

is the average molar concentration ofthe species in the nth bulk phase of the mth material.The molar growth rate of the bulk phase n, can be written as

d AmLn,mCn,mb ( ) dt = Am

k=Kbf (n,m)

Kbl (n,m)∑ ṡk,m

(14)while the bulk mass density is defined as

ρ n,mb = Cn,mb Wn,mb

,

nNmNmMbf bl= ( ) ( ) =,..., ; ,...,1

(15)where

Wn mb,

is the mean molecular weight of the bulk phase. Substituting Eqs. (14-15) into Eq.˚(13) andrearranging gives the following relation:

AmLn,mρ n,mb WkWn,mb dXkbdt = AmWkṡk,m - AmWkXkb ṡl,m

l=Kbf (n,m)

Kbl (n,m)∑ ,

(16)which simplifies to:

dXkbdt = Wn,mbLn,mρ n,mb ṡk,m - Xkb ṡl,m

l=Kbf (n,m) Kbl (n,m)∑

� �.

(17)We define the film-thickness length scale,

, somewhat arbitrarily as the linear growth rate of thebulk phase multiplied by the reactor residence time, i.e.:

Ln,m = τ Wn,mbρ n,mb ṡk,m

k=Kbf (n,m)

Kbl (n,m)∑

.(18)For deposition phases, then, Eqs. (17-18) provide a false transient equation that is employed inAURORA for the bulk species:

dX^k_b dt = 1 τ ṡ^{k,m} ṡ^{l,m}

l=Kb f (n,m) Kbl (n,m) ∑ - X^k_b �

�

� � � �

�

�

� � � � .

(19)Note that

Ln m,

does not appear in Eq. (19); AURORA makes no assumption about the total amount ofbulk phase deposits, other than that their total amount is small compared to the total volume of thereactor. Eq. (19) is only used when the right-hand side is greater than zero; i.e. when there is netdeposition of the bulk species. Under etching conditions, the bulk species equations must be treateddifferently.Bulk Species Equations During EtchWhen surface reactions that result in etching of a bulk phase are included in the surfacereaction mechanism, the user must supply the initial composition of that phase (unless there is only onebulk species in the phase). The time-dependent equation for the bulk-phase species for phases thatetch is then:

dXdtXXkb kb kb kb lbl K n mK n mbfbl= - + - �ØºŒ øßœ=0 1t t ( , )( , ) ,

(20)where

Xkb0

is the user-supplied initial estimate for the mole fraction of species k in bulk phase n,normalized so that their sum over all bulk-phase species is equal to one.Non-Constant Surface-Phase Site DensitiesAlthough surface site densities are very often considered physical constants associated with aparticular surface structure, there are some cases when the surface site density may change with time.SURFACE CHEMKIN allows the inclusion of reactions that do not conserve surface sites, if this is adesired feature of the problem. In such cases, the surface site density

rnm,

, for every phase n whosetotal number of sites may not be conserved, becomes an additional solution unknown. The total number ofsurface phases on each material m , for which this condition may hold, is defined as equal to thev a r i a b l e

Nρ m( )

. For each material m , there are

Nρ m( )

additional equations to be solved,corresponding to

additional unknowns. The equation for the time derivative of surface sitedensities is given by

dρ^{n,m} dt = σ^k

k=Ksf (n,m) Ksl (n,m)

∑ ṡ^{k,m}

n N m N m f l = ( ) ( ) r r , ...,.(21)

Gas Energy EquationFor the gas temperature, AURORA either accepts a fixed temperature value specified by theuser (TGIV keyword), or solves an energy balance in the reactor (ENRG keyword). The energy balanceis determined by considering a control volume that includes the reactor, the reactor walls, and anydeposited material therein. The following equation for the total internal energy of the reactor systemis then

dUdtmYhmYhQkkK k kkK kg gsys loss source= � - � - += =˙ ˙* * *1 1

.(22)The total internal energy

Usys

consists of the internal energy of the gas, surface phases, deposited oretched solid phases, and walls.

Qloss

is the net heat flux directed out of the reactor.

can either bespecified directly as a constant (QLOS keyword) or can be specified in terms of a constant heat transfercoefficient,

ht

, and ambient temperature,

To

(HTRN keyword), as follows:

QAhTt oloss = -( )

(23)

Qsource

refers to energy deposited into the gas in the reactor. For plasma systems, this can represent thepower deposited through Joule heating into the plasma by acceleration of charged species alongelectric-fields. This term will be discussed in more detail in the description of the electron energyequation below.With the assumption of constant pressure and constant volume in the reactor, the timederivative of the internal energy can be equated with the time derivative of the enthalpy, using:

UmUnn NNmM sfblsys gas walls= + ( )� +==1=+( ) -( )� + -==H H m pV H pVn nn NNmM sfblgas walls walls1

.(24)The left-hand side of Eq. (21) then becomes:

dUdHdHmdtdHdtnn NNmM sfblsys gas wallsdt dt= + ( )� +==1

(25)

19We neglect the last term on the right-hand-side that represents the heat capacity contribution fromthe walls. Expansion of the gas-phase contribution in Eq. (25) yields:

dHdtdVhdtVYcdTdtVhdYdtVYhdtk pk kkK k kkK k kkKg g ggas= ( ) = �Ł� �ł� + �Ł� �ł� + �= = =r r r r1 1 1 ,

(26)where

h

is the specific enthalpy of the gas mixture equal to the sum of the product of the species massfraction and the pure species specific enthalpy. Note that in a multi-temperature system, the speciesenthalpies are evaluated at the species temperature Tk w h i c h m a y d i f f e r f r o m t h e m e a n g a s t e m p e r a t u r e . I n t h e r m a l s y s t e m s , a l l T k equal T , t h e g a s t e m p e r a t u r e . c p k represents the speciesspecific heat capacity at constant pressure. Expansion of the bulk and surface contributions to Eq. (25)yields:

dHmdthmWdtALCALCdthmWnn N mN mmM n n mb m n m n mb m n m n mb n n mbn N mN mmMbfbl bfbl( )� = ( ) ( ) + ( )( )� �= ( )( )= = ( )( )=1 1 , , , , , ,+ hk d AmckWk( )dt + AmckWk dhkdt� �k=Ksf n,m( )Ksl n,m( )∑n=Nsf m( )Nsl m( )∑m=1M∑

(27)If we neglect the time dependence of the bulk- and surface-phase species enthalpies and molecularweights, and make use of Eq. (12), Eq. (27) is greatly simplified to:

dHn m( )dt = Amṡk,mWk

k=Ksf m( ) Kbl m( )∑ m=1M∑ n=Nsf m( ) Nbl m( )∑ m=1M∑ hk

(28)Combining Eqs. (2-3), (22), (25), (26), and (28) gives the transient energy equation for solving the gastemperature, as follows:

rV c Y dTdt Y c dTdtp e e pe e1 -( ) +�Ł �ł= ṁ* Yk*k=1Kg∑ hk* - hk( )- V hkω̇kWkk=1Kg∑ - Am hkṡk,mWkk=1Kg∑m=1M∑ - Qloss - Qsource

(29)Here we define

cp

as the mean gas specific heat excluding the contribution of the electrons, since weassume that the electron temperature may be significantly different from the gas temperature. Allother species are assumed to be in thermal equilibrium at the gas temperature T. In other words,

cp ≡ Ykcpk

k=1; k≠e Kg∑

(30)

20where the subscript, e, indicates the electron species. When no electrons are present Eq.˚(29) revertsback to thermal-equilibrium case and the mean specific heat is merely the mass-averaged value of allspecies components. The actual form of the gas energy equation solved in AURORA is the result ofsubtracting the electron energy equation from Eq. (29). This form is presented after the introduction ofthe electron energy equation below.Electron Energy Equation for Plasma SystemsThe transient form of the electron energy balance equates the time-rate-of-change of the electronswarm�s internal energy, ue , to the net flow of electron enthalpy into and out of the reactor, accountingf o r n e t c h e m i c a l p r o d u c t i o n r a t e s , s u r f a c e l o s s e s , c o l l i s i o n a l l o s s e s , a n d p o w e r d e p o s i t i o n f r o m externally applied electromagnetic fields. This balance is stated as:

ddt ρ^eVu^e

( ) = ṁ_*Ye_*he_* - ṁYehe +ω̇eWeh̃eV+ ṡe,m^{m=1}_M∑ WeheAm - Qloss_{elas} - Qloss_{inel} + ′Qsource.

(31)where

re

is the electron mass density (equal to the product of the electron number density and theelectron mass).

~ h e

refers to the electron enthalpy of newly created electrons in the gas-phase; whenelectrons are formed from the ionization of a relatively cold neutral, the electron is assumed tooriginate close to the neutral temperature. The energy required to thermalize new electrons is thereforetaken into account. At the surface, electron losses are assumed to dominate electron emission, so that noequivalent term is included to account for new electrons coming off the surface with thermal energiesequal to the surface temperature. The electron enthalpy loss at the surface is therefore calculated fromthe net production rate of electrons due to surface reactions on each material,

ṡe,m

, and the electronenthalpy, he . The second- and third-to-last terms on the right-hand-side refer to the collision energyl o s t b y t h e e l e c t r o n s b o t h f r o m e l a s t i c , m o m e n t u m - t r a n s f e r c o l l i s i o n s , a n d f r o m i n e l a s t i c c o l l i s i o n a l processes. The inelastic collisions may include both excitation reactions, as well as chemical reactionsresulting from electron-impact collisions. The source term

¢Qsource

differs from

Qsource

in Eq.˚(29) in thatit represents only that power deposited to the electrons, rather than to the plasma as a whole. Inparticular, some of the deposited power may contribute to heating of ions in the plasma bulk, oraccelerating ions through the plasma sheath. We therefore define the electron-energy source term as:

¢=-Q Q Q Qsource source ionssheath ionsplasma

.(32)The internal energy of the electron and electron specific heats are defined by:

uhPRWTRTWRWTcRWcRWe e e e e ee e e pe e ve e= - = - = = =r 52 32 52 32; ;

.(33)

21If we assume

~

/ / h RT W e e =

( )

5 2

, substitute Eqs. (1), (32), and (33) into Eq. (31), and subtract Eq.˚(2)multiplied by

cpeTe

, we arrive at:

ρ V Yecve dTedt - RW^e Te dYedt � � = ṁ*Y^e*c^{pe} T^e* - T^e( )+ω̇^eW^eVc^{pe} T - T^e( )- Q^{loss}elas - Q^{loss}inel + ′Q^{source}.

(34)Here the second term on the right-hand-side represents the thermalization energy required for newlycreated electrons. The loss and source terms in Eqs.˚(34) and (32) are defined as follows:

Qlosselas = 3VRρ eWe Te - T

( ) WeWk

k=1; k≠e

Kg∑ υek,

(35)

Qlossinel = V ΔHrqr +Qother Te( )

r=1Iei∑ ,

(36)

Qionssheath = ṡi,mk=1Kg∑ εiAm

m=1M∑ ,

(37)and

QhThTVi i iiKiionsplasma ion= ( ) - ( )()�= ẇ1

.(38)In Eq.˚(35),

uek

is the momentum-transfer collision frequency between the electrons and the kth heavyspecies. AURORA calculates the momentum-transfer collision frequencies from momentum-transfercollision cross-sections specified with the input keywords XSEK and XSDF. The first term in Eq.˚(36)represents the summation of electron energy loss per electron-impact reactions as specified in theCHEMKIN input file. The total number of electron-impact (i.e. electron-temperature dependent)reactions is

Iei

, qr is the net rate of progress of the r th reaction, and

DHr

is the net enthalpy change ofthe reaction.

DH r

can be determined from species� thermochemistry as available in the CHEMKINthermodynamic data, or can be input directly through use of the CHEMKIN reaction auxiliary keywordEXCI (see the CHEMKIN-III user�s manual.2 T h e s e c o n d t e r m o n t h e r i g h t - h a n d s i d e o f E q . ˚ ( 3 6 ) represents other loss terms that the user may choose to include separately from the CHEMKIN reactiondescriptions (using the AURORA keyword QLSE). In Eq.˚(37),

ei

is the energy gained by an ion whentraversing the sheath, while

Ki

is the total number of ionic species.

may be supplied through one ofseveral options: direct specification (IONE keyword), calculation from the electron temperature and auser-specified multiplication factor (ELSH keyword), or through solution of an analytical radio-frequency sheath model within AURORA with user-specified rf-bias conditions (RFSH and relatedkeywords). The rf sheath model is described in more detail below. In Eq.˚(38), we introduce an iontemperature

Tion

to capture the source energy that is deposited into the ions, although we are notsolving an ion energy equation explicitly. The ion temperature is specified by the user (TION keyword)and assumed to be constant.

22Gas Energy Equation Adjusted for Plasma SystemsThe actual gas energy equation solved in AURORA results from subtracting Eq.˚(34) from Eq.˚(29). Thisapproach keeps only those terms that directly affect the gas temperature in the gas-energy equation.The resulting gas-energy equation is then:

ρ V cp 1- Ye

( ) dTdt + RWe d YeTe( )dt � � = ṁ* Yk*

k=1; k≠e

Kg∑ hk* - hk

( )- V hkω̇kWk

k=1; k≠e

Kg∑ - ω̇eWeVh̃e

- Am hkṡk,mWk

k=1Kg∑ m=1M∑ - Qloss +Qlosselas +Qlossinel +Qionsplasma +Qionssheath.

(39)Application of the Bohm Condition for Ion Fluxes to SurfacesOften, when modeling very low-pressure plasmas, it is reasonable to constrain the ion flux to asurface according to the Bohm criterion. This condition maintains that the maximum net flux of aparticular ion to a surface is equal to the product of the ion density and the Bohm velocity, which isdefined as:

URTWeiBohm = �Ł� �ł� 1 2/

.For an electronegative gas, this expression must be modified to account for the presence of negative ionsand their effect on the plasma sheath behavior. In the limit of a purely electronegative gas, the ionflux to a surface would be limited by the thermal speed of the ion. To accommodate a large range ofconditions, then, we use the correction to the Bohm velocity derived by Braithewaite and Allen,28 asfollows:

URTWcTcei n n ie nBohm,mod tote tot ee totc cc= �Ł� �ł� +�Ł� �ł� �Ł� �ł� + +�Ł� �ł�ØºŒ øßœ1 2 1 2/ , , / ,

,where

cn, tot

is the sum over all negative ions of the product of the ion species� concentration and itsinteger electronic charge.AURORA allows the user to specify this constraint in one of two ways. The first way is to usethe AURORA keyword BOHM. This keyword includes the input of a correction factor x to the aboveBohm velocity. When this option is included, the production rate of each ion by each surface reactionwill be scaled, such that the net production rate of the ion on each material is given by

ṡ i,m = ṡ^{i,Bohm} =ξc^iU^{Bohm,mod} =ξc^i RT^e

W^i

�

� �

�

� �

1/ 2

c^{n,tot} c^e +c^{n,tot}

�

� �

�

� �

T^i

T^e

�

� �

�

� �

1/ 2

+ c^e c^e +c^{n,tot}

�

� �

�

� �

�

�

�

�

�

�

�

� .

The second way to apply the modified Bohm criterion, is to use the S U R F A C E CHEMKIN BOHMauxiliary keyword. In this case, the individual reaction for which the auxiliary BOHM keyword isincluded, will have a rate of progress calculated in the SURFACE CHEMKIN routines as

q =ξciUBohm = ξci RTeWi� �1/2,

where, in this case, the correction factor x is the first reaction-rate coefficient specified on the reactionline in the SURFACE C HEMKIN input file. This rate-of-progress of the BOHM reaction will then bemodified within AURORA to account for the presence of any negative ions in the plasma; i.e. eachreaction with a BOHM auxiliary keyword ultimately has a rate of progress in AURORA defined as:

q c RT W c c TT c

i ei n n ie n

mod tote tot ee tot c cc

= �Ł� �ł� +�Ł� �ł� �Ł� �ł� + +�Ł� �ł� ØºŒ øßœ

x 12 12

/ , , / ,

.The main difference between these two approaches arises when an ion participates in more than onesurface reaction subject to the Bohm criterion. In the first approach, the net ion flux to the surface willbe automatically scaled to the Bohm-limiting flux modified for electronegative gases and the user-defined correction factor x. In the latter approach, each reaction will be subject to the Bohm limitindependently. In that case, it is up to the user to make sure that the reaction coefficients x add up tothe desired overall correction factor, for all the reactions involving a particular ion. In AURORA, theoverall correction factor is often used to account for spatial variations in ion density or transportlimitations in the reactor being modeled. For example, the correction factor may be set equal to anestimation of the ratio of the ion density at the sheath edge to the ion density in the bulk of theplasma.17, 21, 20Summary of Solution VariablesThe total number of species defined in the systems is

K K K m K m

g s b mM = + + [ ] � = ( ) ( ) 1

,(40)where

K g

is the number of gas-phase species;

K ms( )

and

K mb( )

is the number of surface- and bulk-phasespecies on the mth material; and M is the total number of different reacting materials defined in thereactor. The maximum number of unknowns in the problem, J, is therefore given by

J K N m mM = + + �=

2 1 r( )

,(41)

24where, in addition to species fractions and surface-phase densities, we may be solving for the gastemperature and the electron temperature. The equation corresponding to gas-phase species is Eq.˚(3).The equation corresponding to surface-phase site fractions is Eq.˚(10), while the equation for bulkspecies is either Eq.˚(19) or Eq.˚(20), depending on whether or not the bulk species may be etched. Theequations corresponding to site densities, in the case when non-site-conserving reactions are included inthe surface mechanism, is Eq.˚(21). The gas temperature is determined by Eq.˚(39) and the electronenergy equation is Eq.˚(34). AURORA solves for the steady-state versions of the above equations.Treatment of Activities for Bulk SpeciesThe net gas-phase chemical production rate of each species,

˙ w k

, results from the competition betweenall the chemical reactions involving that species. For reactions stated as reversible in the CHEMKINand SURFACE C H E M K I N input files, the reverse rate parameters can be determined from the forwardrate coefficients and the thermodynamic properties of the species involved in the reaction, via the lawof mass action. In these cases, SURFACE CHEMKIN r e q u i r e s a c t i v i t i e s t o b e d e f i n e d f o r b u l k - p h a s e species, in order to determine the species thermochemistry. AURORA determines the bulk activitiesinternally in a subroutine PSRACT. This subroutine can be easily modified by users who wish to specifyt h e i r o w n r e l a t i o n s h i p s b e t w e e n t h e a c t i v i t i e s a n d t h e b u l k - s p e c i e s m o l e f r a c t i o n s , t e m p e r a t u r e , a n d pressure. The default is to set the bulk activities,

akb

, equal to their mole fraction in the bulk phase:

aTPXnmXnmkb kb kb, , , ,( )( ) = ( )

More details regarding chemical reaction specifications, reaction-rate determinations, andthermochemical properties, are available in the CHEMKIN-III29, 2 and SURFACE C HEMKIN -III user�smanuals.3

25Multiple Reactors in SeriesAURORA is capable of treating multiple well mixed reactors or PSRs that are connected in series. Theprocedure is to solve each PSR sequentially from �upstream� to the most �downstream� PSR in the series.The inlet flow rate and inlet composition of each downstream PSR is equal to the outlet flow rate andoutlet composition of the adjacent upstream PSR. The user may specify different volumes, surface areas,surface temperatures, gas temperatures, heat-transfer rates, and total pressures for the different PSRsin the series. Additionally, different surfaces with different surface kinetics mechanisms may beincluded by using the materials specification in the SURFACE CHEMKIN input file and assigningdifferent material surface-area fractions for each PSR.RF Sheath Model OptionIn plasma processing, it is often desirable to know the average ion energy of ions encountering awafer that is being processed in a reactor. For many semiconductor processes, the wafer chuck iselectrically biased through the application of an RF voltage or RF current. This RF bias will result in atime-averaged DC potential across the plasma sheath. Positive ions are accelerated by this potentialas they traverse the sheath. Many analytical sheath models exist that, given the applied voltage orcurrent amplitude and phase, determine the time-averaged sheath potential and energy gained by ionsencountering such a potential. AURORA includes one such model, based on the work of M. Riley,30 as anoptional calculation available to the user.

26III. NUMERICAL SOLUTION METHODAURORA employs the numerical software package, TWOPNT22 in the solution of the algebraicequations described in the previous section. TWOPNT solves the system of algebraic equations by firstapplying a damped modified Newton algorithm to the set of

J

n o n l i n e a r a l g e b r a i c e q u a t i o n s represented by the steady-state versions of Eqs. ˚(3), (10), (19-21), (39), and (34). However, in the eventt h a t t h e N e w t o n a l g o r i t h m f a i l s t o c o n v e r g e d u r i n g t h e i t e r a t i o n , t h e c o d e a u t o m a t i c a l l y c o n d i t i o n s the solution estimate by integrating the time-dependent version of the equations over a fixed number oftime steps. This time-stepping procedure provides a new starting estimate for the Newton algorithmt h a t i s c l o s e r t o t h e s t e a d y - s t a t e s o l u t i o n , i n c r e a s i n g t h e l i k e l i h o o d o f c o n v e r g e n c e f o r t h e N e w t o n m e t h o d . A f t e r t i m e - s t e p p i n g , t h e N e w t o n a l g o r i t h m t r i e s a g a i n f o r c o n v e r g e n c e a n d , i f t h i s f a i l s , T WOPNT takes additional time steps on the transient solution to further improve the initial iterate.Ultimately, the Newton iteration converges on the steady-state solution.Starting EstimatesThe use of a Newton iteration algorithm for solution of the governing equations requires the userto provide initial estimates of the solution variables. It may sometimes be difficult to obtain goodinitial estimates of species composition, especially when one is not familiar with the chemistry systembeing studied. In such cases, it may be necessary to approach the problem from points that are moreintuitive. For example, in a thermal problem, a good initial estimate of gas species is often thethermodynamic equilibrium composition at the initial temperature. For this purpose, we haveprovided an optional call to the Stanford equilibrium routine, STANJAN,31 which minimizes theGibb�s free energy of the system in order to determine the equilibrium gas mole fractions. This methodof determining the initial estimate of the gas-phase composition is automatically initiated inAURORA when the user does not supply any initial estimates for the gas-phase species� mole fractions.If equilibrium composition does not provide immediate convergence for the reactor conditions of interest,the user may increase the residence time (thereby driving the conditions closer to equilibrium) from thetarget conditions until a solution is reached. This solution can then be used as the initial estimate forthe desired residence time. Such gradual approach to a desired solution is facilitated by thecontinuation capability (keyword CNTN) built into AURORA, and generally requires very littlecomputational time. For a plasma system, a similar approach could be used to obtain a solution wherethe initial guess is difficult to obtain. In this case, the user might assume an initial guess for the gas-phase composition close to that of the reagent gases entering the reactor, and set the power depositionlevel very low. Then gradually increasing the reactor power using the continuation capability can leadto the desired solution.

27Initial estimates of surface site fractions are often more difficult, but also have less impact onthe ability of the Newton algorithm to reach a solution. A general rule of thumb for all species types isto provide an estimate for every species in the system, even if these numbers are small. An initial guessof 1x10-7 , for example, is generally much better than allowing the program to set the initial fraction toz e r o . A l l i n i t i a l e s t i m a t e s w i l l b e n o r m a l i z e d w i t h i n A URORA , such that the sums of gas molefractions, surface site fractions, and bulk species fractions are all equal to one.AURORA provides an option to the user to either solve the gas energy equation or to keep thetemperature fixed at the initial estimate. There are some cases when the user may choose not to solvethe gas energy equation. For example, the reactor temperature may have been accurately measured,while heat losses are difficult to estimate. In cases where the energy equation is solved, the user hasan option to solve the system of equations in one or two steps. The default is to use two steps: first solvefor the species composition at the fixed temperature estimate provided by the user, and then solvesimultaneously the energy equation and the species composition using the first solution as the initialguess. This two-stage method provide more robust convergence for thermal systems, where the reactionrates� exponential dependence on the gas temperature is the primary source of equation stiffness andnonlinearities. For plasma systems, when one is solving for the electron energy equation, convergence isusually most expedient with the one-step option (keyword NOFT).Modified Damped Newton�s MethodNewton�s method determines a sequence of iterations or approximate solutions that approachthe true solution. For the sake of notation simplicity, we call these approximate solution vectors,

f

.When an arbitrary

f

is substituted into the governing equations, the equations generally do not equalzero unless

f

also represents the true solution; in general the equations equal a residual vector

F

. Thegoal then is to find

f

such that

Ff( ) =0

(42)For AURORA, the vector

f

is:

frr r=� ( ) ( ) ( ) ( ) ( ) ( )T T Y Y Z Z X Xe K K K Kb Kb N Ng sf sl bf bl f l, , , , , , , , , , , , , ,1 1 1 1 1 1 1K K K K

ZXK M K M K Mb K Mb N M N Msf sl bf bl f l( ) ( ) ( ) ( ) ( ) ( )�, , , , , , , ,K K Kr rr r T

(43)where T and

Te

are the gas and electron temperatures, the Y�s are the gas species mass fractions, the Z�sare the surface site fractions within each surface phase, the X�s are the mole fractions of species in the

28bulk phases, and the r�s are the surface site densities of those surface phases whose site densities areallowed to change. The total number of unknowns, J, is defined by Eq. (41). The corresponding vector F iscomposed of the residuals of the gas energy equation, the electron energy equation, the speciesequations, and the continuity equation for the surface site densities.Provided the initial estimate

f0( )

of the solution is sufficiently good, Newton�s methodproduces a sequence of iterates {

fn( )

} that converges to the solution of the nonlinear equations

Ff( ) = 0

.The purest form of the Newton algorithm,

f¶ffn n nF Fn+( ) ( ) - ( )= - �Ł� �ł� ( )( )1 1

,(44)is usually difficult to implement in practice. Evaluating the Jacobian matrices,

¶fF/

, is timeconsuming, and convergence typically requires a very good initial estimate

. TWOPNT employs theusual remedies for these problems. First, TWOPNT retains the Jacobian matrix through severaliteration steps, rather than updating at every iteration as indicated in Eq.˚(44). Thus, the Jacobianused at the current iteration,

Jn( )

, may be based on a solution that is several iterations old. The user canspecify in the AURORA input the maximum number of iterations TWOPNT performs before calculating anew Jacobian (keyword NJAC). Second, the advancement of the iterate to

fn+( )1

is damped by afactor

ln( )

. The modified Newton algorithm is then,

flfn n n n nJ F+( ) ( ) ( ) ( ) - ( )= - ( ) ( )1 1

,(45)where

01< £( )l n

, and

JFn m( ) = �Ł� �ł� ( )¶ f f

;

1< £m n

(46)Internally, TWOPNT will generate a new Jacobian whenever convergence with the old Jacobian fails.While Eq.˚(45) correctly indicates the relation between the new and the old iterate, TWOPNT does notcompute the inverse of the Jacobian matrix, but rather solves a system of linear equations,

JFn n n( ) ( ) ( )= ( )D f f

, for the undamped vector,

Df n( )

.The TWOPNT algorithm determines the damping parameter

and the need for a new Jacobianbased on several criteria designed to keep the iteration stable and within solution bounds. To accept anew solution iterate

fn +( )1

, TWOPNT requires that the undamped steps decrease in magnitude,32 i.e.,

JFJFn n n n( ) - +( ) ( ) - ( )( ) ( ) < ( ) ( )1 1 1f f

.(47)

29If the solution

f n +( )1

fails this criterion, TWOPNT rejects it and retries the step with half the dampingparameter or a new Jacobian matrix. TWOPNT adjusts the damping parameter to ensure that theevolving solution always remains within the solution bounds specified by AURORA. Example ofphysical bounds that are imposed on the solution are: the temperature(s) must be positive, and thespecies mass fractions must be between zero and one. In AURORA it is actually possible to modify thelower bounds placed on the species mass fractions to be slightly negative (keyword SFLR). Allowingsome species mole fractions to become slightly negative during iteration sometimes enhances theconvergence rate, especially when the solution composition has species mass fractions that vary overmany orders of magnitude.The Newton iteration procedure continues along these lines until the user-defined convergencecriteria are met. Convergence requires that the maximum norm of the undamped correction vector

Df n( )

has been reduced to within user-defined absolute and relative tolerances, i.e.,

Df f£ ·( )max A R,

.(48)where A is the absolute tolerance (keyword ATOL) and R is the relative tolerance (keyword RTOL).The relative tolerance roughly indicates the number of significant digits in the converged solution, andthe absolute tolerance serves to exclude solution components smaller than A from the relativeconvergence criterion. Typically, the absolute tolerance A should be smaller than the maximum massfraction of any species of interest. The user should be particularly careful in specifying A for plasmasolutions, since the small electron mass will result in a much smaller mass fraction for electrons than forother important species. The relative tolerance should be in the range of 10-3 to 10-4.If damping does not produce a suitable correction vector, TWOPNT computes a new Jacobian. Inthe case when a new Jacobian has just been computed, and a damped Newton step still cannot produce asuitable correction vector, TWOPNT begins to take time steps. The time-stepping procedure is describedin the section following the description of the Jacobian Matrix below.Jacobian MatrixThe Jacobian Matrix is a dense

J·

matrix. Rather than derive and evaluate analyticexpressions for the Jacobian elements, we form the elements of the Jacobian numerically, through finite-difference perturbations. This approach is justified since the accuracy of analytic Jacobians is notrequired for the modified Newton method described above. This is demonstrated by the successful useof old (and therefore inaccurate) Jacobians. We evaluate the numerical Jacobian elements from a one-sided finite-difference formula as follows:

J F F i j i j i j

,_» + ( ) - ( ) f d f d

,(49)where

d f= · +r aj

.(50)We choose the relative and absolute perturbations, r and a, to be the square root of the computer�s unitroundoff.Time Stepping ProcedureThe steady-state solution that we seek could be obtained through pure time-stepping using thetransient equations described in Section II. Such a procedure is very reliable but also very slow.However, because the time-stepping is robust, we employ this procedure to condition the initial iteratein cases when the Newton�s method is not converging. When the modified Newton�s method fails,TWOPNT solves the transient equations for a given number of time steps, and then returns to the Newtonmethod using the result of the time-stepping as the new initial iterate. This trial solution will becloser to the steady-state solution, and thus it is more likely to be within Newton�s convergence domain.The transient equations are Eqs.˚(2), (10), (19/20), (21), (39), and (34). We solve this system ofordinary differential equations using the backward-Euler method. In this method, the timederivatives are approximated by first-order, backwards finite differences. For example,

dTdt/

isapproximated as

dTdtTtjn jn» -+1D

,(51)where here the subscript n indicates the time step index and

Dt

represents the size of the time step.All other terms in the governing equation are evaluated at time level n. The time-discretized problemis then another system of nonlinear algebraic equations for the dependent variable vector f at timelevel

n+ 1

.To solve the system of equations for each time step we use the same Newton method as weemploy in the steady-state problem. However, the transient problem is much more likely to converge;it should always converge for a sufficiently small time step. The objective, then, is to choose a timestep (keywords TIME, TIM2) that is sufficiently large to make progress toward the steady solution, yetnot so large as to introduce convergence difficulties in the transient solution method. Typical time steps

31range from 1-10 microseconds, although in plasma systems it is often necessary to choose time steps muchsmaller than this (10-100 nanoseconds).After solving the specified number of time steps, TWOPNT again attempts to solve the steadyproblem by Newton�s method. If the steady solution fails again the program reverts to time stepping,beginning where it left off at the last time-stepping procedure. Clearly the better the user�s initialestimate of the solution, the less likely the program will have to resort to time stepping. If theprogram fails to converge in time-stepping, then, the user may either choose smaller time steps, or try anew starting estimate.The time-stepping solution procedure described here is not particularly sophisticated, since weare neither interested in the accuracy of the transient path nor in solving the transient problem all theway to steady state. A much more accurate transient solution could be obtained using software such asLSODE,33 which was designed for the solution of stiff ordinary differential equations. We choseinstead to use a method that is relatively inexpensive per step and employs the same Newtonalgorithm that is used in the steady-state solution. The transient solution therefore serves only tocondition the starting estimates for the Newton�s method, but does not provide accurate solution of thetransient process.Sensitivity AnalysisSensitivity analysis of a problem solution allows quantitative understanding of how thesolution depends on the various parameters contained in the model. The numerical method describedabove facilitates sensitivity analysis by having already computed the solution Jacobians. Once theJacobian has been computed for the purposes of solving the nonlinear equations, the sensitivitycoefficients are easily calculated. These techniques have been developed over many years and reportedin the chemical engineering literature.34-36 We have found that sensitivity analysis is often aninvaluable tool in interpreting the results of stirred reactor11 and flame experiments.37In AURORA , we consider the first-order sensitivity coefficients of the gas temperature, speciesfractions, and bulk-phase growth rates with respect to the reaction-rate coefficients (keywords SENT,SENS, SENG). To specify the sensitivity coefficients, we begin by rewriting Eq.˚(42), which representsthe vector of governing equations, as

Ff a a( )( ) =; 0

.(52)Here, we have introduced the idea that the equation may depend not only on the solution variables butalso on a set of model parameters, a. The residual vector F depends on a both explicitly and implicitly

32through the solution vector f. In AURORA we consider the a�s to represent the pre-exponential �A-factors� in the Arrhenius reaction-rate expressions. By differentiating Eq.˚(52) with respect to a weobtain a matrix equation for the sensitivity coefficients:

¶f¶f¶a¶aF FF + = 0

.(53)The matrix

¶fF /

is the Jacobian of the original system and

¶aF /

is the matrix of partial derivativesof F with respect to the parameters. The sensitivity coefficients are defined as

¶f¶a/

. It is helpful tothink of the

matrix column by column, with each column indicating the dependence of theresidual vector F on each parameter. There are as many columns as there are parameters, i.e. thenumber of gas-phase and surface reactions. The sensitivity coefficient matrix

containsquantitative information on how each reaction-rate coefficient affects the temperature(s) and speciesfractions. The sensitivity matrix has a structure similar to that of the matrix. That is, eachcolumn contains the dependence of the solution vector on a particular chemical reaction.The Jacobian and its LU factorization are already available from the solution of the originalsystem by Newton�s method. Parameter derivatives are computed by finite differences in a mannersimilar to the computation of the Jacobian. We can therefore readily solve the linear system ofequations represented by Eq.˚(53) for each column of the sensitivity matrix corresponding to thesensitivities of the solution vector to each of the reaction rates in the CHEMKIN and SURFACECHEMKIN mechanisms. TWOPNT employs the LINPACK38 software to perform these computations.We factor the Jacobian only once, and compute each column of the sensitivity matrix by backsubstitution, such that the calculation is relatively inexpensive computationally.AURORA further manipulates the raw sensitivity coefficients to make them more useful. First,we compute normalized sensitivity coefficients in the form of logarithmic derivatives, i.e.,

¶a¶alnln Y Y Yki F ik ki F=

(54)or

¶a¶alnln T T Ti F i i F=

.(55)Second, although the gas-phase species solution variables are mass fractions, the sensitivitycoefficients are computed in terms of mole fractions, as follows:

a¶a¶a¶aik ki F ik ki F i jjK ki FX X Y Y W W Yg= - � = 11

,(56)

33where

Xk

are the gas-phase mole fractions,

Wj

are the species molecular weights, and

W

is the meanmolecular weight of the gas-phase mixture.AURORA also computes the normalized sensitivity coefficients for the surface-site fractions andbulk-phase mole fractions. They are defined as:

¶a¶alnln Z Z Zki F ik ki F=

(57)and

¶a¶alnln X X Xkbi F ikb kbi F=

,(58)where

Zk

is the surface-site fraction of surface species k, and

Xkb

is the mole fraction of the bulkspecies˚k.In addition to the gas, surface, and bulk species sensitivity coefficients, we also compute thesensitivity coefficients for the growth (or etch) rates of the bulk phases with respect to the reactionrate coefficient parameters

ai

. First, the linear growth rate (units of cm/s) of the bulk phase n can beexpressed by:

Gn,m = Wkρ k

k=Kbf (n,m)

Kbl (n,m)∑ ṡk,m.

(59)The derivative with respect to the parameters is then,

dGn,m dα i F = Wkρ k dṡk,mdα i F

k=Kbf (n,m)

Kbl (n,m)∑

(60)

= Wkρ k ∂ṡk,m∂ϕ l α i,ϕ p≠l ∂ϕ l∂α i F + ∂ṡk,m∂α i ϕ p

l=1J∑� � k=Kbf (n,m)

Kbl (n,m)∑ .

(61)The vector,

¶ f ¶ aliF ( )

is the vector of raw sensitivity coefficients computed by solution of Eq.˚(53).

¶ ¶ f a f ˙ , s k l i p l ( )

„

is a matrix representing the derivative of the bulk species production rates (fromsurface reaction with respect to the solution variables.

Wk

and

rk

are the molecular weight and massdensity of the kth bulk-phase species, respectively. As with the species sensitivity coefficients,AURORA reports the normalized growth rate sensitivity coefficients:

¶a¶alnln , , ,G G Gn mi F in m n mi F=

(62)

34Note that, in general,

Gn m,

can be either positive (growth) or negative (etch). Therefore, the absolutevalue of

Gn,m

on the right-hand-side of Eq.˚(62) is necessary to correctly normalize the sensitivitycoefficients.Rate of Production AnalysisAnother useful tool in understanding well mixed reactor calculations is rate-of-productionanalysis. Rate-of-production analysis determines the contribution of each reaction to the netproduction or destruction rate of a species. The molar production of a species per unit volume,

Pk

, isgiven by

Pk = ω̇k + AmV

m=1M∑ ṡk,m = υkii=1I∑ qi + AmVm=1M∑ υkis qisi=1Is∑

(63)where

uki

and

ukis

are the stoichiometric coefficients for the gas and surface reactions, respectively,and

qi

and

qis

are the rate of progress of the I gas-phase reactions and the

Is

surface reactions. Thecontribution to the rate of production of species k from gas-phase reaction i is therefore

Cqki ki i= u

,(64)and for a surface reaction,

CAVqkis m kis is= u

,(65)where

Am

is the surface area of the material m with which the reaction i is associated. Furtherdetails about how the reactions contribute to net species production rates are found in the CHEMKIN andSURFACE CHEMKIN user manuals.3, 2 AU R O R A c o m p u t e s t h e n o r m a l i z e d v a l u e s o f t h e r e a c t i o n c o n t r i b u t i o n s t o t h e s p e c i e s p r o d u c t i o n a n d d e s t r u c t i o n r a t e s ( k e y w o r d R O P ) . T h e n o r m a l i z e d production-contributions for gas-phase reactions are given by:

CqAVqkip ki iki i m kis isiImMiI s= ( )( ) + ( )� === max ,max , max ,uu u00 0111

,(66)and the normalized destruction values for the gas-phase reactions is given by:

CqAVqkid ki iki i m kis isiImMiI s= ( )( ) + ( )� === min,min,min,uu u00 0111

.(67)The normalized production values for the surface reactions are given by:

C

A V q q A V q ki p m ki s i s ki i m ki s i s i I m M i I s s = ( ) ( ) +^{( )} � � � = = =

max , max , max ,

u u u

0

0 0 1 1 1

,(68)and the normalized destruction values for surface reactions are given by:

CAVqqAVqkid m kis iski i m kis isiImMiIs s= ( )( ) + ( )� === min ,min , min ,uu u00 0111

.(69)Thus, the normalized contributions to production and destruction sum to one, as follows:

Ckipi I kipiI ss= =� + � =1 1 1

,and

Ckidi I kidiI ss= =� + � =1 1 1

.

36IV. PROGRAM STRUCTUREThe AURORA code has a modular, top-down memory-management structure. The program callssubroutines from several software packages that have been in existence for some time and are in use for avariety of applications. These software packages include CHEMKIN, for gas-phase species and reactioninformation; SURFACE CHEMKIN, for surface species and reaction information; TWOPNT, the modified-Newton-iteration solver described in Section III; and LINPACK, a set of linear algebra routines used inthe Jacobian factorization and sensitivity coefficient computations. The AURORA code itself is writtenas a subroutine that may be called from a user-supplied driver routine. We provide an example of sucha driver routine both within this manual and as part of the AURORA software as distributed. Thedriver routine performs the function of allocating total memory usage through definition of array sizes,as well as opening input and output files. AURORA checks internally to make sure that the allocatedwork arrays are sufficiently large to address the problem described by the CHEMKIN and SURFACECHEMKIN input files. The driver routine is therefore the code most likely to be altered by the user ashe or she moves from one chemistry application to another.The use of CHEMKIN and SURFACE CHEMKIN subroutines requires that the user first execute theCHEMKIN and SURFACE CHEMKIN Interpreters, providing the necessary input for these routines.Figure˚2 shows the relationship between AURORA, CHEMKIN, and SURFACE CHEMKIN routines. Thefirst step in setting up a problem in AURORA is to execute the CHEMKIN interpreter. The CHEMKINInterpreter looks for an input file called �chem.inp,� which contains the user-supplied information onthe species, chemical reactions, and thermodynamic data for the gas-phase chemistry mechanism. Ifthe thermodynamic data is not supplied in the �chem.inp� file, the Interpreter will look for thethermodynamic database file �therm.dat.� The CHEMKIN interpreter creates a binary file called�chem.bin� containing all of the gas-phase chemistry information, as well as an ASCII output file�chem.out� describing the user input. The �chem.bin� file is used both by the SURFACE CHEMKINInterpreter, and by the AURORA program to allow access of the gas-phase chemistry information by theroutines contained in the CHEMKIN Gas-phase Subroutines Library. Once the CHEMKIN Interpreter hasbeen executed, the user must execute the SURFACE CHEMKIN Interpreter. This is necessary even in thecase where no surface chemistry is included in the problem of interest. The SURFACE CHEMKINInterpreter looks for a file called �surf.inp,� which contains surface and bulk species information andsurface reaction descriptions, as well as thermodynamic data for the surface and bulk species. Again, ifthe thermodynamic data is not supplied in the �surf.inp� file, the Interpreter looks for the file�therm.dat.� In the case when no surface reactions are included, the �surf.inp� file would only contain an�END� statement. Similarly to the CHEMKIN Interpreter, the SURFACE CHEMKIN Interpreter creates abinary �surf.bin� file and an ASCII �surf.out� file. The �surf.bin� file is read into AURORA so that theinformation is available to the routines contained in the SURFACE CHEMKIN Subroutine Library.

37Detailed examples of CHEMKIN and SURFACE CHEMKIN input files are included in the exampleproblems described in Sections VI and VII.Surface-phase & Bulk-phase Species and Kinetics Description

CHEMKININTERPRETER

SURFACECHEMKININTERPRETER

AURORA

CHEMKINsubroutinelibrary

SURFACE CHEMKINsubroutinelibraryGas-phase Species and Kinetics DescriptionThermodynamicsData Base

CHEMKINLinking File

SURFACECHEMKINLinking File

RestartFile

RecoverFile

SaveFileASCIICHEMKINOutput FileASCIISURFACECHEMKINOutput FileKEYWORDInput

ASCIIOutput File

Figure˚2.Relationship between AURORA, CH E M K I N and SU R F A C E CHEMKINInterpreters, and Associated Input and Output files

38After executing the CHEMKIN and SURFACE CHEMKIN Interpreters, the user need only definethe well mixed reactor parameters, which are contained in the keyword input file. The driver routinefor AURORA typically reads this keyword input from Standard Input (FORTRAN Unit 5) and createsan ASCII output file on Standard Output (FORTRAN Unit˚6), allowing command-line assignments ofinput and output files on UNIX systems. In addition to the ASCII output file, AURORA creates a binaryoutput Save file, �save.dat,� and intermediate solution Recovery files �recov.dat.� The binary files aremuch more compact than the ASCII files and contain one or more complete solutions. More than onesolution may be created in the �save.dat� file using the continuation keyword (CNTN). These solutionsare included sequentially, using identical format for each solution, in the Save file. AURORA may bestarted from �scratch� where the user supplies the initial solution estimate in the input keyword file, orit may be started using a Restart file, �restart.dat.� The Restart, Recovery, and Save files all haveexactly the same format. In this way the user may copy �save.dat� to �restart.dat� to obtain the Restartfile for a new set of conditions. AURORA will use the first solution found on the Restart file when arestart is desired.The Save file is useful in post-processing the AURORA solution data. For example, whenseveral continuation runs have been made, each using a different reactor residence time, the user maywant to plot solution variables as a function of the residence time. The Save file may be probed by apost-processor routine to obtain this information. While such graphics routines are not provided withAURORA, we do describe the Save file format in this section in detail to allow the user to easily readthis file into their own graphics program.Structure of the Save, Recover, and Restart FilesThe save file is a binary file that is written with the lines of FORTRAN shown in Figure˚3.There are two lines of header and version information, followed by four sets of records: CHEMKIN andSURFACE CHEMKIN pointers and storage arrays; solution variables; sensitivity coefficients; and rate-of-production reaction contributions. Each set of records begins with a CHARACTER*18 variable thatidentifies the records that follow as either �CHEMISTRY,� �SOLUTION,� �SENSITIVITY,� or �RATEOF PRODUCTION,� data. The header and chemistry records are only written once to Save and Recoverfiles. Only the latest solution will be written to the Recover file, while more than one solution may besequentially written to the Save file (with the CNTN keyword or with the NPSR keyword set >1).The Chemistry data includes one record that contains all of the CHEMKIN pointers usedinternally in the CHEMKIN Gas-phase Subroutine Library. It is not necessary for the user to know whatis contained in this list. Instead, the user can read this information in from the binary file using theCHEMKIN subroutine, �CKPNT.� An example of how this is done is shown in Figure˚4. Similarly forSURFACE CHEMKIN, a list of pointers is written for each surface material contained in the surface

39mechanism. Again, this list can be read from the file using the SURFACE CHEMKIN subroutine,�SKPNT� as shown in Fig.˚4. WRITE (LSAVE) ’PSR CODE DATA FILE’ WRITE (LSAVE) 4.4, ’@(#) SURPSR.F VERSION 4.4, DATE 95/09/06’ WRITE (LSAVE) ’CHEMISTRY ’ WRITE (LSAVE) ... Chemkin Pointers... W R I T E ( L S A V E ) ( I C K W R K ( L ) , L = 1 , L E N I ) WRITE (LSAVE) (RCKWRK(L), L = 1, LENR) WRITE (LSAVE) (CCKWRK(L), L = 1, LENC) DO 100 IM = 1, NMAT WRITE (LSAVE) ... Surface Chemkin Pointers ... WRITE (LSAVE) (ISKWRK(L), L = IMI(IM), IMI(IM)+LENI-1) WRITE (LSAVE) (RSKWRK(L), L = IMR(IM), IMR(IM)+LENR-1) WRITE (LSAVE) (CSKWRK(L), L = IMC(IM), IMC(IM)+LENC-1)100 CONTINUE WRITE (LSAVE) ’SOLUTION ’ WRITE (LSAVE) NATJ, IPSR, NUMPSR, NMAT, (NSPHCH(IM),IM=1,NMAT) WRITE (LSAVE) EQUIV, P(IPSR), TAU(IPSR), FLRT(IPSR), 1 V(IPSR), AREA(IPSR), Q(IPSR), TSURF(IPSR), 2 HTRN(IPSR), TAMBIENT(IPSR), LHTRN(IPSR), 3 (AFRAC(IM,IPSR),IM=1,NMAT) WRITE (LSAVE) TIN(IPSR), (XIN(M,IPSR), M=1,KKGAS) IF (KEL.NE.0) WRITE (LSAVE) TEIN(IPSR), POWR(IPSR), TIONP, 1 BHMXI(IPSR), (EIONSH(IM), ESHTH(IM),IM=1,NMAT), 2 QLEX WRITE (LSAVE) (S(N), N=1,NATJ), 1 ((MAPPH(I,IM), I=1, NSPHCH(IM)),IM=1,NMAT) WRITE (LSAVE) ’SENSITIVITY ’ DO 150 I = 1, II WRITE (LSAVE) I, (DFDALP(N),N=1,NATJ), 1 ((GRATED(IPHASE,IM), IPHASE=NFBULK(IM), 2 NLBULK(IM)),IM = 1, NMAT)150 CONTINUE DO 170 IM = 1, NMAT DO 160 I = 1, IISUR WRITE (LSAVE) I, (DFDALP(N),N=1,NATJ), 1 ((GRATED(IPHASE,IM), IPHASE=NFBULK(IM), 2 NLBULK(IM)),IM = 1, NMAT)160 CONTINUE170 CONTINUE WRITE (LSAVE) ’RATE OF PRODUCTION’ WRITE (LSAVE) K, (CIK(L),L=1,II), 1 ((CIKS(L,IM),L=1,IISUR(IM)), IM=1,NMAT)Figure˚3.Lines of FORTRAN used to write the Save and Recover Files

40The CHEMKIN storage array are written after the list of pointers. The sizes of the integer, real,and character arrays are LENI, LENR, and LENC, respectively. These values are included in thepointer list and are returned in the CKPNT subroutine call (See Fig.˚4). For the SURFACE CHEMKINstorage arrays, there may be more than one material for which a reaction mechanism was defined inthe SURFACE CHEMKIN input file. The total number of materials included in the surface mechanism isNMAT. Within AURORA, the storage arrays for each material are stored sequentially in singleinteger, real, and work arrays. When reading this information back, it is therefore necessary tocalculate the starting place for each material. In Fig.˚3, the starting places for each material in theinteger, real, and character arrays are IMI(IM), IMR(IM), and IMC(IM), where IM is the index of thematerial. These pointers can be easily calculated from the information returned by SKPNT, as shown inFig.˚4.The writing of solution variables begins with index or problem size information. NATJ is thetotal number of solution variables in the problem (see Eq.˚(41) ), IPSR is the index for the current PSR(may be greater than one when calculating multiple PSRs in series), NPSR is the total number of PSRsin series, NMAT is the number of materials in the surface mechanism, and NSPHCH is the total numberof surface phases whose surface site densities must be considered as solution variables for eachmaterial. NSPHCH is greater than zero if the surface kinetics mechanism contains reactions that donot conserve surface site densities. The index information is followed by reactor parameters. EQUIV isthe equivalence ratio (for combustion problems), P is the pressure [dynes/cm2], TAU is the residence time[seconds], FLRT is the mass flow rate [g/sec], V is the reactor volume [cm3 ], AREA is the total surfacearea in the reactor [cm2 ], Q is the heat loss [cal/sec], TSURF is the temperature of the surfaces of ther e a c t o r ( w h i c h m a y b e d i f f e r e n t f r o m t h e g a s t e m p e r a t u r e ) , H T R N a n d T A M B I E N T a r e t h e h e a t - transfer coefficient and ambient temperature governing heat losses to the reactor surroundings, LHTRNis a LOGICAL flag indicating whether a heat-transfer coefficient or heat loss was specified, andAFRAC is the fraction of the total area corresponding to each surface material. TIN and XIN(K) arethe inlet temperature [K] and inlet gas mole fractions, and KKGAS is the number of gas-phase species.The index (IPSR) on reactor parameters indicate that these parameters may differ from one PSR toanother in series PSRs. KK is the total number of species. Note that (NATJ=2+KK+NSPHCH).In the next record, KEL is the index of the electron in the array of gas-phase species. The valueof KEL can be obtained by calling the CHEMKIN˚III subroutine, PKINDX, as shown in Fig.˚4. If KEL iszero, there are no electrons in the chemistry mechanism and the next record is not written to the Save orRecover files. If KEL is not zero, then we assume that the reactor is a plasma reactor and additionalparameters describing the plasma conditions are written to the Save and Recover files. TEIN is theelectron temperature at the inlet (usually set to be equal to TIN), POWR is the total source powerdeposited into the plasma [erg/s], TIONP is the ion temperature [K], BHMXI is the transport-limitation factor for the Bohm criterion, EIONSH and ESHTH both represent the energy that ions gaintraversing the sheath at each material, using two different calculation techniques. These options are

41described in more detail in Section˚V. QLEX is an inelastic electron-collision loss rate that allowsinclusion of losses supplemental to those specified directly in the CHEMKIN mechanism. CHARACTER*18 ICHR, VERSNCC Read Header block, version number and stringC READ (LS) ICHR READ (LS) VERSION, VERSNCC-----Read in Chemkin and Surface Chemkin Information--------------------------- READ (LS) ICHR CALL CKPNT (LS, LOUT, NPOINT, VERS, PREC, LENI, LENR, LENC, IERR) READ (LS, ERR=8200, END=8200) (ICKWRK(L), L = 1, LENI) READ (LS, ERR=8200, END=8200) (RCKWRK(L), L = 1, LENR) READ (LS, ERR=8200, END=8200) (CCKWRK(L), L = 1, LENC) CALL CKINDX (ICKWRK, RCKWRK, MM, KK, II, NFIT) CALL PKINDX (ICKWRK, KEL, KKION)CC Initialize material indices for Surface ChemkinC NMAT = 0 IMR(1) = 1 IMI(1) = 1 IMC(1) = 1 KKTOT = KKCC Loop over Surface MaterialsC 20 CONTINUEC NMAT = NMAT + 1 IF (NMAT .NE. 1) THEN IMI(NMAT) = IMI(NMAT-1) + LENI IMR(NMAT) = IMR(NMAT-1) + LENR IMC(NMAT) = IMC(NMAT-1) + LENC ENDIFC CALL SKPNT (LS, LOUT, VERS, PREC, LENI, LENR, LENC, IERR) READ (LS) (ISKWRK(L), L = IMI(NMAT), IMI(NMAT)+LENI-1) READ (LS) (RSKWRK(L), L = IMR(NMAT), IMR(NMAT)+LENR-1) READ (LS) (CSKWRK(L), L = IMC(NMAT), IMC(NMAT)+LENC-1) CALL SKINDX (ISKWRK(IMI(NMAT)), NELEM, KKGAS,KKSURF(NMAT), 1 KKBULK(NMAT), KKM(NMAT),NPHASE(NMAT), 2 NNSURF(NMAT), NFSURF(NMAT), NLSURF(NMAT), 3 NNBULK(NMAT), NFBULK(NMAT),NLBULK(NMAT), 4 IISUR(NMAT)) KKTOT = KKTOT + KKSURF(NMAT) + KKBULK(NMAT)CC Check to see if there is another material following this oneC MORE = .FALSE. IF (ISKWRK(IMI(NMAT) + LENI - 1) .EQ. 1) MORE = .TRUE. IF (MORE) GO TO 20Figure˚4(a).Lines of FORTRAN used to read the Save, Recover and Restart Files. (a)Reading in Chemistry Data

42CC----Read in Solution information ---------------------------------------C READ (LS) ICHR READ (LS) NATJ, IPSR, NUMPSR, NMAT, (NSPHCH(IM),IM=1,NMAT) READ (LS) EQUIV(IPSR), PRES(IPSR), TAU(IPSR), FLRT(IPSR), 1 VOL(IPSR), AREA(IPSR), QL(IPSR), TSURF(IPSR), 2 HTRN(IPSR), TAMB(IPSR), LHTRN(IPSR), (AFRAC(IM),IM=1,NMAT) READ (LS) TIN(IPSR), (XIN(K,IPSR), K = 1, KKGAS) IF (KEL .NE. 0) THEN READ (LS) TEIN(IPSR), POWR(IPSR), TIONP, 1 BHMXI(IPSR), (EIONSH(IM),ESHTH,IM=1,NMAT), QLEX ENDIF READ (LS) (S(K), K = 1, NATJ), 1 ((MAPPH(I,IM), I = 1, NSPHCH(IM)), IM=1,NMAT)CC-----Read in Sensitivity Coefficients-----------------------------------C READ (LS) ICHR DO 70 I = 1, II READ (LS) IS, ( DFDALP(N), N=1,NATJ ), 1 ((GRATED(IPHASE,IM),IPHASE=NFBULK(IM),NLBULK(IM)),IM=1,NMAT) 70 CONTINUE DO 100 IM = 1, NMAT DO 80 I = 1, IISUR(IM) READ (LS) IS, (DFALP(N), N=1,NATJ), 1 ((GRATED(IPHASE,IM),IPHASE=NFBULK(IM),NLBULK(IM)),IM=1,NMAT) 80 CONTINUE100 CONTINUECC-----Read in Rate-of-production information ----------------------------C READ (LS) ICHR DO 120 K = 1, KKTOT READ (LS) KDUM, (CIK(I,K), I=1,II), 1 ((CIKS(I,K,IM), I=1,IISUR(IM)),IM=1,NMAT) 120 CONTINUEFigure˚4(b).Lines of FORTRAN used to read the Save, Recover and Restart Files. (a)Reading in Solution, Sensitivities, and Rates of Production.Following the plasma parameters in Fig.˚3, the solution variables are written. The solutionvector S contains the variables T, Te, and Y k for all gas-phase species. For each material, the solutionvector contains Z k f o r a l l s u r f a c e - p h a s e s p e c i e s , a n d X k f o r a l l b u l k - p h a s e s p e c i e s . T h e s p e c i e s a r e ordered as they were read in from the CHEMKIN and SURFACE C H E M K I N input files. In the solutionrecord, MAPPH is rn for all surface site densities that are allowed to change.T h e s e n s i t i v i t y c o e f f i c i e n t s f o l l o w t h e s o l u t i o n r e c o r d , w h e n t h e y a r e c a l c u l a t e d . T h e calculation of sensitivity coefficients is a user option (keywords SENT, SENS, and SENG). DFDALPrepresents the first-order sensitivity coefficients

¶f¶a/

for each solution variable. Note that in Fig.˚3we have not shown the calculation of these coefficients for each reaction number, so that it seems likethe same vector is being written repeatedly. In fact these calculations are within the I and IISUR

43loops, such that each vector represents a column in the

¶f¶a/

matrix. Likewise, in Fig.˚4, we have notshown the mapping of these vectors into a two-dimensional matrix, although the user would probablywant to do this in any post-processing routine. Following the sensitivity coefficients is the recordcontaining the rates of production of each species by each reaction. Again, we only indicate in Figs.˚3and 4 the order and number of these entries, but have not shown the calculation from or mapping to two-dimensional arrays.The Driver Program for AURORAThe AURORA is designed to be called as a subroutine. Here we provide a sample driver routinethat allocates work space, opens input and output files, and calls the AURORA code. This routine can beeasily modified to change the size of the problem that can be handled by the AURORA program. Inaddition the user may wish to replaced this routine by one that serves the same purpose, but may havea much more sophisticated user interface, for example, or may include machine-dependent post-processing routines.Figure˚5 shows an example of the user routine that we typically use to run AURORA. Theroutine begins by setting the problem to be double precision or single precision. Similar �Change Blocks�are included within the AURORA code, and TWOPNT code, as well as the CHEMKIN and SURFACECHEMKIN interpreters and libraries. It is essential that all these FORTRAN routines are setconsistently to be either double precision or single precision. In our distribution of CHEMKIN andSURFACE CHEMKIN, we provide a routine called CHANGE that will interactively convert theFORTRAN source code from double precision to single precision and vise versa, when such ChangeBlocks are present in the code. For more information on this utility, the user may consult the CHANGEmanual.39 Following the Change Blocks in the AURORA driver routine, we introduce integer variablesa n d s e t t h e p r o g r a m s i z e t h r o u g h a p a r a m e t e r s t a t e m e n t . L N I W R K , L N R W R K , L N C W R K , a n d L N L W R K a r e t h e l e n g t h s o f a r r a y s f o r i n t e g e r , r e a l ( f l o a t i n g - p o i n t ) , c h a r a c t e r , a n d l o g i c a l w o r k space, respectively. LIN and LOUT are the input and output file units, which we set to standard inputa n d o u t p u t . L I N K C K , L I N K S K , L R E A D , L S A V E , a n d L R E C O V E R a r e t h e F O R T R A N u n i t n u m b e r s used for opening the CHEMKIN linking file, �chem.bin,� the SURFACE CHEMKIN linking file, �surf.bin,�the AURORA Restart File, the AURORA Save File, and the AURORA Recover File. Open statementsfollow that are compatible with VAX VMS, UNIX, and PCs. Since we have used standard input andoutput units, the method for assigning input and output files may vary from one machine to another.Finally, the routine calls the subroutine PSR which is the internal driver for the AURORA code.

44C=======================================================================C Driver Program for the AURORA code PROGRAM PSRMNCC*****precision > double IMPLICIT DOUBLE PRECISION (A-H, O-Z) DOUBLE PRECISION RWORKC*****END precision > doubleC*****precision > singleC IMPLICIT REAL (A-H, O-Z)C REAL RWORKC*****END precision > singleC INTEGER LNIWRK, LNRWRK, LNCWRK, LNLWRK, LIN, LOUT, LINKCK, 1 LINKSK, LREAD, LSAVE, LRECOV, IWORK PARAMETER (LNIWRK=6500, LNRWRK=26000, LNCWRK=1800, LNLWRK=1000, 1 LIN=5, LOUT=6, LINKCK=25, LINKSK=26, LREAD=14, 2 LSAVE=15, LRECOV=16) COMMON IWORK(LNIWRK), RWORK(LNRWRK) CHARACTER*16 CWORK(LNCWRK) LOGICAL LWORK(LNLWRK)CC OPEN STATEMENTS FOR VAX, UNIX and PCC (note - there is no open statements for standard inputC and output; USE < > on command line for pc and unix; ASSIGN for vax) OPEN(UNIT=LINKCK, STATUS=’OLD’, FORM=’UNFORMATTED’, + FILE = ’chem.bin’) OPEN(UNIT=LINKSK, STATUS=’OLD’, FORM=’UNFORMATTED’, + FILE = ’surf.bin’) OPEN(UNIT=LREAD, STATUS=’UNKNOWN’, FORM=’UNFORMATTED’, + FILE = ’restart.dat’) OPEN(UNIT=LSAVE, STATUS=’UNKNOWN’, FORM=’UNFORMATTED’, + FILE = ’save.dat’) OPEN(UNIT=LRECOV, STATUS=’UNKNOWN’, FORM=’UNFORMATTED’, + FILE = ’recov.dat’)C CALL PSR ( LIN, LOUT, LINKCK, LINKSK, LREAD, LSAVE, LRECOV, 1 LNLWRK, LWORK, LNIWRK, IWORK, LNRWRK, RWORK, LNCWRK, CWORK)C STOP ENDFigure˚5.Example Driver Routine for AURORA

45V. PROGRAM INPUT AND OUTPUTThe user inputs information to AURORA using a keyword format. Each input line starts with anidentifying keyword. For some keywords, only the keyword itself is required, while others require oneor more pieces of additional information. Many keywords have default values associated with them.If these default values are appropriate for the user�s problem, then these keywords do not need to beincluded in the input file. In the case of restarts or continuation problems, some of the parameters can bechanged from what was used in the previous solution. If these keywords are not included or not changedin the input keyword list for continuations or restarts, then the parameters will retain their formervalues. In the list of keywords that follow, we indicate whether or not each keyword may be changedon a restart from a previous solution. The order of the keyword input is not important. The general rulesgoverning the syntax of the keyword lines are listed below:1.The first four characters of the line are reserved for the keyword, and it must begin at the firstcolumn.2.Any further input associated with the keyword can appear anywhere in columns 5 through 80.The specific starting column is unimportant.3.When more than one piece of information is required, the order in which the informationappears is important.4.When numbers are required as input, they may be stated in either integer, floating point, or Eformat. AURORA converts the numbers to the proper type internally. The double precisionspecification D is not recognized; however, the double precision conversion will be doneinternally, as necessary.5.When species names are required as input, they must appear exactly as they are specified inthe CHEMKIN and SURFACE CHEMKIN Interpreter input files. They must also appear incapital letters.6.When more than one piece of information is required, the pieces are delimited by one or moreblank spaces.7.If contradictory or duplicate keywords are input, AURORA uses the information that is lastread. Under some circumstances, this will result in a warning printed to the output file.8.A �comment� line can be inserted by placing either an exclamation point (!), a period, (.), or aslash (/) in the first column. Such a line is ignored by the code, but it is echoed back in theprinted output. In addition, on any keyword line, any input that follows the required input andis enclosed in parentheses is taken to be a comment.9.The keyword END must be the last input card.

46Keyword Descriptions

Problem TypeTGIV� Inclusion of this keyword means that AU R O R A will not solve the gas energy equation, but willinstead use a fixed user-supplied temperature (see TEMP). An optional number on the keywordline specifies the PSR number. If no number is given, the keyword is assumed to apply to allPSRs in series.Default�none; either TGIV or ENRG must be specified for each PSRRestart�can be changed.ENRG�Inclusion of this keyword means that AURORA will solve the gas-energy equation. Anoptional number on the keyword line specifies the PSR number. If no number is given, thekeyword is assumed to apply to all PSRs in series. The user must still specify a temperature(see TEMP), which provides the initial guess for the gas temperature.Default�none; either TGIV or ENRG must be specified for each PSR.Restart�can be changed.TEGV�This keyword will cause the electron temperature to be fixed at a user-specified value (seeETMP), rather than solving the electron energy equation. An optional number on the keywordline specifies the PSR number. If no number is given, the keyword is assumed to apply to allPSRs in series.Default--none; either TEGV or ENGE must be specified when electrons are present.Restart--can be changed.ENGE�This keyword will cause the electron energy equation to be solved. An optional number on thekeyword line specifies the PSR number. If no number is given, the keyword is assumed to applyto all PSRs in series. The user must still specify a temperature (see ETMP), which provides theinitial guess for the electron temperature.Default--none; either TEGV or ENGE must be specified when electrons are present.Restart--can be changed.NOFT�When this keyword is specified and an energy equation is being solved (ENRG or ENGE), theintermediate solution at a fixed temperature will be skipped. In this case, solution to theenergy and species equations will be attempted simultaneously from the user-specified initialguess.Default--AURORA will find the intermediate, fixed-temperature solutionRestart--can be changed.

47NPSR�Number of PSRs in series. Currently the maximum number of PSRs in series that the programcan consider is 10. This number can be changed, however, but modifying a parameter statementin AURORA.Default�1Restart�can be changed.NSDN�Inclusion of this keyword indicates that under no circumstances should surface site densities beallowed to change, even if surface reactions that do not conserve surface sites are included in theSURFACE CHEMKIN mechanism. This option may be useful for aiding convergence in problemswhere the surface site densities may change, i.e., it may be helpful to first fix the surface-sitedensities to provide a better initial guess to the full problem.Default�include surface site densities as solution variables when appropriate.Restart�can be changed.ETCH�Inclusion of this keyword indicates that a given bulk phase is expected to be etched instead ofgrown. The name of the bulk phase is required, except when there is only one bulk phase. Notethat the default name of unnamed SURFACE CHEMKIN bulk phases is: BULK1, BULK2, etc.This option changes the form of the equations to be solved for the bulk phase composition, asdescribed in Section II. When the keyword �ETCH� is supplied for a bulk phase, it is requiredthat �BULK� keywords are also included for each bulk-phase species in that phase that isetched.Default�assume all bulk phases are growing.Restart�can be changed.

Solution Method OptionsATOL�Absolute tolerance for the termination of the Newton iteration (refer to SSABS in the TWOPNTmanual22). The Newton iteration is considered to be converged when the maximum norm of thesolution correction vector

Df

is reduced to less than the following criteria:

Df f£ ·( )max ATOL RTOL,

. Typically ATOL should be smaller than the maximum massfraction of any species of interest.Default�1.E-9Restart�can be changed.

48RTOL�Relative tolerance for the termination of the Newton iteration (refer to SSREL in the TWOPNTmanual22). The Newton iteration is considered to be converged when the maximum norm of thesolution correction vector

Df

is reduced to less than the following criteria:

Df f£ ·( )max ATOL RTOL,

. Typically RTOL should be in the range of 10-3 to 10-6, which wouldprovide roughly 3 to 6 digits of accuracy.D e f a u l t� 1 . E - 4 Restart�can be changed.ATIM�Absolute tolerance for the termination of the Newton iteration as it is used in the time steppingprocedure (refer to TDABS in the TWOPNT manual22). For a precise definition, see the abovedescription of ATOL. Since we are not seeking accuracy in a transient solution, this convergencecriteria typically does not need to be as stringent as for the Newton iteration on the steady-state solution.Default�1.E-9Restart�can be changed.RTIM�Relative tolerance for the termination of the Newton iteration as it is used in the time steppingprocedure (refer to TDREL in the TWOPNT manual22). For a precise definition, see the abovedescription of RTOL. Since we are not seeking accuracy in a transient solution, this convergencecriteria typically does not need to be as stringent as for the Newton iteration on the steady-state solution.Default�1.E-4Restart�can be changed.TIME�If the Newton method fails to converge, then the program takes some time steps in order to bringthe current iterate within the domain of convergence of Newton�s method (refer to STEPS1 inthe TWOPNT manual22). This input specifies how many time steps to take and the initial sizeof the time step. For example, TIME 100 1.E6, specifies that the program will take 100 timesteps, starting with a size of one microsecond.Units�none; secondsDefault�100, 1.E6Restart�can be changedTIM2�This keyword is the same as TIME except that TIME applies to the fixed-temperature problem,while TIM2 applies to solutions where the energy equation is being solved. This input is onlyused when ENRG or ENGE is included.Units�none; secondsDefault�100, 1.E6Restart�can be changed

49DTMN�Minimum time step tolerated in TWOPNT�s time stepping algorithm before flagging an errorcondition (refer to TMIN in the TWOPNT manual22).Units�secondsDefault�1.E-10Restart�can be changed.DTMX�Maximum time step allowed in TWOPNT�s time stepping algorithm (refer to TMAX in theTWOPNT manual22). When this value is reached, the time step size will no longer be increasedand time stepping will continue with a fixed time step.Units�secondsDefault�1.E-4Restart�can be changed.IRET�Number of time steps to be taken in TWOPNT�s time stepping algorithm before increasing thetime step (refer to STEPS2 in the TWOPNT manual22).Default�25Restart�can be changed.UFAC�Factor by which to multiply the time step in TWOPNT�s time stepping procedure when thenumber of time steps at the current step size reaches the number specified by �IRET� (refer toTINC in the TWOPNT manual22).Default�2.0Restart�can be changed.DFAC�Factor by which to divide the time step in TWOPNT�s time stepping procedure when necessary ,i.e., when the current time step does not converge (refer to TDEC in the TWOPNT manual22).Default�2.0Restart�can be changed.NJAC�Number of iterations allowed in TWOPNT�s Newton method before a new Jacobian is calculated(refer to SSAGE in the TWOPNT manual22).Default�20Restart�can be changed.TJAC�Number of iterations allowed in TWOPNT�s time-stepping procedure before a new Jacobian iscalculated (refer to TDAGE in the TWOPNT manual22).Default�20Restart�can be changed.

50ISTP�Number of initial time steps to take before attempting Newton iterations for the steady-stateproblem (refer to STEPS0 in the TWOPNT manual22).Default�0Restart�can be changed.ABSL�This keyword is used to override the default value for the absolute perturbation in the solutionvariable used in the determination of the numerically derived Jacobian.Units�noneDefault�If the ATOL keyword is given, then the ABSL value is set equal to the ATOLvalue. If ATOL is not specified, then the ABSL value is set equal to the squareroot of the unit roundoff error of the machine.Restart�can be changed.RELT�This keyword is used to override the default value for the relative perturbation in the solutionvariable used in the determination of the numerically derived Jacobian.Units�noneDefault�the square root of the unit roundoff error.Restart�can be changed.SFLR�This keyword is used to override the default value for the minimum bounds on the solutionvariables corresponding to gas-phase mole fractions, surface-phase site fractions, and bulk-phase mole fractions. TWOPNT will not let the solution variables fall below their minimumbounds during iteration (refer to BELOW in the TWOPNT manual22).Units�noneDefault�0.0Restart�can be changed.

Reactor ConditionsTEMP�The reactor gas temperature. Depending on the problem this is either the user suppliedtemperature (TGIV) or an initial estimate of the temperature (ENRG). An optional secondnumber on the keyword line specifies the PSR number. If no number is given, the first value isassumed to apply to all PSRs in series.Units�KDefault�required input for all PSRs.Restart�can be changed.

51PRES�The reactor pressure in atmospheres. An optional second number on the keyword line specifiesthe PSR number. If no number is given, the first value is assumed to apply to all PSRs in series.Units�atmDefault�required input for all PSRs.Restart�can be changed.PRMT�The reactor pressure in millitorr. An optional second number on the keyword line specifies thePSR number. If no number is given, the first value is assumed to apply to all PSRs in series.Units�mtorrDefault�required input for all PSRs.Restart�can be changed.TAU�The nominal residence time of the gas in the reactor.Units�secDefault�none; either TAU, FLRT, or SCCM must be specified for the first PSR. For allsubsequent PSRs in series, the flow rate of the preceding PSR is assumed to be theflow rate into the next PSR.Restart�can be changed.FLRT�The mass flow rate into the reactor.Units�g/secDefault�none; either TAU, FLRT, or SCCM must be specified for the first PSR. For allsubsequent PSRs in series, the flow rate of the preceding PSR is assumed to be theflow rate into the next PSR.Restart�can be changed.SCCM�The volumetric flow rate into the reactor in standard cubic centimeters per second assumingthat the inlet temperature is 298.15 K and the inlet pressure is 1 atm.Units�cm3/secDefault�none; either TAU, FLRT, or SCCM must be specified for the first PSR. For allsubsequent PSRs in series, the flow rate of the preceding PSR is assumed to be theflow rate into the next PSR.Restart�can be changed.VOL�The volume of the reactor. An optional second number on the keyword line specifies the PSRnumber. If no number is given, the first value is assumed to apply to all PSRs in series.Units�cm3Default�none; required input for all PSRs.Restart�can be changed.

52QLOS�The heat loss of the reactor. This keyword is only significant when the ENRG keyword is used.An optional second number on the keyword line specifies the PSR number. If no number is given,the first value is assumed to apply to all PSRs in series.Units�cal/secDefault�0.0; The QLOS and HTRN keywords are mutually exclusive for each PSR. Ifneither keyword is supplied for a PSR, then QLOS is assumed to have a value of0.0.Restart�can be changed.HTRN�The heat transfer coefficient and ambient temperature for specification of the heat loss fromthe reactor. This keyword is only significant when the ENRG keyword is used. An optionalsecond number on the keyword line specifies the PSR number. If no number is given, the firstvalue is assumed to apply to all PSRs in series.Units�ht has units of cal/(cm2-K-sec); To is in units of K.Default�0.0; The QLOS and HTRN keywords are mutually exclusive for each PSR. Ifneither keyword is supplied for a PSR, then QLOS is assumed to have a value of0 . 0 . Restart�can be changed.AREA�The total surface area of in the reactor. An optional second number on the keyword linespecifies the PSR number. If no number is given, the first value is assumed to apply to all PSRsin series.Units�cm2Default�0.0Restart�can be changed.AFRA �Fraction of the total surface area that corresponds to a surface material (see the multiplesurface material capability under SURFACE CHEMKIN). For example, �AFRA WAFER 0.001�indicates that the material �WAFER� comprises 0.1% of the total reactor surface area. Thematerial name must correspond to a material name declared in the SURFACE CHEMKIN inputfile or an error will occur.Units�noneDefault�1.0 for all materialsRestart�can be changed.TSRF�The temperature of the surfaces in the reactor. Use only if you want the surface temperature,which controls the surface chemistry rates, to be different than the gas temperature. Anoptional second number on the keyword line specifies the PSR number. If no number is given, thefirst value is assumed to apply to all PSRs in series.

53PWRW �Total power deposition to the plasma in units of Watts.Units�WattsDefault�0.0Restart�can be changed.PWRE �Total power deposition to the plasma in cgs units.Units�ergs/secDefault�0.0Restart�can be changed.PWRC �Total power deposition to the plasma in calories/sec.Units�calories/secDefault�0.0Restart�can be changed.ETMP �The electron temperature in the reactor. This value is either used as the user-specified fixedelectron temperature (when TEGV is included) or as the initial estimate of the electrontemperature for solution iteration (when ENGE is included).Units�KDefault�the electron temperature is set equal to the gas temperatureRestart�can be changed.TION �Specified temperature of ions. In this version of the software, there is no separate energybalance that accounts for ion energy gain above the gas temperature. The ions may, however, bemuch hotter than the neutral species, and this is accounted here as an additional energy lossfrom the deposited power required to heat the ions to the assumed temperature.Units�KDefault�the ions have the same temperature as the neutral gasRestart�can be changed.There are three ways in AURORA to specify the ion energy at surfaces in the reactor. Thisenergy represents the energy gained by the ion through a plasma sheath at the plasma/surfaceinterface. The value of the energy can have two roles in the solution. First, it represents a fraction ofthe total power deposited into the plasma; therefore the energy flux of the ions must be subtracted offthe total power to get the power deposited to the electrons. Second, it is possible that some surfacereaction rates depend on the ion energy. Some capabilities for describing such reactions have beenimplemented recently in SURFACE CHEMKIN. The first option for assigning the ion energy is a directspecification in units of electron Volts using the IONE keyword. A second option is to use the ELSHoption to define the ion energy in terms of the electron temperature. This is often a good approximationof the sheath voltage, and therefore the ion energy. A third option is more time consuming but probably

54more accurate for surfaces where an electrical rf bias has been applied. This option is the solution of ananalytical sheath model that determines the time-averaged ion energy of each ion crossing an rfsheath with specified current or voltage amplitude and frequency. This option is selected using thekeyword RFSH, and includes several additional keywords to describe the rf bias. For current-controlthe user must specify RFFQ and RFIA, while voltage control requires specification of RFFQ, RFVA andRFVD. When looking at the sensitivity of the solution to these various options, it may be useful toseparate out the use of the ion energy in the kinetics and the use in determining the fraction of thedeposited power that goes to the ions in the sheath. For this reason, AURORA will allow specificationof both ELSH and IONE or RFSH. In the case that both are specified, ELSH will be used for the powerdeposition calculations, and a warning will be printed in the ASCII output.IONE �Specified energy loss to ions in the sheath for each ion lost at a specified material. The energythat the ions gain in the sheath is specified in electron Volts. For example, �IONEMATERIAL1 30� would result in an ion energy gain of 30 eV as it crossed the sheath near thematerial MATERIAL1. This energy gain for the ions results in a reduced effective powerdeposition to the electrons (unless ELSH is also specified), as described in Section II.Units�eVDefault�0.0Restart�can be changed.ELSH �Specified energy loss to ions in the sheath for each ion lost at a specified material. The energythat the ions gain in the sheath is typically assumed to be the sheath voltage, which can bedescribed as a multiplier of kTe . T h e v a l u e g i v e n h e a r i s t h e v a l u e o f t h e m u l t i p l i e r . F o r example, �ELSH MATERIAL1 5.0� would result in an ion energy gain of 5kT e as it crossed thesheath near the material MATERIAL1. This energy gain for the ions results in a reducedeffective power deposition to the electrons, as described in Section II.Units�noneDefault�0.0Restart�can be changed.RFSH�Inclusion of this keyword flags AURORA to solve an rf analytic sheath model to get the time-averaged ion energy crossing the sheath at a given material. An optional integer flag after thematerial name can be included to indicate that the rf bias will be current controlled (1) orvoltage controlled (0). For example, �RFSH MATERIAL1 1� would indicate a current-controlledrf sheath at MATERIAL1. The ion energy gain calculated from the sheath model results in areduced effective power deposition to the electrons (unless ELSH is also specified), as describedin Section II.Default�No rf sheath simulation; If no integer is included, the rf sheath is assumed to becurrent-controlled.Restart�can be changed.

55RFFQ�The rf Frequency for an rf sheath. This keyword is only relevant when RFSH is specified.Units�HertzDefault�13.56E6Restart�can be changed.RFIA�The rf current amplitude for current-controlled rf bias. This keyword is only relevant whenRFSH is specified with current control.Units�AmpsDefault�0.0Restart�can be changed.RFJA�Same definition as RFIA. RFIA and RFJA result in the same action in AURORA.Units�AmpsDefault�0.0Restart�can be changed.RFVA�The rf voltage amplitude for voltage-controlled rf bias. This keyword is only relevant whenRFSH is specified with voltage control.Units�VoltsDefault�0.0Restart�can be changed.RFVD�The DC component of the voltage for a voltage-controlled rf bias. This keyword is onlyrelevant when RFSH is specified with voltage control.Units �VoltsDefault�0.0Restart�can be changed.QLSE �This is an additional energy loss term for the electrons that is introduced to account forinelastic collisional losses that are not already included explicitly in the CHEMKIN reactionmechanism. Energy loss values are specified here as a function of electron temperature and aregiven per ionization event to be consistent with the work of Lee, et al.17 For example, �QLSE34800. 100.� would represent an electron energy loss of 100 eV/ionization event for an electrontemperature of 34800˚K (3.0˚eV).Units�energy loss: eV/ionization event; electron temperature: KDefault�0.0Restart�can be changed.

56XSEK �Momentum-transfer collision cross section between electrons and a specified species. Forexample, �XSEK AR 1.0e-16� would indicate a momentum-transfer cross-section of 10-16 cm2between electrons and argon atoms. For any species not specified by the XSEK keyword, a user-specified default value will be used.Units�cm2Default�the value specified by XSDF below.Restart�can be changed.XSDF �Default value for a momentum-transfer cross-section between electrons and each species. Thisvalue is used for all species not specified with the XSEK keyword.Units�cm2Default�none; the user must either specify XSDF or include XSEK for all species exceptelectrons.Restart�can be changed.BOHM�Inclusion of this optional keyword results in the constraint of ion fluxes to surfaces based on amodified Bohm criterion. The value input with the BOHM keyword represents the ratio of theion density at the sheath edge over the ion density in the plasma bulk. Since AURORA does notcalculate this spatial dependence of the ion density, this correction to the Bohm flux isnecessary to obtain the correct ion loss to the reactor walls and other surfaces. A typical valuefor BOHM is 0.4-0.6. When this keyword is included, AURORA will correct the ion surface lossrate determined by SURFACE CHEMKIN routines, such that the flux of each ion is equal to itsBohm velocity multiplied by this Bohm correction factor. Note: AURORA also corrects theBohm velocity to include the effect of negative ions in the plasma.Units�none.Default�none. If this keyword is not included, the ion flux will be determined solely fromthe SURFACE CHEMKIN rate information.Restart�can be changed.CNFN �Inclusion of this keyword results in the confinement of negative ions; i.e. the outflow term inthe species balance for negative ions is neglected. This option is included to allow consistencywith the work of Lee, et al.17Default�negative ions are allowed to flow out of the reactor.Restart�can be changed.GFAC �Multiplier for all gas-phase reaction rates. This keyword can be useful for determining effectsof and errors in the gas-phase chemistry, without rerunning the CHEMKIN interpreter.Units�noneDefault�1.0Restart�can be changed.

57SFAC �Multiplier for all surface reaction rates. This keyword can be useful for determining effects ofand errors in the surface chemistry, without rerunning the SURFACE CHEMKIN interpreter.Units�noneDefault�1.0Restart�can be changed.

Inlet ConditionsTINL�The inlet temperature.Units�KDefault�none; required input for all problems where ENRG is specified.Restart�can be changed.TEIN �Electron temperature in the inlet stream. For most cases, there are no free electrons in the inletstream, in which case the electron inlet temperature is not used.Units�KDefault�the electrons have the same temperature as the inlet gas.Restart�can be changed.The inlet composition can be supplied in one of two ways. The most common way is to define theinlet mole fractions for each reactant species (REAC). An alternative is available for combustionproblems involving mixtures of fuels and oxidizers. For this case, the user may define the equivalenceration (EQUI), the fuel composition (FUEL), the oxidizer composition (OXID) and the product species(PROD). AURORA then determines the inlet composition from these parameters.REAC�Mole fraction of the reagent gases entering the reactor. One of these REAC inputs must appearfor each species in the inlet gas stream. For example, REAC C2H2 0.5, would indicate thatacetylene has a mole fraction of 0.5 in the inlet gas. The sum of all the reactant mole fractionsshould equal to one. However, if they do not, AURORA will proceed to normalize the molefractions so that they do sum to one, and print a warning message in the output file.Units�noneDefault�none; at least one REAC keyword is required, unless the EQUI /FUEL /OXID/PROD option is used.Restart�can be changed. However, the REAC keywords must be changed as a set, notindividuallyEQUI�The air/fuel equivalence ratioDefault�none; either REAC or EQUI/FUEL/OXID/PROD is required.Restart�can be changed.

58FUEL�This keyword defines the fuel mole fraction composition. It must be followed by a species nameand then the mole fraction. One of these FUEL inputs must appear for each fuel species. Anygiven species can participate simultaneously as a fuel, oxidizer, or product. The sum of all thefuel mole fractions should equal one. If it does not, a warning message will be printed and themole fractions will be normalized so the sum does equal one. (Note: the mole fractions are ofthe fuel itself, not for the entire composition)Units�none.Default�none; either REAC or EQUI/FUEL/OXID/PROD is required.Restart�can be changed.OXID�This keyword defines the oxidizer mole fraction composition. It must be followed by a speciesname and then the mole fraction. One of these OXID inputs must appear for each oxidizerspecies. Any given species can participate simultaneously as a fuel, oxidizer, or product. Thesum of all the oxidizer mole fractions should equal one. If it does not, a warning message will beprinted and the mole fractions will be normalized so the sum does equal one. (Note: the molefractions are of the oxidizer itself, not for the entire composition)Units�none.Default�none; either REAC or EQUI/FUEL/OXID/PROD is required.Restart�can be changed.PROD�One of these PROD inputs must appear for each product species when the EQUI /FUEL /OXID/PROD option is used. Any given species can participate simultaneously as a fuel, oxidizer, orproduct.Units�none.Default�none; either REAC or EQUI/FUEL/OXID/PROD is required.Restart�can be changed.ADD�Mole fractions of species added to the inlet composition may be included optionally with thiskeyword when the EQUI /FUEL /OXID /PROD option is used. These species do not enter intothe equivalence ratio computations. One species is entered per line.Units�none.Default�none; either REAC or EQUI/FUEL/OXID/PROD is required.Restart�can be changed. However, the ADD keywords must be changed as a set, notindividually.

59Solution EstimateXEST�Estimated gas-phase mole fractions to begin the iteration. For example, XEST H2O 0.5 assignsan initial mole fraction of 0.5 to water vapor in the reactor. The sum of all the estimated molefractions should equal one. If they do not sum to one, AURORA will proceed to normalize themto one, and will print a warning message in the printed output.Default�0.0SURF�Estimated surface-site fraction of a surface species to begin the calculation. For example,SURF˚˚Ga(s)˚˚0.001 assigns the initial surface-site fraction of 0.001 to the Ga(s) surface species.The sum of all estimated surface-site fractions for each surface phase n should equal one. Ifthey do not sum to one, AURORA will proceed to normalize them to one, and will print a warningmessage in the printed output.Default�0.0BULK�Estimated bulk-species mole fraction to begin the calculation. This is required input for bulkspecies in bulk phases that are being etched (see ETCH). For example, BULK˚˚Ga(d)˚˚1.0assigns the estimated mole fraction of 1.0 to the Ga(d) bulk-phase species. The sum of allestimated bulk-phase mole fractions for each bulk phase n should equal one. If they do not sumto one, AURORA will proceed to normalize them to one, and will print a warning message in theprinted output.Default�0.0SDEN�Estimated surface site density of a surface phase. For example, SDEN˚˚GAAS˚˚1.0E-8 assignsthe estimated surface site density of 1.0E-8 moles/cm2 to the surface phase named GAAS. Ift h i s s u r f a c e s i t e d e n s i t y i s t r e a t e d a s a n u n k n o w n i n t h e p r o b l e m , t h e n t h i s k e y w o r d a c t s t o p r o v i d e a n i n i t i a l e s t i m a t e f o r t h e v a r i a b l e . I f t h e s u r f a c e s i t e d e n s i t y i s n o t a s o l u t i o n variable, then this keyword serves to override the default (standard state) surface site densitythat was input in the SURFACE CHEMKIN input file.Units�mole/cm2Default�the surface site density is equal to that provided in the SURFACE C HEMKIN inputf i l e .

S e n s i t i v i t y A n a l y s i s O p t i o n s ASEN�Inclusion of this keyword causes the calculation of the first-order sensitivity coefficients withr e s p e c t t o t h e g a s - p h a s e a n d s u r f a c e c h e m i s t r y r a t e c o n s t a n t s f o r a l l s p e c i e s a n d t h e g a s t e m p e r a t u r e . Default�no sensitivity coefficients are computed.

60SEN� Inclusion of this keyword causes the calculation of the first-order sensitivity coefficients withrespect to the gas-phase and surface chemistry rate constants for the specified species. Thekeyword should be followed by a species name. Note that all the sensitivity coefficients willbe calculated and written to the Save File, but only those requested will be included in theprinted output (Unless the ASEN, SENT, or SENG keyword is used).Default�no sensitivity coefficients are computed.SENT�Inclusion of this keyword causes the calculation of the first-order sensitivity coefficients withrespect to the gas-phase and surface chemistry rate constants for the gas temperature. Notethat all the sensitivity coefficients will be calculated and written to the Save File, but onlythe gas temperature sensitivities will be included in the printed output (Unless the ASEN,SEN, or SENG keyword is used).Default�no sensitivity coefficients are computed.SENG�Inclusion of this keyword causes the calculation of the first-order sensitivity coefficients withrespect to the gas-phase and surface chemistry rate constants for the growth rate of all bulkphases. Note that all the sensitivity coefficients will be calculated and written to the SaveFile, but only the growth-rate sensitivities will be included in the printed output (Unless theASEN , SEN, or SENT keyword is used).Default�no sensitivity coefficients are computed.EPSS�Threshold value for the first-order sensitivity coefficients for the species with respect to therate constants. Coefficients below this value are not printed. However all sensitivitycoefficients that are calculated will be written to the Save File.Default�0.001EPST�Threshold value for the first-order sensitivity coefficients for the gas temperature with respectto the rate constants. Coefficients below this value are not printed. However all sensitivitycoefficients that are calculated will be written to the Save File.Default�0.001EPSG�Threshold value for the first-order sensitivity coefficients for the growth rates of all bulkphases with respect to the rate constants. Coefficients below this value are not printed.However all sensitivity coefficients that are calculated will be written to the Save File.Default�0.001

61Rate-of-Production Analysis OptionsAROP�Inclusion of this keyword causes the rate-of-production coefficients to be determined for allspecies.Default�no rate-of-production coefficients are computed.ROP�Inclusion of this keyword causes the rate-of-production coefficients to be printed for specifiedspecies. The keyword must be followed by one or more names of species. If any ROP keywordsare used, all the rate-of-production coefficients will be computed and written to the Save File.However, only those specified by the ROP keyword will be printed in the ASCII output. Morethan one species may be entered per line. If the line is blank after the ROP keyword, then allrate-of-production contributions are computed and written to the Save File, but none areprinted.Default�no rate-of-production coefficients are computed.EPSR�Threshold value for the rate-of-production coefficients. Coefficients below this value are notprinted to the ASCII output. However, all the rate-of-production values that are calculatedare written to the Save File.Default�0.01

Miscellaneous ControlsPRNT�Printing control. �PRNT 0� provides printed output for only the solution (plus sensitivitycoefficients and rates-of-production coefficients, when requested). �PRNT 1� provides anadditional summary of the iteration path from the solver. �PRNT 2� includes printing at everystage of the Newton iteration and time stepping procedure. More printing is sometimes helpfulwhen diagnosing problems and trying to adjust the input parameters to optimize convergence.However, since the increased printing requires more function evaluations to show how thesolution is progressing, the computer time increases with increased printing.Default�1Restart�can be changed.RSTR�Inclusion of this keyword causes AURORA to read a solution off the Restart File and beginiteration on the current reactor conditions from this solution.Default�solution started from the input estimates and no Restart File is used.

62CNTN�Inclusion of this keyword causes AURORA to expect keywords for another problem to followthe END keyword. The following problem uses the solution of the previous problem as itsinitial guess. This capability is very similar to that provided by RSTR. However, in the caseof CNTN, several related problems can be solved by one job submission, without having tomanipulate the restart files. The solutions resulting from CNTN keywords are writtensequentially to one Save File. Any keyword that can be changed for a RSTR problem can bechanged on a continuation.Default�no continuation is expected.END�This keyword signifies the end of the input data for a given reactor description. It must appearafter each set of data when continuation jobs are indicated using the CNTN keyword.

63VI. SAMPLE PROBLEM A: THERMAL CVD OF Si3N4The example we consider is Si3N 4 deposition from a SiF4, NH3 mixture in a low pressure reactor.This mechanism should only be considered as illustrative and not as a source of kinetic data on theS i 3 N 4 system. The pressure (PRES), 2 . 3 6 8 · 1 0 —3 ˚ a t m , i s l o w e n o u g h t h a t t h e a s s u m p t i o n s b e h i n d t h e perfectly stirred tank reactor model are not too bad. The reactor has a volume (VOL) of 2,000 ˚cm3 , asurface area (AREA) of 950 cm2, and an inlet flow rate of 11,300 standard cubic centimeters per second(SCCM). The inlet composition is defined by the mole fraction keywords (REACT). The mole fractionsof SiF4 is assumed to be 0.14286. The remainder of the inlet gas is NH3. The temperature of the reactor isnot calculated from an energy equation (TGIV). It is fixed 1,440˚K (TEMP). The surface temperature isassumed to be equal to the gas phase temperature (i.e., no TSRF keyword is supplied). We do not supplya solution estimate for the species concentrations (XEST). Since this is not a restart problem (RSTR), thee q u i l i b r i u m c o m p o s i t i o n i s c a l c u l a t e d a t 1 , 4 4 0 K a n d u s e d a s a s t a r t i n g p o i n t f o r t h e i t e r a t i o n s . However, we do supply a solution estimate for the surface site concentrations (SURF) and bulk phasemole fractions (BULK).This example was run on a SGI Indigo (150MHz) work station using the UNIX operating systemand the FORTRAN compiler. Thus, the CPU times reported in the output are for this computer.The first file required by the code is the input file for the CHEMKIN Interpreter, which definesthe SiF4 — N H 3 gas-phase reaction mechanism. The next file required by the code is the input file for theS URFACE C H E M K I N Interpreter, which defines the surface species in the Si3 N 4 surface phase and theS i 3 N 4 solid, which is defined in terms of two bulk phases, SI(D) and N(D). The surface reactions area l s o d e f i n e d , h e r e . T h o u g h i t i s n o t i m m e d i a t e l y o b v i o u s , t h e n a t u r e o f t h e s u r f a c e m e c h a n i s m guarantees a bulk-phase stoichiometry of 3:4. The next file shown is the output from the AURORA code.After giving statistics on the working space requirements, the code echoes the keyword inputs.Following the keywords, the AURORA prints information about the kinetics mechanism, such as thetotal number of species and reactions, and whether there are any surface reactions that do not conservesurface sites. Next comes a section about the inlet conditions: the total mass flow rate, volumetric flowrate, and individual species flow rates in various units. Information about parameters supplied toTWOPNT are supplied next. These include the lower and upper bound on solution variables (SFLR), thenumber of time steps to try if Newton’s method fails and the initial time-step increment (TIME andTIM2), the absolute and relative bounds on the maximum norm of the solution updates for both thesteady-state (RTOL and ATOL) and time-dependent problem (RTIM and ATIM), and the absolute andrelative deltas to be used in the numerical differencing algorithm that forms the Jacobian (ABSL andRELT).

64The next block of output is written by the subroutine PSPRNT and contains the initial guess forthe solution sent to TWOPNT. The number of times it is called in the program depends on the value ofthe keyword PRNT. It prints out the reactor conditions, inlet gas-phase mole fractions, current valuesfor the solution variables and growth rates of bulk phases. It also prints out the current values of thesteady-state residuals.We have set the PRNT keyword to 2 so that detailed diagnostics for the progress of iterationare provided. The next block of output comes from NEWTON (which attempts to solve the problem byNewton’s method). It indicates that after computing four Jacobians and three new solution estimates,the Newton iteration failed because one of the surface-site fractions became less than the lower bound.The column headings in the report from Newton are as follows. The �function� value is the logarithm ofthe maximum norm of the residuals, i.e.,

Ff( )

of Eq.˚(42). The �step size� is the logarithm of themaximum norm of the undamped Newton step

JF- 1

from Eq.˚(44) The �trial value� is the logarithm ofthe function n evaluated at

fn+( )1

. The �trial step� is the logarithm of the maximum norm of theundamped step for the �next� iteration (see Eq.˚(47) ). The code damps the Newton step for

untilthe trial step is less than the current �step size�. The next column is the logarithm of the dampingcoefficient. The last column reports the logarithm of the LINPACK38 estimate of the Jacobian’scondition number each time a new Jacobian is computed.The next block of output is the report from TIMSTP. The first column is a counter for the timestep number. The next column is the logarithm of the maximum norm of the steady state residual, i.e.,

. The following column is the logarithm of the maximum norm of the change in the solution f thatoccurred by taking the time steps. The last three columns report statistics on the Newton iteration thatis used to take each time step. These include the number of Newton steps and the number of Jacobiansrequired for a given time step. Each time a new Jacobian is evaluated the condition number is reported.When there is no entry in the Jacobian columns then a Jacobian from a previous time step is being used.In this example, the time stepping makes steady (but not monotonic) progress in reducing theresidual norms. Many steps are computed with little work. Choosing a larger time step may have beenadvisable on this problem. The residual norms ultimately have to decrease. With the PRNT option at2, the current solution is printed every time NEWTON or TIMSTP completes its task successfully. So inthis case, the first NEWTON fails and the TIMSTP is called. After TIMSTP completes the required 50steps, the current iteration is printed. This is followed by a report from NEWTON, indicating that nowit succeeds in 43 steps with four Jacobians. The final solution from PSPRNT is printed, together withtiming statistics for the computation.At the end of the run, details concerning the outlet composition and flow rate are printed. Adetailed species balance is also printed. In that section inlet flow rates, outlet flow rates, gas-phaseproduction rates, gas-phase destruction rates, net surface-phase production rates are quoted for eachgas-phase and surface-phase species. The last column, entitled �TOTAL_NET,� quotes the net rate of

65production for each gas-phase, surface-phase, and bulk-phase species in the problem. If the AURORAequations were solved exactly, this column should have zero entries for all gas-phase and surface-phase species. Bulk-phase species do not necessarily have a zero net production rate, due to the factthat bulk phases may be growing or etching. A detailed element balance is supplied after the detailedspecies balance, where the element fluxes for the inlet, outlet, and bulk phases are computed.Lastly, results from requested normalized sensitivity coefficient calculations and rates-of-production analyses are printed. These are the normalized sensitivity coefficients as defined byEqs.˚(54) and (62). In the current problem, sensitivity coefficients for gas-phase species, HF, SiF4 , andN H 3 and for the overall growth rates of all bulk phases were requested. The results show that both thecomposition of all three of these gas-phase species and the total growth rate is determined by surfacereaction number 2, the initial dissociative adsorption reaction involving SiF4.The code could now proceed to a continuation problem as specified by the CNTN keyword or to asecond PSR in series with the first, specified by an NPSR keyword. However, in the interest of keepingthis manual to a reasonable length, we have omitted an example of these features.I n t h i s e x a m p l e w e u s e d a l o t o f p r i n t i n g i n o r d e r t o e x p l a i n e a c h o f t h e v a r i o u s o u t p u t s . However, when problems are running without difficulty, we recommend using PRNT 0. This provides anuncluttered printed output that contains only the solutions.

66CHEMKIN Input for the Si3N4MechanismELEMENTS H N SI F ENDSPECIES H2 H N2 N NH NH2 NNH N2H2 N2H3 N2H4 HF F SIF4 SIF3 SIHF3 SIF3NH2 NH3ENDTHERMOSI J 3/67SI 100 0000 0000 00G 300.000 5000.000 1 0.26506014E 01-0.35763852E-03 0.29592293E-06-0.72804829E-10 0.57963329E-14 2 0.53437054E 05 0.52204057E 01 0.31793537E 01-0.27646992E-02 0.44784038E-05 3-0.32833177E-08 0.91213631E-12 0.53339032E 05 0.27273204E 01 0.00000000 4SIF2 41889SI 1F 2 0 0G 300.000 3000.000 1000.00 0 1 0.61424704E+01 0.78079745E-03-0.13393120E-06-0.62648393E-10 0.17251383E-13 2-0.77440422E+05-0.47123275E+01 0.38453453E+01 0.60384651E-02-0.11677322E-05 3-0.45795536E-08 0.26074143E-11-0.76816336E+05 0.72729836E+01 4SIF 41889SI 1F 1 0 0G 300.000 3000.000 1000.00 0 1 0.41200666E+01 0.35488207E-03-0.72002223E-07-0.21904345E-10 0.67645906E-14 2-0.75613784E+04 0.27842460E+01 0.31449478E+01 0.25885573E-02-0.57959124E-06 3-0.18072788E-08 0.10411718E-11-0.72944390E+04 0.78767738E+01 4SIF3NH2 41889SI 1N 1F 3H 2G 300.000 3000.000 1000.00 0 1 0.12109636E+02 0.43832823E-02-0.41422453E-06-0.39890902E-09 0.89589543E-13 2-0.16417678E+06-0.30469284E+02 0.62294030E+01 0.17780151E-01-0.26123043E-05 3-0.12672435E-07 0.70445559E-11-0.16258489E+06 0.20454407E+00 4SIHF3 41889SI 1H 1F 3 0G 300.000 3000.000 1000.00 0 1 0.93635674E+01 0.29475559E-02-0.35776330E-06-0.28582245E-09 0.69157286E-13 2-0.14860736E+06-0.21694529E+02 0.39180529E+01 0.14639172E-01-0.18560698E-05 3-0.10582003E-07 0.56175433E-11-0.14704386E+06 0.70242615E+01 4SIF3 41889SI 1F 3 0 0G 300.000 3000.000 1000.00 0 1 0.85247898E+01 0.13237924E-02-0.21042787E-06-0.11495040E-09 0.30553014E-13 2-0.12235223E+06-0.15502343E+02 0.46628685E+01 0.10087878E-01-0.18055442E-05 3-0.77692990E-08 0.43778518E-11-0.12129652E+06 0.46729660E+01 4SIF4 J 6/76SI 1F 4 0 0G 300.000 5000.000 1 0.10478473E 02 0.28586756E-02-0.12646314E-05 0.24746863E-09-0.17824296E-13 2-0.19790550E 06-0.27520641E 02 0.21893068E 01 0.33702007E-01-0.46723179E-04 3 0.31584638E-07-0.84506114E-11-0.19603289E 06 0.13287308E 02 0.00000000 4HF J 6/77H 1F 1 0 0G 300.000 5000.000 1 0.29919110E 01 0.71489475E-03-0.68630973E-07-0.11617130E-10 0.19412375E-14 2-0.33621364E 05 0.38123288E 01 0.34379986E 01 0.53571598E-03-0.15229655E-05 3 0.17564491E-08-0.57869940E-12-0.33818972E 05 0.11930153E 01 0.00000000 4F J 9/65F 1 0 0 0G 300.000 5000.000 1 0.27004353E 01-0.22293182E-03 0.97941385E-07-0.19123038E-10 0.13768154E-14 2 0.87163617E 04 0.38067182E 01 0.28128740E 01-0.33023098E-05-0.12897310E-05 3 0.16837365E-08-0.64587833E-12 0.86604019E 04 0.30984198E 01 0.00000000 4END

67REACTIONSH+H+M=H2+M 0.100E+19 -1.000 0.000 ! D-L H2/0.0/H+H+H2=H2+H2 0.920E+17 -0.600 0.000NH+N=N2+H 0.300E+14 0.000 0.000 ! JAMNH+H=N+H2 0.100E+15 0.000 0.000 ! NH3 CSTNH2+H=NH+H2 0.692E+14 0.000 3650.000NH3+H=NH2+H2 0.636E+06 2.390 10171.000 ! MICHAELNNH=N2+H 0.100E+05 0.000 0.000 ! JAMNNH+H=N2+H2 0.100E+15 0.000 0.000 ! JAMNNH+NH2=N2+NH3 0.500E+14 0.000 0.000 ! JAMNNH+NH=N2+NH2 0.500E+14 0.000 0.000 ! JAMNH2+NH=N2H2+H 0.500E+14 0.000 0.000 ! NH3CSTNH+NH=N2+H+H 0.254E+14 0.000 0.000 ! NH3 CSTNH2+N=N2+H+H 0.720E+14 0.000 0.000 ! PGN2H2+M=NNH+H+M 0.500E+17 0.000 50000.000 ! NH3 CST N2/2/ H2/2/N2H2+H=NNH+H2 0.500E+14 0.000 1000.000 ! NH3 CSTN2H2+NH=NNH+NH2 0.100E+14 0.000 1000.000 ! NH3 CSTN2H2+NH2=NH3+NNH 0.100E+14 0.000 1000.000 ! NH3 CSTNH2+NH2=N2H2+H2 0.500E+12 0.000 0.000 ! NH3 CSTNH3+M=NH2+H+M 0.140E+17 0.000 90600.000 ! MSGKN2H3+H=NH2+NH2 1.60E+12 0.0 0.0 ! MSGKN2H3+M=N2H2+H+M 3.50E+16 0.0 46000.0 ! MSGKN2H3+NH=NH2+N2H2 2.00E+13 0.0 0.0 ! MSGKNH2+NH2+M=N2H4+M 3.00E+20 -1.0 0.0 ! MSGKH+N2H4=H2+N2H3 1.30E+13 0.0 2500.0 ! MSGKNH2+N2H4=NH3+N2H3 3.90E+12 0.0 1500.0 ! MSGKNH+H+M=NH2+M 2.00E+16 -0.5 0.0 ! MSGKNH2+NH2=NH3+NH 5.00E+12 0.0 10000.0 ! MSGKF+NH3=NH2+HF 4.27E+11 0.5 800.0 ! KONDRATIEVSIF4=SIF3+F 3.00E+12 0.0 147170.0 ! PHO&MECH+SIF4=HF+SIF3 1.00E+13 0.0 50000.0 ! PHO&MECNH2+SIF4=SIF3NH2+F 1.00E+11 0.0 40950.0 ! GUESSNH3+SIF3=SIF3NH2+H 1.00E+11 0.0 5000.0 ! GUESSNH3+SIF3=SIHF3+NH2 1.00E+11 0.0 10000.0 ! PHO&MECEND

68SURFACE CHEMKIN Input for the Si3N4 Mechanism! S I T E / S I 3 N 4 / S D E N / 2 . 5 1 0 5 8 9 E 1 5 / S I T E / S I 3 N 4 / S D E N / 4 . 1 6 8 3 E - 9 / ! N H S I F ( S ) / 2 / N H N H 2 ( S ) / 2 / S I F 3 N H 2 ( S ) / 2 / S I F 2 N H ( S ) / 2 / ! N H 2 S I F N H ( S ) / 2 / N H S I F N H S I F N H ( S ) / 4 / H N _ S I F ( S ) / 2 / F 3 S I _ N H 2 ( S ) / 2 / F 2 S I N H ( S ) / 2 / H 2 N F S I N H ( S ) / 2 / H N ( F S I N H ) 2 ( S ) / 4 / H N _ N H 2 ( S ) / 2 / E N D B U L K S I ( D ) / 2 . 0 6 6 / B U L K N ( D ) / 1 . 3 7 4 / E N D T H E R M O A L L 3 0 0 . 6 0 0 . 1 6 8 5 . H N _ S I F ( S ) J 3 / 6 7 N 1 H 1 S I 1 F 1 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 H N _ N H 2 ( S ) J 3 / 6 7 N 2 H 3 S I 0 F 0 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 F 3 S I _ N H 2 ( S ) J 3 / 6 7 N 1 H 2 S I 1 F 3 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 F 2 S I N H ( S ) J 3 / 6 7 N 1 H 1 S I 1 F 2 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 H 2 N F S I N H ( S ) J 3 / 6 7 N 2 H 3 S I 1 F 1 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 H N ( F S I N H ) 2 ( S ) J 3 / 6 7 N 3 H 3 S I 2 F 2 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 S I ( D ) J 3 / 6 7 S I 1 0 0 0 0 0 0 0 0 0 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 N ( D ) J 3 / 6 7 N 1 0 0 0 0 0 0 0 0 0 S 3 0 0 . 0 0 0 1 6 8 5 . 0 0 0 1 0 . 2 4 7 5 3 9 8 9 E 0 1 0 . 8 8 1 1 2 1 8 7 E - 0 3 - 0 . 2 0 9 3 9 4 8 1 E - 0 6 0 . 4 2 7 5 7 1 8 7 E - 1 1 0 . 1 6 0 0 6 5 6 4 E - 1 3 2 - 0 . 8 1 2 5 5 6 2 0 E 0 3 - 0 . 1 2 1 8 8 7 4 7 E 0 2 0 . 8 4 1 9 7 5 3 8 E 0 0 0 . 8 3 7 1 0 4 1 6 E - 0 2 - 0 . 1 3 0 7 7 0 3 0 E - 0 4 3 0 . 9 7 5 9 3 6 0 3 E - 0 8 - 0 . 2 7 2 7 9 3 8 0 E - 1 1 - 0 . 5 2 4 8 6 2 8 8 E 0 3 - 0 . 4 5 2 7 2 6 7 8 E 0 1 4 E N D R E A C T I O N S N H 3 + H N _ S I F ( S ) = > H N _ N H 2 ( S ) + S I ( D ) + H F 7 . 5 6 2 E 0 8 0 . 5 0 . 0 S I F 4 + H N _ N H 2 ( S ) = > F 3 S I _ N H 2 ( S ) + N ( D ) + H F 3 . 0 9 6 7 E 8 0 . 5 0 . 0 F 3 S I _ N H 2 ( S ) = > F 2 S I N H ( S ) + H F 1 . 0 E 0 5 0 . 0 0 . 0 N H 3 + F 2 S I N H ( S ) = > H 2 N F S I N H ( S ) + H F 7 . 5 6 2 E 0 8 0 . 5 0 . 0 H 2 N F S I N H ( S ) + F 2 S I N H ( S ) = > H N ( F S I N H ) 2 ( S ) + H F 1 . 0 E 1 5 0 . 0 0 . 0 H N ( F S I N H ) 2 ( S ) + F 2 S I N H ( S ) = > 3 H N _ S I F ( S ) + N ( D ) + H F 1 . 0 E 1 5 0 . 0 0 . 0 E N D

69AURORA Output for the Si3N4 Example P S R : P E R F E C T L Y S T I R R E D R E A C T O R C O D E V E R S I O N 4 . 5 , 9 5 / 1 2 / 1 4 D O U B L E P R E C I S I O N C K L I B : C h e m i c a l K i n e t i c s L i b r a r y C H E M K I N - I I I V e r s i o n 4 . 7 , A u g u s t 1 9 9 5 D O U B L E P R E C I S I O N S K L I B : S u r f a c e k i n e t i c s l i b r a r y C o p y r i g h t 1 9 9 0 , S a n d i a C o r p o r a t i o n . T h e U . S . G o v e r n m e n t r e t a i n s a l i m i t e d l i c e n s e i n t h i s s o f t w a r e . C H E M K I N - I I I V e r s i o n 5 . 5 , A u g u s t 1 9 9 5 D O U B L E P R E C I S I O N W O R K I N G S P A C E R E Q U I R E M E N T S P R O V I D E D R E Q U I R E D L O G I C A L 1 0 0 0 1 2 6 I N T E G E R 6 5 0 0 2 6 0 2 R E A L 2 6 0 0 0 7 0 1 0 C H A R A C T E R 1 8 0 0 9 0 K E Y W O R D I N P U T ! ! S i N D e p o s i t i o n i n a C S T R ! ! n u m b e r o f P S R ’ s t o b e c o n s i d e r e d i n s e r i e s N P S R 1 ! I N L E T C O N D I T I O N S ! ! r e s i d e n c e t i m e i n s e c o n d s ! o r t h e t o t a l f l o w r a t e i n c m / s e c ! T A U 0 . 1 S C C M 1 1 3 0 0 . ! m o l e f r a c t i o n o f r e a c t a n t s R E A C S I F 4 0 . 1 4 2 8 6 R E A C N H 3 0 . 8 5 7 1 4 ! i n l e t t e m p e r a t u r e ! o n l y a f f e c t s t h e c a l c u l a t i o n s w h e n E N G L k e y w o r d i s g i v e n T I N L 2 9 8 . 1 5 ! ! R E A C T O R C O N D I T I O N S ! ! e i t h e r c a l c u l a t e t h e t e m p e r a t u r e o r k e e p t h e t e m p f i x e d ! E N G L T G I V ! r a t e o f h e a t l o s s t h r o u g h t h e w a l l s ( c a l / m o l e ) ! Q L O S ! D o y o u e x p e c t t o b e e t c h i n g t h e b u l k ? ! I f s o t h e e q u a t i o n s s h o u l d b e c h a n g e d ! E T C H ! t e m p e r a t u r e o f t h e r e a c t o r i n K e l v i n T E M P 1 4 4 0 . ! P r e s s u r e o f r e a c t o r i n a t m P R E S 2 . 3 6 8 E - 3 ! v o l u m e o f t h e r e a c t o r i n c m * * 3 V O L 2 0 0 0 . ! a r e a i n c m * * 2 A R E A 9 5 0 . ! S u r f a c e t e m p e r a t u r e , i f d i f f e r e n t t h a n t h e g a s t e m p e r a t u r e ! T S R F 1 4 4 0 .

70 ! I N I T I A L G U E S S A T S O L U T I O N ! ! e s t i m a t i o n o f g a s p h a s e c o m p o s i t i o n ! X E S T N 2 0 . 0 0 1 ! i n i t i a l g u e s s a t t h e s u r f a c e s i t e f r a c t i o n s S U R F H N _ S I F ( S ) 1 . 0 E - 4 S U R F H N _ N H 2 ( S ) 0 . 9 9 S U R F F 3 S I _ N H 2 ( S ) 2 . 3 5 4 0 E - 0 4 S U R F F 2 S I N H ( S ) 1 . 0 E - 4 S U R F H 2 N F S I N H ( S ) 1 . 8 0 6 3 E - 0 4 S U R F H N ( F S I N H ) 2 ( S ) 3 . 6 1 2 7 E - 0 4 ! i n i t i a l g u e s s a t t h e b u l k m o l e f r a c t i o n s B U L K S I ( D ) 1 . 0 B U L K N ( D ) 1 . 0 ! s u r f a c e s i t e d e n s i t y ( m o l e s / c m * * 2 ) ! ( i f d i f f e r e n t t h a n S U R F A C E C H E M K I N L I N K I N G F I L E ) ! S D E N S I 3 N 4 0 . 4 1 7 E - 8 ! d o y o u w a n t t o u s e a r e s t a r t f i l e a s a n i n i t i a l g u e s s ? ! R S T R ! C A L C U L A T I O N O P T I O N S ! ! s e n s i t i v i t i y c o e f f i c i e n t c a l c u l a t i o n s - p r i n t o u t a l l ! A S E N ! s e n s i t i v i t y c o e f f i c i e n t s f o r i n d i v i d u a l s p e c i e s S E N S I F 4 S E N N H 3 S E N H F ! s e n s i t i v i t y c o e f f i c i e n t f o r t h e c a l c u l a t e d t e m p e r a t u r e ! S E N T ! s e n s i t i v i t y c o e f f c i e n t s f o r t h e g r o w t h r a t e o f a l l b u l k p h a s e s S E N G ! t h r e s h o l d v a l u e f o r p r i n t i n g s e n s . c o e f . f o r s p e c i e s ! E P S S 0 . 0 0 1 ! t h r e s h o l d v a l u e f o r p r i n t i n g s e n s . c o e f . f o r t e m p e r a t u r e ! E P S T 0 . 0 0 1 ! t h r e s h o l d v a l u e f o r p r i n t i n g s e n s . c o e f . f o r g r o w t h r a t e ! E P S G 0 . 0 0 1 ! ! r a t e - o f - p r o g r e s s c a l c u l a t i o n s - p r i n t o u t a l l ! A R O P ! p r i n t o u t R O P a n a l y s i s f o r t h e s p e c i e s b e l o w ! R O P H F ! t h r e s h o l d v a l u e f o r R O P c o e f f i c i e n t s ! E P S R 0 . 0 1 ! T W O P N T P A R A M E T E R S ! a m o u n t o f p r i n t i n g t o b e d o n e P R N T 2 ! r e l a t i v e a n d a b s o l u t e e r r o r t o l e r a n c e s f o r t h e s o l u t i o n R T O L 1 . 0 E - 8 A T O L 1 . 0 E - 2 0 ! n u m b e r o f t i m e s t e p s a n d v a l u e o f t i m e s t e p T I M E 5 0 2 . E - 6 T I M 2 5 0 2 . E - 6 ! l o w e r b o u n d s f o r t h e c o m p o s i t i o n a l s o l u t i o n v a r i a b l e s S F L R - 1 . 0 E - 5 ! p a r a m e t e r s f o r t h e c a l c u l a t i o n o f n u m e r i c a l d i f f e r e n c e s A B S L 1 . 0 E - 1 0 R E L T 1 . 0 E - 8 ! D O Y O U W A N T T O D O A N O T H E R P R O B L E M A F T E R T H I S O N E ? ! ! C N T N ! E N D O F I N P U T P A R A M E T E R S F O R C U R R E N T P R O B L E M ! E N D

71 W A R N I N G . . . " T I N L " S P E C I F I E D F O R " T G I V " P R O B L E M C A U T I O N . . . X E S T M O L E F R A C T I O N S S U M T O 0 . 9 9 0 9 7 7 2 9 9 9 9 9 9 9 9 9 F O R P H A S E 2 = S I 3 N 4 E Q U I L : C h e m k i n i n t e r f a c e f o r S t a n j a n - I I I C H E M K I N - I I V e r s i o n 3 . 0 , D e c e m b e r 1 9 9 2 D O U B L E P R E C I S I O N W O R K I N G S P A C E R E Q U I R E M E N T S P R O V I D E D R E Q U I R E D I N T E G E R 4 5 6 4 5 6 R E A L 1 1 2 0 1 1 2 0 S T A N J A N : V e r s i o n 3 . 8 C , M a y 1 9 8 8 W . C . R e y n o l d s , S t a n f o r d U n i v . F I R S T S O L U T I O N E S T I M A T E I S E Q U I L I B R I U M = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = K I N E T I C S M E C H A N I S M : T o t a l n u m b e r o f g a s p h a s e s p e c i e s = 1 7 T o t a l n u m b e r o f g a s p h a s e r e a c t i o n s = 3 3 T o t a l n u m b e r o f s u r f a c e m a t e r i a l s = 1 M a t e r i a l : M A T E R I A L 1 T o t a l n u m b e r o f s u r f a c e p h a s e s p e c i e s = 6 T o t a l n u m b e r o f s u r f a c e p h a s e s = 1 N u m b e r o f s p e c i e s i n p h a s e , S I 3 N 4 = 6 T o t a l n u m b e r o f b u l k p h a s e s p e c i e s = 2 T o t a l n u m b e r o f b u l k p h a s e s = 2 N u m b e r o f s p e c i e s i n p h a s e , B U L K 1 = 1 N u m b e r o f s p e c i e s i n p h a s e , B U L K 2 = 1 T o t a l n u m b e r o f s u r f a c e p h a s e r e a c t i o n s = 6 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = I N L E T C O N D I T I O N S : I n l e t m a s s f l o w r a t e = 0 . 2 2 7 g m / s e c ( w h i c h b a s e d o n a n e s t i m a t e d r e a c t o r d e n s i t y = 0 . 3 1 8 E - 0 6 g m / c m * * 3 a n d o n a r e a c t o r v o l u m e = 0 . 2 0 0 E + 0 4 c m * * 3 p r o d u c e s a n e s t i m a t e d r e s i d e n c e t i m e ) = 0 . 2 8 0 E - 0 2 s e c I n l e t t e m p e r a t u r e = 2 9 8 . 1 5 K e l v i n I n l e t p r e s s u r e ( a s s u m e d e q u a l t o r e a c t o r p r e s s u r e ) = 0 . 2 3 7 E - 0 2 a t m I n l e t d e n s i t y = 0 . 2 8 5 2 0 E - 0 5 g m / c m * * 3 I n l e t m e a n m o l e c u l a r w e i g h t = 2 9 . 4 6 6 g m / m o l e I n l e t m o l a r f l o w r a t e = 0 . 7 6 9 7 9 E - 0 2 m o l e s / s e c I n l e t v o l u m e t r i c f l o w r a t e = 7 9 5 3 3 . c m * * 3 / s e c ( b a s e d o n r e a c t o r p r e s s u r e a n d i n l e t t e m p e r a t u r e ) = 1 1 3 0 0 . S C C M = 1 1 . 3 0 0 S L P M I N L E T C O N D I T I O N S F O R G A S P H A S E M O L E C U L A R S P E C I E S : S p e c i e s m o l e _ f r a c m o l e s / s e c g m / s e c c m * * 3 / s e c S C C M S L P M - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H 2 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 H 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N 2 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N H 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N H 2 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N N H 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N 2 H 2 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0

72 N 2 H 3 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N 2 H 4 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 H F 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 F 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 S I F 4 0 . 1 4 2 8 6 0 . 1 0 9 9 7 E - 0 2 0 . 1 1 4 4 6 1 1 3 6 2 . 1 6 1 4 . 3 1 . 6 1 4 3 S I F 3 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 S I H F 3 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 S I F 3 N H 2 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 N H 3 0 . 8 5 7 1 4 0 . 6 5 9 8 2 E - 0 2 0 . 1 1 2 3 7 6 8 1 7 1 . 9 6 8 5 . 7 9 . 6 8 5 7 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T P A R A M E T E R S : P R I N T I N G : L e v e l ( 1 ) = 2 L e v e l ( 2 ) = 2 T W O P N T s u b r o u t i n e s 1 b e l o w e n t r a n c e w i l l a l l w r i t e t o o u t p u t S O L U T I O N B O U N D S F O R V A R I A B L E S : V a r i a b l e U p p e r _ b o u n d L o w e r _ b o u n d T E M P E R A T U R E 1 . 0 0 0 E + 0 4 2 0 0 . H 2 1 . 0 1 - 1 . 0 0 0 E - 0 5 H 1 . 0 1 - 1 . 0 0 0 E - 0 5 N 2 1 . 0 1 - 1 . 0 0 0 E - 0 5 N 1 . 0 1 - 1 . 0 0 0 E - 0 5 N H 1 . 0 1 - 1 . 0 0 0 E - 0 5 N H 2 1 . 0 1 - 1 . 0 0 0 E - 0 5 N N H 1 . 0 1 - 1 . 0 0 0 E - 0 5 N 2 H 2 1 . 0 1 - 1 . 0 0 0 E - 0 5 N 2 H 3 1 . 0 1 - 1 . 0 0 0 E - 0 5 N 2 H 4 1 . 0 1 - 1 . 0 0 0 E - 0 5 H F 1 . 0 1 - 1 . 0 0 0 E - 0 5 F 1 . 0 1 - 1 . 0 0 0 E - 0 5 S I F 4 1 . 0 1 - 1 . 0 0 0 E - 0 5 S I F 3 1 . 0 1 - 1 . 0 0 0 E - 0 5 S I H F 3 1 . 0 1 - 1 . 0 0 0 E - 0 5 S I F 3 N H 2 1 . 0 1 - 1 . 0 0 0 E - 0 5 N H 3 1 . 0 1 - 1 . 0 0 0 E - 0 5 H N _ S I F ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 F 3 S I _ N H 2 ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 F 2 S I N H ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 H 2 N F S I N H ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 H N ( F S I N H ) 2 ( 1 . 0 1 - 1 . 0 0 0 E - 0 5 H N _ N H 2 ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 S I ( D ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 N ( D ) 1 . 0 1 - 1 . 0 0 0 E - 0 5 M a x i m u m n u m b e r o f t i m e s t e p s t o t r y i f n e w t o n ’ s m e t h o d f a i l s = 5 0 A b s o l u t e b o u n d f o r t h e s t e a d y - s t a t e p r o b l e m = 1 . 0 0 0 E - 2 0 R e l a t i v e b o u n d f o r t h e s t e a d y - s t a t e p r o b l e m = 1 . 0 0 0 E - 0 8 A b s o l u t e b o u n d f o r t h e t i m e - d e p e n d e n t p r o b = 1 . 0 0 0 E - 0 9 R e l a t i v e b o u n d f o r t h e t i m e - d e p e n d e n t p r o b = 1 . 0 0 0 E - 0 4 N u m b e r o f s t e p s t o b e t a k e n b e f o r e i n c r e a s i n g t h e t i m e s t e p = 2 5 F a c t o r b y w h i c h t o d e c r e a s e t i m e - s t e p w h e n n e c e s s a r y = 2 . 2 0 F a c t o r b y w h i c h t o i n c r e a s e t i m e - s t e p w h e n n e c e s s a r y = 2 . 0 0 M i n i m u m t i m e s t e p a l l o w e d = 1 . 0 0 0 E - 1 0 I n i t i a l t i m e s t e p = 2 . 0 0 0 E - 0 6 A b s o l u t e d e l t a f o r n u m e r i c a l d i f f e r e n c i n g = 1 . 0 0 0 E - 1 0 R e l a t i v e d e l t a f o r n u m e r i c a l d i f f e r e n c i n g = 1 . 0 0 0 E - 0 8 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

73 T W O P N T : D O U B L E P R E C I S I O N ( T W O P O I N T B O U N D A R Y V A L U E P R O B L E M ) S O L V E R , V E R S I O N 3 . 1 8 O F D E C E M B E R 1 9 9 5 B Y D R . J O S E P H F . G R C A R . T W O P N T : I N I T I A L G U E S S : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = P S P R N T : P r i n t i n g o f c u r r e n t s o l u t i o n f r o m T W O P N T : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = R E S I D E N C E T I M E 0 . 2 8 0 3 E - 0 2 S E C M A S S F L O W R A T E 0 . 2 2 6 8 E + 0 0 G M / S E C P R E S S U R E 0 . 2 3 6 8 E - 0 2 A T M M A S S D E N S I T Y 0 . 3 1 7 9 E - 0 6 G M / C M 3 V O L U M E 2 0 0 0 . C M 3 S U R F A C E A R E A 9 5 0 . 0 C M 2 S U R F A C E T O V O L U M E R A T I O 0 . 4 7 5 0 C M - 1 T E M P E R A T U R E ( F I X E D ) 1 4 4 0 . K S U R F T E M P s a m e a s g a s t e m p I N L E T G A S P H A S E M O L E F R A C T I O N S H 2 = 0 . 0 0 0 0 E + 0 0 H = 0 . 0 0 0 0 E + 0 0 N 2 = 0 . 0 0 0 0 E + 0 0 N = 0 . 0 0 0 0 E + 0 0 N H = 0 . 0 0 0 0 E + 0 0 N H 2 = 0 . 0 0 0 0 E + 0 0 N N H = 0 . 0 0 0 0 E + 0 0 N 2 H 2 = 0 . 0 0 0 0 E + 0 0 N 2 H 3 = 0 . 0 0 0 0 E + 0 0 N 2 H 4 = 0 . 0 0 0 0 E + 0 0 H F = 0 . 0 0 0 0 E + 0 0 F = 0 . 0 0 0 0 E + 0 0 S I F 4 = 0 . 1 4 2 9 S I F 3 = 0 . 0 0 0 0 E + 0 0 S I H F 3 = 0 . 0 0 0 0 E + 0 0 S I F 3 N H 2 = 0 . 0 0 0 0 E + 0 0 N H 3 = 0 . 8 5 7 1 E X I T G A S P H A S E M O L E F R A C T I O N S H 2 = 0 . 6 8 6 1 H = 0 . 1 4 0 7 E - 0 3 N 2 = 0 . 2 3 0 8 N = 0 . 1 2 0 6 E - 1 2 N H = 0 . 5 1 6 3 E - 1 2 N H 2 = 0 . 2 1 2 2 E - 1 0 N N H = 0 . 1 5 9 8 E - 1 2 N 2 H 2 = 0 . 8 9 3 6 E - 1 7 N 2 H 3 = 0 . 5 3 0 4 E - 1 9 N 2 H 4 = 0 . 3 0 7 2 E - 2 1 H F = 0 . 6 0 5 2 E - 0 2 F = 0 . 2 2 5 3 E - 1 0 S I F 4 = 0 . 7 0 8 7 E - 0 1 S I F 3 = 0 . 1 5 9 0 E - 0 4 S I H F 3 = 0 . 6 0 3 5 E - 0 2 S I F 3 N H 2 = 0 . 8 3 2 3 E - 0 6 N H 3 = 0 . 4 9 4 7 E - 0 7 S U R F A C E S I T E F R A C T I O N S I N S U R F A C E P H A S E , S I 3 N 4 S i t e d e n s i t y = 0 . 4 1 6 8 E - 0 8 m o l e / c m * * 2 S t a n d a r d S t a t e S i t e d e n s i t y = 0 . 4 1 6 8 E - 0 8 m o l e / c m * * 2 R a t e o f c h a n g e o f s i t e d e n s i t y = 0 . 0 0 0 0 E + 0 0 m o l e / ( c m * * 2 * s e c ) H N _ S I F ( S ) = 0 . 1 0 0 9 E - 0 3 F 3 S I _ N H 2 ( S ) = 0 . 2 3 7 5 E - 0 3 F 2 S I N H ( S ) = 0 . 1 0 0 9 E - 0 3 H 2 N F S I N H ( S ) = 0 . 1 8 2 3 E - 0 3 H N ( F S I N H ) 2 ( S ) = 0 . 3 6 4 6 E - 0 3 H N _ N H 2 ( S ) = 0 . 9 9 9 0 B U L K P H A S E M O L E F R A C T I O N S A N D A C T I V I T I E S I N B U L K P H A S E , B U L K 1 T o t a l g r o w t h r a t e o f b u l k p h a s e = 0 . 8 1 3 3 E - 1 6 c m / s e c = 0 . 1 5 9 6 E - 1 2 g m / s e c D e n s i t y o f t h e b u l k p h a s e = 2 . 0 6 6 g m / c m * * 3 A v e r a g e m o l e c u l a r w e i g h t o f b u l k p h a s e = 2 8 . 0 9 g m / m o l e S p e c i e s N a m e M o l e _ f r a c A c t i v i t y D e n s i t y - - - - - - - - - - - - - - - - - - - - - - - - G r o w t h R a t e - - - - - - - - - - - - - - - - - - - - ( g m / c m * * 3 ) m o l e / ( c m * * 2 * s e c ) g m / ( c m * * 2 * s e c ) ) c m / s e c ( m i c r o n s / h r ) S I ( D ) = 1 . 0 0 0 1 . 0 0 0 2 . 0 6 6 0 . 5 9 8 3 E - 1 7 0 . 1 6 8 0 E - 1 5 0 . 8 1 3 3 E - 1 6 0 . 2 9 2 8 E - 0 8

74 B U L K P H A S E M O L E F R A C T I O N S A N D A C T I V I T I E S I N B U L K P H A S E , B U L K 2 T o t a l g r o w t h r a t e o f b u l k p h a s e = 0 . 3 5 5 0 E - 0 6 c m / s e c = 0 . 4 6 3 4 E - 0 3 g m / s e c D e n s i t y o f t h e b u l k p h a s e = 1 . 3 7 4 g m / c m * * 3 A v e r a g e m o l e c u l a r w e i g h t o f b u l k p h a s e = 1 4 . 0 1 g m / m o l e S p e c i e s N a m e M o l e _ f r a c A c t i v i t y D e n s i t y - - - - - - - - - - - - - - - - - - - - - - - - G r o w t h R a t e - - - - - - - - - - - - - - - - - - - - ( g m / c m * * 3 ) m o l e / ( c m * * 2 * s e c ) g m / ( c m * * 2 * s e c ) ) c m / s e c ( m i c r o n s / h r ) N ( D ) = 1 . 0 0 0 1 . 0 0 0 1 . 3 7 4 0 . 3 4 8 3 E - 0 7 0 . 4 8 7 8 E - 0 6 0 . 3 5 5 0 E - 0 6 1 2 . 7 8 P R I N T O U T O F R A W R E S I D U A L S : T e m p e r a t u r e : 0 . 0 0 0 E + 0 0 H 2 : - 3 0 . 8 H : - 0 . 3 1 6 E - 0 2 N 2 : - 1 4 4 . N : - 0 . 3 7 7 E - 1 0 N H : - 0 . 1 7 3 E - 0 9 N H 2 : - 0 . 7 5 8 E - 0 8 N N H : - 0 . 1 0 2 E - 0 9 N 2 H 2 : - 0 . 5 9 8 E - 1 4 N 2 H 3 : - 0 . 3 6 7 E - 1 6 N 2 H 4 : - 0 . 2 2 0 E - 1 8 H F : - 0 . 1 7 7 F : - 0 . 9 5 5 E - 0 8 S I F 4 : 1 0 . 1 S I F 3 : - 0 . 3 0 2 E - 0 1 S I H F 3 : - 1 1 . 6 S I F 3 N H 2 : - 0 . 1 8 8 E - 0 2 N H 3 : 1 7 7 . S u r f a c e p h a s e s i t e f r a c t i o n r e s i d u a l s : H N _ S I F ( S ) : 0 . 1 1 5 F 3 S I _ N H 2 ( S ) : - 7 . 0 8 F 2 S I N H ( S ) : 2 3 . 7 H 2 N F S I N H ( S ) : - 0 . 3 8 3 E - 0 1 H N ( F S I N H ) 2 ( S ) : - 0 . 2 1 2 E - 0 5 H N _ N H 2 ( S ) : - 1 6 . 7 B u l k p h a s e m o l e f r a c t i o n r e s i d u a l s : S I ( D ) : 0 . 0 0 0 E + 0 0 N ( D ) : 0 . 0 0 0 E + 0 0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T : C A L L I N G S E A R C H T O S O L V E T H E S T E A D Y S T A T E P R O B L E M . S E A R C H : S O L V E N O N L I N E A R , N O N D I F F E R E N T I A L E Q U A T I O N S . L O G 1 0 S L T N - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N U M B E R N O R M F C O N D J N O R M S A B S A N D R E L D E L T A B A N D D 0 2 . 2 5 8 . 3 7 3 . 6 0 3 . 6 0 7 . 6 0 - 6 . 9 4 - 0 . 3 0 1 2 . 2 5 7 . 6 5 2 . 4 9 2 . 4 9 6 . 8 4 - 6 . 2 1 2 2 . 2 5 6 . 7 0 2 . 4 4 2 . 4 4 6 . 4 2 - 6 . 1 0 3 2 . 2 5 6 . 5 5 0 . 6 8 0 . 6 8 6 . 1 4 Z E R O S E A R C H : F A I L U R E . T H E S E A R C H F O R T H E F O L L O W I N G U N K N O W N S G O E S O U T O F B O U N D S . B O U N D V A L U E U N K N O W N L O W E R - 1 . 0 0 E - 0 5 ( C 2 0 P 1 )

75 T W O P N T : S E A R C H D I D N O T F I N D T H E S T E A D Y S T A T E . T W O P N T : C A L L I N G E V O L V E T O P E R F O R M T I M E E V O L U T I O N . E V O L V E : B E G I N T I M E E V O L U T I O N . T I M E L O G 1 0 N E W T O N S E A R C H P O I N T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N U M B E R N O R M F C H A N G E S T R I D E S T E P S J ’ S C O N D J R E M A R K 0 2 . 2 5 1 2 . 2 5 - 3 . 4 5 - 5 . 7 0 1 1 0 . 0 4 2 2 . 2 5 - 3 . 4 5 - 5 . 7 0 1 3 2 . 2 5 - 3 . 4 5 - 5 . 7 0 1 4 2 . 2 5 - 3 . 4 5 - 5 . 7 0 1 5 2 . 2 5 - 3 . 4 5 - 5 . 7 0 1 6 2 . 2 4 - 3 . 4 5 - 5 . 7 0 1 7 2 . 2 4 - 3 . 4 5 - 5 . 7 0 1 8 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 9 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 0 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 1 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 2 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 3 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 4 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 5 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 6 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 7 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 8 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 9 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 2 0 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 2 1 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 1 0 . 0 4 2 2 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 2 3 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 2 4 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 2 5 2 . 2 4 - 3 . 4 6 - 5 . 7 0 1 2 6 2 . 2 4 - 3 . 1 6 - 5 . 4 0 1 1 0 . 0 5 2 7 2 . 2 3 - 3 . 1 6 - 5 . 4 0 1 2 8 2 . 2 3 - 3 . 1 6 - 5 . 4 0 1 2 9 2 . 2 3 - 3 . 1 7 - 5 . 4 0 1 3 0 2 . 2 3 - 3 . 1 7 - 5 . 4 0 1 3 1 2 . 2 3 - 3 . 1 7 - 5 . 4 0 1 3 2 2 . 2 3 - 3 . 1 7 - 5 . 4 0 1 3 3 2 . 2 3 - 3 . 1 7 - 5 . 4 0 1 3 4 2 . 2 3 - 3 . 1 7 - 5 . 4 0 2 3 5 2 . 2 3 - 3 . 1 7 - 5 . 4 0 2 3 6 2 . 2 3 - 3 . 1 7 - 5 . 4 0 2 3 7 2 . 2 3 - 3 . 1 7 - 5 . 4 0 2 3 8 2 . 2 2 - 3 . 1 7 - 5 . 4 0 2 3 9 2 . 2 2 - 3 . 1 7 - 5 . 4 0 2 4 0 2 . 2 2 - 3 . 1 7 - 5 . 4 0 1 1 0 . 0 4 4 1 2 . 2 2 - 3 . 1 8 - 5 . 4 0 1 4 2 2 . 2 2 - 3 . 1 8 - 5 . 4 0 1 4 3 2 . 2 2 - 3 . 1 8 - 5 . 4 0 1 4 4 2 . 2 2 - 3 . 1 8 - 5 . 4 0 1 4 5 2 . 2 2 - 3 . 1 8 - 5 . 4 0 2 4 6 2 . 2 2 - 3 . 1 8 - 5 . 4 0 2 4 7 2 . 2 2 - 3 . 1 8 - 5 . 4 0 2 4 8 2 . 2 2 - 3 . 1 8 - 5 . 4 0 2 4 9 2 . 2 2 - 3 . 1 8 - 5 . 4 0 2 5 0 2 . 2 1 - 3 . 1 8 - 5 . 4 0 2 E V O L V E : S U C C E S S . T I M E E V O L U T I O N C O M P L E T E D .

76 E V O L V E : T H E L A T E S T S O L U T I O N : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = P S P R N T : P r i n t i n g o f c u r r e n t s o l u t i o n f r o m T W O P N T : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = R E S I D E N C E T I M E 0 . 2 8 7 0 E - 0 2 S E C M A S S F L O W R A T E 0 . 2 2 6 8 E + 0 0 G M / S E C P R E S S U R E 0 . 2 3 6 8 E - 0 2 A T M M A S S D E N S I T Y 0 . 3 2 5 5 E - 0 6 G M / C M 3 V O L U M E 2 0 0 0 . C M 3 S U R F A C E A R E A 9 5 0 . 0 C M 2 S U R F A C E T O V O L U M E R A T I O 0 . 4 7 5 0 C M - 1 T E M P E R A T U R E ( F I X E D ) 1 4 4 0 . K S U R F T E M P s a m e a s g a s t e m p E X I T G A S P H A S E M O L E F R A C T I O N S H 2 = 0 . 6 6 6 6 H = 0 . 1 3 4 0 E - 0 3 N 2 = 0 . 2 2 4 2 N = 0 . 7 7 2 6 E - 1 0 N H = 0 . 6 9 6 9 E - 0 8 N H 2 = 0 . 2 6 5 2 E - 0 5 N N H = 0 . 1 6 1 7 E - 1 2 N 2 H 2 = 0 . 2 9 5 2 E - 1 1 N 2 H 3 = 0 . 1 2 8 4 E - 1 2 N 2 H 4 = 0 . 2 0 1 6 E - 1 3 H F = 0 . 6 1 3 6 E - 0 2 F = 0 . 1 5 4 5 E - 1 0 S I F 4 = 0 . 7 2 7 8 E - 0 1 S I F 3 = 0 . 1 5 4 3 E - 0 4 S I H F 3 = 0 . 5 8 6 3 E - 0 2 S I F 3 N H 2 = 0 . 8 1 8 6 E - 0 6 N H 3 = 0 . 2 4 3 2 E - 0 1 S U R F A C E S I T E F R A C T I O N S I N S U R F A C E P H A S E , S I 3 N 4 S i t e d e n s i t y = 0 . 4 1 6 8 E - 0 8 m o l e / c m * * 2 S t a n d a r d S t a t e S i t e d e n s i t y = 0 . 4 1 6 8 E - 0 8 m o l e / c m * * 2 R a t e o f c h a n g e o f s i t e d e n s i t y = 0 . 0 0 0 0 E + 0 0 m o l e / ( c m * * 2 * s e c ) H N _ S I F ( S ) = 0 . 3 3 3 4 E - 0 3 F 3 S I _ N H 2 ( S ) = 0 . 1 7 0 5 E - 0 3 F 2 S I N H ( S ) = 0 . 2 5 5 6 E - 0 2 H 2 N F S I N H ( S ) = 0 . 1 1 9 6 E - 0 3 H N ( F S I N H ) 2 ( S ) = 0 . 3 3 8 6 E - 0 3 H N _ N H 2 ( S ) = 0 . 9 9 6 5 B U L K P H A S E M O L E F R A C T I O N S A N D A C T I V I T I E S I N B U L K P H A S E , B U L K 1 T o t a l g r o w t h r a t e o f b u l k p h a s e = 0 . 1 3 2 1 E - 0 9 c m / s e c = 0 . 2 5 9 3 E - 0 6 g m / s e c D e n s i t y o f t h e b u l k p h a s e = 2 . 0 6 6 g m / c m * * 3 A v e r a g e m o l e c u l a r w e i g h t o f b u l k p h a s e = 2 8 . 0 9 g m / m o l e S p e c i e s N a m e M o l e _ f r a c A c t i v i t y D e n s i t y - - - - - - - - - - - - - - - - - - - - - - - - G r o w t h R a t e - - - - - - - - - - - - - - - - - - - - ( g m / c m * * 3 ) m o l e / ( c m * * 2 * s e c ) g m / ( c m * * 2 * s e c ) ) c m / s e c ( m i c r o n s / h r ) S I ( D ) = 1 . 0 0 0 1 . 0 0 0 2 . 0 6 6 0 . 9 7 1 7 E - 1 1 0 . 2 7 2 9 E - 0 9 0 . 1 3 2 1 E - 0 9 0 . 4 7 5 6 E - 0 2 B U L K P H A S E M O L E F R A C T I O N S A N D A C T I V I T I E S I N B U L K P H A S E , B U L K 2 T o t a l g r o w t h r a t e o f b u l k p h a s e = 0 . 3 8 2 0 E - 0 6 c m / s e c = 0 . 4 9 8 6 E - 0 3 g m / s e c D e n s i t y o f t h e b u l k p h a s e = 1 . 3 7 4 g m / c m * * 3 A v e r a g e m o l e c u l a r w e i g h t o f b u l k p h a s e = 1 4 . 0 1 g m / m o l e S p e c i e s N a m e M o l e _ f r a c A c t i v i t y D e n s i t y - - - - - - - - - - - - - - - - - - - - - - - - G r o w t h R a t e - - - - - - - - - - - - - - - - - - - - ( g m / c m * * 3 ) m o l e / ( c m * * 2 * s e c ) g m / ( c m * * 2 * s e c ) ) c m / s e c ( m i c r o n s / h r ) N ( D ) = 1 . 0 0 0 1 . 0 0 0 1 . 3 7 4 0 . 3 7 4 7 E - 0 7 0 . 5 2 4 9 E - 0 6 0 . 3 8 2 0 E - 0 6 1 3 . 7 5

77 P R I N T O U T O F R A W R E S I D U A L S : T e m p e r a t u r e : 0 . 0 0 0 E + 0 0 H 2 : - 2 8 . 6 H : - 0 . 4 8 0 E - 0 2 N 2 : - 1 3 3 . N : 0 . 1 5 1 E - 0 5 N H : 0 . 1 0 9 E - 0 3 N H 2 : 0 . 2 9 7 E - 0 1 N N H : 0 . 4 1 5 E - 0 9 N 2 H 2 : 0 . 1 6 2 E - 0 6 N 2 H 3 : 0 . 7 0 5 E - 0 8 N 2 H 4 : 0 . 1 1 4 E - 0 8 H F : - 0 . 4 3 6 F : - 0 . 7 3 3 E - 0 7 S I F 4 : 9 . 4 2 S I F 3 : - 0 . 2 8 7 E - 0 1 S I H F 3 : - 1 0 . 7 S I F 3 N H 2 : - 0 . 9 4 4 E - 0 3 N H 3 : 1 6 4 . S u r f a c e p h a s e s i t e f r a c t i o n r e s i d u a l s : H N _ S I F ( S ) : 2 . 7 0 F 3 S I _ N H 2 ( S ) : 0 . 2 6 6 E - 0 1 F 2 S I N H ( S ) : 1 5 . 5 H 2 N F S I N H ( S ) : - 0 . 6 0 1 H N ( F S I N H ) 2 ( S ) : - 0 . 5 2 9 H N _ N H 2 ( S ) : - 1 7 . 1 B u l k p h a s e m o l e f r a c t i o n r e s i d u a l s : S I ( D ) : 0 . 0 0 0 E + 0 0 N ( D ) : 0 . 0 0 0 E + 0 0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T : E V O L V E P E R F O R M E D A T I M E E V O L U T I O N . T W O P N T : C A L L I N G S E A R C H T O S O L V E T H E S T E A D Y S T A T E P R O B L E M . S E A R C H : S O L V E N O N L I N E A R , N O N D I F F E R E N T I A L E Q U A T I O N S . L O G 1 0 S L T N - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N U M B E R N O R M F C O N D J N O R M S A B S A N D R E L D E L T A B A N D D 0 2 . 2 1 3 . 0 4 - 0 . 0 9 - 0 . 0 9 3 . 9 6 - 1 . 8 3 1 2 . 2 1 2 . 8 4 - 0 . 1 6 - 0 . 1 6 2 . 5 5 - 0 . 3 0 2 1 . 9 5 - 0 . 1 9 - 0 . 1 9 1 . 1 1 - 1 . 1 0 3 1 . 9 2 - 0 . 2 8 - 0 . 2 8 2 . 1 8 - 0 . 2 5 - 0 . 3 0 4 1 . 8 2 - 0 . 8 8 - 0 . 8 8 1 . 7 7 - 0 . 7 0 5 1 . 7 6 - 0 . 9 4 - 0 . 9 4 2 . 1 7 - 0 . 6 0 6 1 . 6 8 - 0 . 9 8 - 0 . 9 8 2 . 4 7 - 0 . 6 1 - 0 . 3 0 7 1 . 6 4 - 1 . 0 1 - 1 . 0 1 1 . 1 4 - 0 . 9 0 8 1 . 6 1 - 1 . 0 9 - 1 . 0 9 1 . 2 2 - 0 . 2 9 - 0 . 6 0 9 1 . 5 7 - 1 . 0 9 - 1 . 0 9 0 . 7 0 - 0 . 9 0 1 0 1 . 5 4 - 1 . 1 5 - 1 . 1 5 1 . 0 7 - 0 . 3 2 - 0 . 9 0 1 1 1 . 5 3 - 1 . 1 7 - 1 . 1 7 0 . 4 5 1 2 1 . 2 0 - 1 . 4 3 - 1 . 4 3 0 . 8 8 - 0 . 9 0 1 3 1 . 1 7 - 1 . 5 2 - 1 . 5 2 2 . 4 3 - 0 . 6 0 1 4 1 . 1 2 - 1 . 5 8 - 1 . 5 8 1 . 4 0 - 1 . 2 0 1 5 1 . 1 0 - 1 . 5 9 - 1 . 5 9 1 . 7 1 - 0 . 9 0 1 6 1 . 0 8 - 1 . 6 1 - 1 . 6 1 1 . 2 4 - 1 . 2 0 1 7 1 . 0 6 - 1 . 6 3 - 1 . 6 3 1 . 9 3 - 0 . 9 0 1 8 1 . 0 4 - 1 . 6 6 - 1 . 6 6 1 . 2 2 - 1 . 2 0 1 9 1 . 0 3 - 1 . 6 7 - 1 . 6 7 2 . 2 9 - 0 . 9 0 2 0 1 . 0 0 - 1 . 6 8 - 1 . 6 8 1 . 2 1 - 1 . 2 0

78 2 1 0 . 9 9 1 . 9 9 - 1 . 3 6 - 1 . 3 6 1 . 2 8 2 2 - 0 . 2 2 - 2 . 5 8 - 2 . 5 8 0 . 0 5 2 3 - 1 . 1 4 - 3 . 4 9 - 3 . 4 9 - 0 . 0 4 2 4 - 1 . 8 4 - 4 . 3 9 - 4 . 3 9 0 . 0 1 2 5 - 2 . 8 7 - 5 . 2 8 - 5 . 2 8 0 . 2 7 2 6 - 3 . 4 1 - 6 . 1 8 - 6 . 1 8 - 0 . 0 6 2 7 - 4 . 4 5 - 7 . 0 3 - 7 . 0 3 - 0 . 0 7 2 8 - 4 . 8 9 - 7 . 7 8 - 7 . 7 8 - 0 . 0 9 2 9 - 5 . 2 1 - 8 . 3 0 - 8 . 3 0 0 . 0 3 3 0 - 5 . 4 6 - 8 . 5 6 - 8 . 5 6 0 . 8 8 3 1 - 5 . 7 3 - 8 . 8 2 - 8 . 8 2 - 0 . 2 2 3 2 - 5 . 9 9 - 9 . 0 9 - 9 . 0 9 - 0 . 1 6 3 3 - 6 . 2 7 - 9 . 3 6 - 9 . 3 6 - 0 . 0 1 3 4 - 6 . 5 5 - 9 . 6 4 - 9 . 6 4 1 . 1 6 3 5 - 6 . 8 3 - 9 . 9 4 - 9 . 9 4 - 0 . 1 1 3 6 - 7 . 1 3 - 1 0 . 2 5 - 1 0 . 2 5 0 . 1 5 3 7 - 7 . 4 5 - 1 0 . 5 9 - 1 0 . 5 9 0 . 3 5 3 8 - 7 . 7 9 - 1 0 . 9 1 - 1 0 . 9 7 0 . 3 7 3 9 - 8 . 1 8 - 1 1 . 2 7 - 1 1 . 4 1 0 . 5 5 4 0 - 8 . 6 5 - 1 1 . 5 3 - 1 1 . 5 3 - 0 . 3 3 4 1 - 8 . 8 1 2 . 0 1 - 1 1 . 1 9 - 1 1 . 1 9 0 . 0 4 4 2 - 1 3 . 4 0 - 1 5 . 6 8 - 1 7 . 1 9 - 0 . 3 2 4 3 - 1 4 . 2 0 - 1 6 . 8 8 - 2 5 . 0 0 - 1 5 . 6 4 S E A R C H : S U C C E S S . T H E S O L U T I O N : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = P S P R N T : P r i n t i n g o f c u r r e n t s o l u t i o n f r o m T W O P N T : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = R E S I D E N C E T I M E 0 . 5 0 8 2 E - 0 2 S E C M A S S F L O W R A T E 0 . 2 2 6 8 E + 0 0 G M / S E C P R E S S U R E 0 . 2 3 6 8 E - 0 2 A T M M A S S D E N S I T Y 0 . 5 7 6 4 E - 0 6 G M / C M 3 V O L U M E 2 0 0 0 . C M 3 S U R F A C E A R E A 9 5 0 . 0 C M 2 S U R F A C E T O V O L U M E R A T I O 0 . 4 7 5 0 C M - 1 T E M P E R A T U R E ( F I X E D ) 1 4 4 0 . K S U R F T E M P s a m e a s g a s t e m p E X I T G A S P H A S E M O L E F R A C T I O N S H 2 = 0 . 2 1 0 9 E - 0 7 H = 0 . 3 8 0 2 E - 0 9 N 2 = 0 . 1 0 9 0 E - 1 3 N = 0 . 1 9 3 2 E - 1 8 N H = 0 . 4 9 3 2 E - 1 3 N H 2 = 0 . 4 2 5 6 E - 0 7 N N H = 0 . 2 1 2 0 E - 1 5 N 2 H 2 = 0 . 8 3 5 7 E - 1 3 N 2 H 3 = 0 . 3 5 9 5 E - 1 4 N 2 H 4 = 0 . 4 7 9 0 E - 1 5 H F = 0 . 2 9 4 1 E - 0 1 F = 0 . 1 3 1 0 E - 1 3 S I F 4 = 0 . 1 3 3 8 S I F 3 = 0 . 3 4 9 6 E - 1 3 S I H F 3 = 0 . 9 1 5 5 E - 1 4 S I F 3 N H 2 = 0 . 8 8 3 1 E - 1 3 N H 3 = 0 . 8 3 6 8 S U R F A C E S I T E F R A C T I O N S I N S U R F A C E P H A S E , S I 3 N 4 S i t e d e n s i t y = 0 . 4 1 6 8 E - 0 8 m o l e / c m * * 2 S t a n d a r d S t a t e S i t e d e n s i t y = 0 . 4 1 6 8 E - 0 8 m o l e / c m * * 2 R a t e o f c h a n g e o f s i t e d e n s i t y = 0 . 0 0 0 0 E + 0 0 m o l e / ( c m * * 2 * s e c ) H N _ S I F ( S ) = 0 . 6 0 1 4 E - 0 1 F 3 S I _ N H 2 ( S ) = 0 . 2 8 9 4 E - 0 3 F 2 S I N H ( S ) = 0 . 2 0 0 5 E - 0 1 H 2 N F S I N H ( S ) = 0 . 2 3 0 9 E - 0 3 H N ( F S I N H ) 2 ( S ) = 0 . 4 6 1 8 E - 0 3 H N _ N H 2 ( S ) = 0 . 9 1 8 8 B U L K P H A S E M O L E F R A C T I O N S A N D A C T I V I T I E S I N B U L K P H A S E , B U L K 1 T o t a l g r o w t h r a t e o f b u l k p h a s e = 0 . 8 2 0 0 E - 0 6 c m / s e c = 0 . 1 6 0 9 E - 0 2 g m / s e c D e n s i t y o f t h e b u l k p h a s e = 2 . 0 6 6 g m / c m * * 3 A v e r a g e m o l e c u l a r w e i g h t o f b u l k p h a s e = 2 8 . 0 9 g m / m o l e

79 S p e c i e s N a m e M o l e _ f r a c A c t i v i t y D e n s i t y - - - - - - - - - - - - - - - - - - - - - - - - G r o w t h R a t e - - - - - - - - - - - - - - - - - - - - ( g m / c m * * 3 ) m o l e / ( c m * * 2 * s e c ) g m / ( c m * * 2 * s e c ) ) c m / s e c ( m i c r o n s / h r ) S I ( D ) = 1 . 0 0 0 1 . 0 0 0 2 . 0 6 6 0 . 6 0 3 2 E - 0 7 0 . 1 6 9 4 E - 0 5 0 . 8 2 0 0 E - 0 6 2 9 . 5 2 B U L K P H A S E M O L E F R A C T I O N S A N D A C T I V I T I E S I N B U L K P H A S E , B U L K 2 T o t a l g r o w t h r a t e o f b u l k p h a s e = 0 . 8 1 9 9 E - 0 6 c m / s e c = 0 . 1 0 7 0 E - 0 2 g m / s e c D e n s i t y o f t h e b u l k p h a s e = 1 . 3 7 4 g m / c m * * 3 A v e r a g e m o l e c u l a r w e i g h t o f b u l k p h a s e = 1 4 . 0 1 g m / m o l e S p e c i e s N a m e M o l e _ f r a c A c t i v i t y D e n s i t y - - - - - - - - - - - - - - - - - - - - - - - - G r o w t h R a t e - - - - - - - - - - - - - - - - - - - - ( g m / c m * * 3 ) m o l e / ( c m * * 2 * s e c ) g m / ( c m * * 2 * s e c ) ) c m / s e c ( m i c r o n s / h r ) N ( D ) = 1 . 0 0 0 1 . 0 0 0 1 . 3 7 4 0 . 8 0 4 3 E - 0 7 0 . 1 1 2 7 E - 0 5 0 . 8 1 9 9 E - 0 6 2 9 . 5 2 P R I N T O U T O F R A W R E S I D U A L S : T e m p e r a t u r e : 0 . 0 0 0 E + 0 0 H 2 : 0 . 1 3 6 E - 2 1 H : 0 . 1 1 3 E - 2 2 N 2 : 0 . 1 1 1 E - 2 0 N : - 0 . 1 9 6 E - 2 2 N H : - 0 . 1 0 4 E - 2 0 N H 2 : 0 . 1 3 9 E - 2 0 N N H : 0 . 1 5 5 E - 2 4 N 2 H 2 : - 0 . 2 2 5 E - 2 1 N 2 H 3 : - 0 . 8 0 5 E - 2 4 N 2 H 4 : - 0 . 1 2 8 E - 2 4 H F : 0 . 0 0 0 E + 0 0 F : - 0 . 4 5 6 E - 2 4 S I F 4 : - 0 . 2 6 6 E - 1 4 S I F 3 : 0 . 1 5 1 E - 2 6 S I H F 3 : 0 . 1 3 4 E - 2 6 S I F 3 N H 2 : 0 . 1 0 2 E - 2 5 N H 3 : - 0 . 1 4 1 E - 1 4 S u r f a c e p h a s e s i t e f r a c t i o n r e s i d u a l s : H N _ S I F ( S ) : - 0 . 6 3 5 E - 1 4 F 3 S I _ N H 2 ( S ) : 0 . 0 0 0 E + 0 0 F 2 S I N H ( S ) : 0 . 0 0 0 E + 0 0 H 2 N F S I N H ( S ) : 0 . 1 5 9 E - 1 4 H N ( F S I N H ) 2 ( S ) : 0 . 0 0 0 E + 0 0 H N _ N H 2 ( S ) : 0 . 0 0 0 E + 0 0 B u l k p h a s e m o l e f r a c t i o n r e s i d u a l s : S I ( D ) : 0 . 0 0 0 E + 0 0 N ( D ) : 0 . 0 0 0 E + 0 0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T : S E A R C H F O U N D T H E S T E A D Y S T A T E . T W O P N T : 0 . 7 6 S E C O N D S T O T A L C O M P U T E R T I M E ( S E E B R E A K D O W N B E L O W ) . S U B T A S K T A S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E V A L F P R E P J S O L V E O T H E R E V O L V E S E A R C H % O F T O T A L 2 7 . 6 4 3 . 4 6 . 6 2 2 . 4 4 6 . 1 5 1 . 3 M E A N S E C O N D S 0 . 0 0 1 0 . 0 2 7 0 . 0 0 0 Q U A N T I T Y 2 7 0 1 2 2 1 9

80 T W O P N T : S U C C E S S . P R O B L E M S O L V E D . = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = O U T L E T C O N D I T I O N S : S p e c i f i e d i n l e t m a s s f l o w r a t e = 0 . 2 2 7 g m / s e c O u t l e t m a s s f l o w r a t e = 0 . 2 2 4 g m / s e c R a t e o f M a s s L o s s t o t h e w a l l s = 0 . 2 6 8 E - 0 2 g m / s e c ( w h i c h b a s e d o n a n r e a c t o r d e n s i t y = 0 . 5 7 6 E - 0 6 g m / c m * * 3 a n d o n a r e a c t o r v o l u m e = 0 . 2 0 0 E + 0 4 c m * * 3 p r o d u c e s a r e s i d e n c e t i m e ) = 0 . 5 0 8 E - 0 2 s e c O u t l e t a n d r e a c t o r t e m p e r a t u r e = 1 4 4 0 . 0 K e l v i n O u t l e t a n d r e a c t o r p r e s s u r e = 0 . 2 3 7 E - 0 2 a t m O u t l e t a n d r e a c t o r d e n s i t y = 0 . 5 7 6 3 8 E - 0 6 g m / c m * * 3 O u t l e t a n d r e a c t o r m e a n m o l e c u l a r w e i g h t = 2 8 . 7 6 1 g m / m o l e O u t l e t m o l a r f l o w r a t e = 0 . 7 7 9 3 4 E - 0 2 m o l e s / s e c O u t l e t v o l u m e t r i c f l o w r a t e = 0 . 3 8 8 8 9 E + 0 6 c m * * 3 / s e c ( b a s e d o n r e a c t o r p r e s s u r e a n d t e m p e r a t u r e ) = 1 1 4 4 0 . S C C M = 1 1 . 4 4 0 S L P M O U T L E T C O N D I T I O N S F O R G A S P H A S E M O L E C U L A R S P E C I E S : S p e c i e s m o l e _ f r a c # / c m 3 m o l e s / s e c g m / s e c c m * * 3 / s e c S C C M - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H 2 0 . 2 1 0 8 8 E - 0 7 0 . 2 5 4 4 9 E + 0 9 0 . 1 6 4 3 5 E - 0 9 0 . 3 3 1 3 2 E - 0 9 0 . 8 2 0 1 0 E - 0 2 0 . 2 4 1 2 5 E - 0 3 H 0 . 3 8 0 1 7 E - 0 9 0 . 4 5 8 7 9 E + 0 7 0 . 2 9 6 2 8 E - 1 1 0 . 2 9 8 6 4 E - 1 1 0 . 1 4 7 8 4 E - 0 3 0 . 4 3 4 9 2 E - 0 5 N 2 0 . 1 0 9 0 3 E - 1 3 1 3 1 . 5 8 0 . 8 4 9 7 0 E - 1 6 0 . 2 3 8 0 3 E - 1 4 0 . 4 2 4 0 0 E - 0 8 0 . 1 2 4 7 3 E - 0 9 N 0 . 1 9 3 1 9 E - 1 8 0 . 2 3 3 1 5 E - 0 2 0 . 1 5 0 5 6 E - 2 0 0 . 2 1 0 8 9 E - 1 9 0 . 7 5 1 3 1 E - 1 3 0 . 2 2 1 0 2 E - 1 4 N H 0 . 4 9 3 2 4 E - 1 3 5 9 5 . 2 4 0 . 3 8 4 4 0 E - 1 5 0 . 5 7 7 1 6 E - 1 4 0 . 1 9 1 8 2 E - 0 7 0 . 5 6 4 2 7 E - 0 9 N H 2 0 . 4 2 5 5 6 E - 0 7 0 . 5 1 3 5 7 E + 0 9 0 . 3 3 1 6 6 E - 0 9 0 . 5 3 1 4 0 E - 0 8 0 . 1 6 5 5 0 E - 0 1 0 . 4 8 6 8 5 E - 0 3 N N H 0 . 2 1 2 0 0 E - 1 5 2 . 5 5 8 4 0 . 1 6 5 2 2 E - 1 7 0 . 4 7 9 4 9 E - 1 6 0 . 8 2 4 4 5 E - 1 0 0 . 2 4 2 5 3 E - 1 1 N 2 H 2 0 . 8 3 5 7 3 E - 1 3 1 0 0 8 . 6 0 . 6 5 1 3 2 E - 1 5 0 . 1 9 5 5 9 E - 1 3 0 . 3 2 5 0 1 E - 0 7 0 . 9 5 6 1 0 E - 0 9 N 2 H 3 0 . 3 5 9 5 5 E - 1 4 4 3 . 3 9 1 0 . 2 8 0 2 1 E - 1 6 0 . 8 6 9 7 0 E - 1 5 0 . 1 3 9 8 3 E - 0 8 0 . 4 1 1 3 3 E - 1 0 N 2 H 4 0 . 4 7 9 0 0 E - 1 5 5 . 7 8 0 6 0 . 3 7 3 3 1 E - 1 7 0 . 1 1 9 6 3 E - 1 5 0 . 1 8 6 2 8 E - 0 9 0 . 5 4 7 9 9 E - 1 1 H F 0 . 2 9 4 1 1 E - 0 1 0 . 3 5 4 9 4 E + 1 5 0 . 2 2 9 2 1 E - 0 3 0 . 4 5 8 5 7 E - 0 2 1 1 4 3 8 . 3 3 6 . 4 7 F 0 . 1 3 0 9 9 E - 1 3 1 5 8 . 0 8 0 . 1 0 2 0 8 E - 1 5 0 . 1 9 3 9 4 E - 1 4 0 . 5 0 9 4 0 E - 0 8 0 . 1 4 9 8 5 E - 0 9 S I F 4 0 . 1 3 3 7 6 0 . 1 6 1 4 2 E + 1 6 0 . 1 0 4 2 4 E - 0 2 0 . 1 0 8 4 9 5 2 0 1 7 . 1 5 3 0 . 2 S I F 3 0 . 3 4 9 6 0 E - 1 3 4 2 1 . 9 1 0 . 2 7 2 4 6 E - 1 5 0 . 2 3 1 8 1 E - 1 3 0 . 1 3 5 9 6 E - 0 7 0 . 3 9 9 9 5 E - 0 9 S I H F 3 0 . 9 1 5 4 8 E - 1 4 1 1 0 . 4 8 0 . 7 1 3 4 7 E - 1 6 0 . 6 1 4 2 2 E - 1 4 0 . 3 5 6 0 2 E - 0 8 0 . 1 0 4 7 3 E - 0 9 S I F 3 N H 2 0 . 8 8 3 0 9 E - 1 3 1 0 6 5 . 7 0 . 6 8 8 2 3 E - 1 5 0 . 6 9 5 8 3 E - 1 3 0 . 3 4 3 4 3 E - 0 7 0 . 1 0 1 0 3 E - 0 8 N H 3 0 . 8 3 6 8 3 0 . 1 0 0 9 9 E + 1 7 0 . 6 5 2 1 8 E - 0 2 0 . 1 1 1 0 7 0 . 3 2 5 4 4 E + 0 6 9 5 7 3 . 5 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = D E T A I L E D S P E C I E S B A L A N C E ( a l l r a t e s a r e i n m o l e s p e r s e c ) S P E C I E S I N L E T _ F R O U T L E T _ F R G A S _ P R O D _ R A T E G A S _ D E S T _ R A T E S U R F _ N E T _ P R O D T O T A L _ N E T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H 2 0 . 0 0 0 E + 0 0 1 . 6 4 3 E - 1 0 1 . 6 4 3 E - 1 0 2 . 2 1 7 E - 1 6 0 . 0 0 0 E + 0 0 5 . 1 7 0 E - 2 6 H 0 . 0 0 0 E + 0 0 2 . 9 6 3 E - 1 2 1 . 6 7 3 E - 1 0 1 . 6 4 3 E - 1 0 0 . 0 0 0 E + 0 0 2 . 5 8 5 E - 2 6 N 2 0 . 0 0 0 E + 0 0 8 . 4 9 7 E - 1 7 8 . 4 9 7 E - 1 7 1 . 0 9 0 E - 2 8 0 . 0 0 0 E + 0 0 4 . 5 8 4 E - 2 6 N 0 . 0 0 0 E + 0 0 1 . 5 0 6 E - 2 1 1 . 5 0 6 E - 2 1 4 . 7 5 7 E - 2 5 0 . 0 0 0 E + 0 0 - 1 . 6 1 0 E - 2 7 N H 0 . 0 0 0 E + 0 0 3 . 8 4 4 E - 1 6 4 . 7 3 2 E - 1 6 8 . 8 8 0 E - 1 7 0 . 0 0 0 E + 0 0 - 7 . 9 5 4 E - 2 6 N H 2 0 . 0 0 0 E + 0 0 3 . 3 1 7 E - 1 0 3 . 3 1 8 E - 1 0 1 . 0 9 7 E - 1 3 0 . 0 0 0 E + 0 0 1 . 0 3 4 E - 2 5 N N H 0 . 0 0 0 E + 0 0 1 . 6 5 2 E - 1 8 8 . 6 6 2 E - 1 7 8 . 4 9 7 E - 1 7 0 . 0 0 0 E + 0 0 6 . 1 6 3 E - 3 0 N 2 H 2 0 . 0 0 0 E + 0 0 6 . 5 1 3 E - 1 6 7 . 3 7 9 E - 1 6 8 . 6 6 2 E - 1 7 0 . 0 0 0 E + 0 0 - 8 . 6 4 3 E - 2 7 N 2 H 3 0 . 0 0 0 E + 0 0 2 . 8 0 2 E - 1 7 3 . 8 5 9 E - 1 7 1 . 0 5 7 E - 1 7 0 . 0 0 0 E + 0 0 - 2 . 9 9 0 E - 2 9

81 N 2 H 4 0 . 0 0 0 E + 0 0 3 . 7 3 3 E - 1 8 6 . 0 8 7 E - 1 8 2 . 3 5 4 E - 1 8 0 . 0 0 0 E + 0 0 - 4 . 6 0 2 E - 3 0 H F 0 . 0 0 0 E + 0 0 2 . 2 9 2 E - 0 4 1 . 0 7 9 E - 1 3 1 . 0 6 9 E - 1 3 2 . 2 9 2 E - 0 4 - 5 . 4 2 1 E - 2 0 F 0 . 0 0 0 E + 0 0 1 . 0 2 1 E - 1 6 1 . 0 8 0 E - 1 3 1 . 0 7 9 E - 1 3 0 . 0 0 0 E + 0 0 - 2 . 5 2 4 E - 2 9 S I F 4 1 . 1 0 0 E - 0 3 1 . 0 4 2 E - 0 3 2 . 2 0 8 E - 2 0 1 . 0 3 2 E - 1 5 - 5 . 7 3 0 E - 0 5 - 2 . 1 6 8 E - 1 9 S I F 3 0 . 0 0 0 E + 0 0 2 . 7 2 5 E - 1 6 7 . 5 3 3 E - 1 6 4 . 8 0 8 E - 1 6 0 . 0 0 0 E + 0 0 - 9 . 8 6 1 E - 3 2 S I H F 3 0 . 0 0 0 E + 0 0 7 . 1 3 5 E - 1 7 7 . 1 3 5 E - 1 7 5 . 8 3 4 E - 2 4 0 . 0 0 0 E + 0 0 2 . 4 6 5 E - 3 2 S I F 3 N H 2 0 . 0 0 0 E + 0 0 6 . 8 8 2 E - 1 6 6 . 8 8 2 E - 1 6 3 . 1 6 0 E - 2 7 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 N H 3 6 . 5 9 8 E - 0 3 6 . 5 2 2 E - 0 3 1 . 0 7 4 E - 1 3 3 . 3 1 8 E - 1 0 - 7 . 6 4 0 E - 0 5 - 8 . 6 7 4 E - 1 9 H N _ S I F ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 - 1 . 2 5 7 E - 2 0 - 1 . 2 5 7 E - 2 0 F 3 S I _ N H 2 ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 F 2 S I N H ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 H 2 N F S I N H ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 3 . 1 4 3 E - 2 1 3 . 1 4 3 E - 2 1 H N ( F S I N H ) 2 ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 H N _ N H 2 ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 S I ( D ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 5 . 7 3 0 E - 0 5 5 . 7 3 0 E - 0 5 N ( D ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 7 . 6 4 0 E - 0 5 7 . 6 4 0 E - 0 5 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = D E T A I L E D E L E M E N T B A L A N C E S ( a l l r a t e s a r e i n m o l e s p e r s e c ) E L E M E N T I N L E T _ F R O U T L E T _ F R B U L K 1 _ G R B U L K 2 _ G R T O T A L _ N E T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H 1 . 9 7 9 E - 0 2 1 . 9 7 9 E - 0 2 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 N 6 . 5 9 8 E - 0 3 6 . 5 2 2 E - 0 3 0 . 0 0 0 E + 0 0 7 . 6 4 0 E - 0 5 - 3 . 2 5 3 E - 1 9 S I 1 . 1 0 0 E - 0 3 1 . 0 4 2 E - 0 3 5 . 7 3 0 E - 0 5 0 . 0 0 0 E + 0 0 - 2 . 5 0 7 E - 1 9 F 4 . 3 9 9 E - 0 3 4 . 3 9 9 E - 0 3 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = L O G A R I T H M I C S E N S I T I V I T Y C O E F F I C I E N T S F O R G A S P H A S E R E A C T I O N S T h r e s h o l d n o r m a l i z e d v a l u e f o r p r i n t i n g o f S E N c o e f f i c i e n t s = 0 . 1 0 0 0 0 E - 0 1 T h r e s h o l d n o r m a l i z e d v a l u e f o r p r i n t i n g o f t e m p e r a t u r e s e n s i t i v i t y c o e f f i c i e n t = 0 . 1 0 0 0 0 E - 0 3 T h r e s h o l d n o r m a l i z e d v a l u e f o r p r i n t i n g o f g r o w t h r a t e s e n s i t i v i t y c o e f f i c i e n t = 0 . 1 0 0 0 0 E - 0 3 L O G A R I T H M I C S E N S I T I V I T Y C O E F F I C I E N T S F O R S U R F A C E P H A S E R E A C T I O N S : S u r f a c e R e a c t i o n o n M a t e r i a l 1 : 1 . N H 3 + H N _ S I F ( S ) = > H N _ N H 2 ( S ) + S I ( D ) + H F H F = 0 . 0 5 6 G R ( B U L K 1 ) = 5 . 6 5 7 8 E - 0 2 G R ( B U L K 2 ) = 5 . 6 5 7 8 E - 0 2 S u r f a c e R e a c t i o n o n M a t e r i a l 1 : 2 . S I F 4 + H N _ N H 2 ( S ) = > F 3 S I _ N H 2 ( S ) + N ( D ) + H F H F = 0 . 8 5 4 S I F 4 = - 0 . 0 5 8 N H 3 = - 0 . 0 2 1 G R ( B U L K 1 ) = 0 . 8 6 4 4 G R ( B U L K 2 ) = 0 . 8 6 4 4 S u r f a c e R e a c t i o n o n M a t e r i a l 1 : 4 . N H 3 + F 2 S I N H ( S ) = > H 2 N F S I N H ( S ) + H F H F = 0 . 0 1 8 G R ( B U L K 1 ) = 1 . 8 2 0 8 E - 0 2 G R ( B U L K 2 ) = 1 . 8 2 0 8 E - 0 2 S E N S I T I V I T Y C A L C U L A T I O N C O M P L E T E

82VII. SAMPLE PROBLEM B: LOW-PRESSURE Cl2PLASMAThe next example problem we present is a low-pressure, chlorine plasma reactor. Thechemistry mechanisms now include electrons and positive and negative ions, as well as neutral species.Note that the electron must appear in the list of ELEMENTS in the CHEMKIN Input file. Also, anyelement that is introduced in the SURFACE CHEMKIN mechanism must appear in the CH E M K I N ELEMENTS list. The thermodynamic data includes each species elemental composition. Moreinformation about the thermodynamic data and other CHEMKIN input is available in the CHEMKIN-IIIUser�s Manual.2 The reactions listed in the CHEMKIN I n p u t f i l e i n c l u d e e l e c t r o n - i m p a c t i o n i z a t i o n , d i s s o c i a t i o n , d i s s o c i a t i v e a t t a c h m e n t , a n d e x c i t a t i o n r e a c t i o n s . T h e f a c t t h a t t h e s e r e a c t i o n s d e p e n d on the electron temperature (not the gas temperature) is indicated by the auxiliary keyword, �TDEP,�with the electron indicated by the �E� between the slashes that follow �TDEP.� Reactions where theuser wishes to specify explicitly the energy loss per collision, use the keyword �EXCI,� followed by theenergy loss in units of eV. This option is used to describe excitation energy losses for electrons, withoutrequiring the user to define each excited state as a separate species with corresponding thermodynamicdata. The use of the �EXCI� keyword for multiple excitation reactions often requires the additionalkeyword �DUP.� Ordinarily CHEMKIN will flag multiple reaction strings that look identical as errors,unless the �DUP� keyword is included. These keywords are described fully in the CHEMKIN-IIImanual.2The SURFACE C HEMKIN mechanism shown here for the chlorine plasma system is relativelysimple. No etch reactions have been included in this example. However the surface reactions that arelisted typically play a very crucial role in determining the plasma composition.21, 20 First, we want toconsider adsorption and abstraction of atomic chlorine on the surfaces in the reactor chamber. For thisreason we introduce both open and chlorinated surface sites. The overall surface site density is assignedt h e v a l u e o f 2 . 5 ·10—9 m o l e s / c m 2 . T h e r m o d y n a m i c d a t a m u s t b e p r o v i d e d f o r t h e s u r f a c e s p e c i e s . H o w e v e r , s i n c e w e s p e c i f y a l l t h e r e a c t i o n s a s i r r e v e r s i b l e , t h i s t h e r m o d y n a m i c d a t a i s n o t a c t u a l l y u s e d i n d e t e r m i n i n g t h e r e a c t i o n r a t e s . F o r t h i s r e a s o n , w e h a v e s o m e w h a t a r b i t r a r i l y d e f i n e d t h e composition of the surface to be silicon and used �dummy� values for the thermodynamic fits. On thereaction statement, the word, MWOFF, is included. This indicates that we do not wish to use the Motz-W i s e c o r r e c t i o n f a c t o r f o r l a r g e s t i c k i n g c o e f f i c i e n t s . 40 Instead, the sticking coefficient is definedsimply as the reaction rate divided by the incoming flux of the species. The first two reactions listeddescribe the ions recombining with electrons at the surface. These reactions have been flagged asBOHM reactions. This indicates that the ion flux is limited by the Bohm velocity of the ions, ratherthan by the ion�s thermal speed. The implementation of the Bohm condition is described in detail inSection II. The reaction rate coefficients for this reaction are listed as �0.4 0.0 0.0�, which indicatesthat the Bohm flux should be multiplied by a factor �0.4�, similar to the way a sticking coefficient isused. This factor has been introduced here to account for the fact that the ion interaction with the

83surface will be subject to transport limitations, such that a gradient near the walls in the ion densitywill occur. Since the AURORA model cannot capture this effect, the correction to the Bohm flux isintroduced in the SURFACE CHEMKIN mechanism. This factor represents the ratio between the iondensity at the sheath edge and the ion density in the bulk of the plasma. An alternative approach toassigning a value of less than unity to the Bohm coefficient in the SURFACE CHEMKIN file, is to use theBOHM keyword in the AURORA input file. This keyword would cause AURORA to adjust the total ionflux for each ion to be the Bohm flux multiplied by the value specified in the AURORA BOHM input.The next two reactions in the surface mechanism represent the interaction between atomic chlorine andthe reactor walls, causing a net recombination of atomic chlorine to form molecular chlorine. The lastreaction represents the de-excitation of the metastable species Cl* at reactor surfaces. These reactionshave been specified using sticking coefficients.The output file from AURORA begins with an echoing of the input keywords, including anycomment lines (preceded by a �!�). Here we have included comment lines that describe each keywordwithin the input file. These comments regarding the keyword definitions facilitate editing andchanging the input file for new problems. The input keywords listed include ENGE, which indicates weare solving the electron energy equation. This requires the initial guess for the electron temperature tobe input using ETMP, as well as an inlet electron temperature �TEIN.� The inlet electron temperatureactually has no impact on the solution unless there are electrons specified in the REAC keywords. Thekeyword NOFT indicates that we wish to skip the fixed-temperature solution. This will causeAURORA to attempt to solve simultaneously all equations the first time through. For plasmasimulations this is usually more robust than trying to solve the fixed-temperature solution first. TIONis the ion temperature in Kelvin. The power deposited into the plasma is indicated by PWRW and isgiven in Watts. The parameter ELSH describes the ion energy gained crossing the sheath and may bespecified differently for each material in the system. For this case, we only have one material, andthe default name of unnamed materials in SURFACE CHEMKIN are MATERIAL1, MATERIAL2, etc.Note that we have included both BOHM in the AURORA keyword input, as well as using a less-than-unity BOHM coefficient in the SURFACE CHEMKIN file. Strictly speaking, this is redundant, but thenet effect will be the same as using one or the other approach alone. Other information needed for theelectron energy equation includes the specification of electron-neutral elastic collision cross sectionsusing XSEK or XSDF. The specification of a reactor heat loss through QLOS or HTRN is necessary tosolve the gas energy equation. PRMT is the pressure of the reactor in units of millitorr. Since we onlyhave one material in the surface mechanism we need not specify area fractions using the keywordAFRA. However, two commented lines have been included to demonstrate how these keywords wouldbe used in the case that two materials were specified having the names WALL and WAFER. Theremainder of the keywords are similar to the thermal CVD example given in the previous Section.The output file has less information about the TWOPNT procedure printed than in the thermalCVD example of Section VI, because we have used the default PRNT value of 1. Some new informationis printed for the plasma simulations. In the initial guess, the electron temperature estimate is shown,

84and the residual for the electron temperature is also printed. For the final solution, the electrontemperature is printed in both Kelvin and electron Volt units. Also printed is the charge imbalance ofthe solution, calculated as the difference between the sum of positive ion densities minus the sum of theelectron density and the negative ion densities, divided by the total positive ion density. This is auseful diagnostic to determine whether or not TWOPNT has arrived at a physically reasonable solution.This percentage imbalance should be less than 1.0, as a general rule.

85 CHEMKIN Input for the Cl2 Plasma ExampleE L E M E N T S E C L S I E N D S P E C I E S E C L + C L 2 + C L - C L * C L C L 2 E N D T H E R M O A L L 3 0 0 1 0 0 0 5 0 0 0 E 7 1 0 9 1 E 1 0 0 0 G 3 0 0 . 0 0 0 1 0 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 2 5 0 0 2 5 1 5 E + 0 1 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 2 - 0 . 7 4 5 9 7 8 4 5 E + 0 3 - 0 . 1 1 7 3 6 8 5 6 E + 0 2 0 . 2 5 0 0 2 5 1 5 E + 0 1 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 3 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 - 0 . 7 4 5 9 7 8 3 9 E + 0 3 - 0 . 1 1 7 3 6 8 5 6 E + 0 2 4 C L 1 1 2 2 9 3 C L 1 0 0 0 G 3 0 0 . 0 0 0 4 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 2 9 1 8 1 8 6 4 E + 0 1 - 0 . 3 5 4 3 8 2 8 5 E - 0 3 0 . 1 2 4 7 4 4 5 3 E - 0 6 - 0 . 2 0 0 1 5 5 6 7 E - 1 0 0 . 1 1 8 6 4 5 3 8 E - 1 4 2 0 . 1 3 7 1 3 9 3 1 E + 0 5 0 . 3 2 7 3 2 9 3 5 E + 0 1 0 . 2 3 7 1 1 3 8 8 E + 0 1 0 . 9 6 0 5 1 7 5 6 E - 0 3 0 . 2 3 8 5 0 6 0 9 E - 0 6 3 - 0 . 2 0 0 4 0 5 3 1 E - 0 8 0 . 1 1 0 3 6 0 8 2 E - 1 1 0 . 1 3 8 4 1 1 3 2 E + 0 5 0 . 6 0 6 6 1 2 2 1 E + 0 1 4 C L * 1 1 2 2 9 3 C L 1 0 0 0 G 3 0 0 . 0 0 0 4 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 2 9 1 8 1 8 6 4 E + 0 1 - 0 . 3 5 4 3 8 2 8 5 E - 0 3 0 . 1 2 4 7 4 4 5 3 E - 0 6 - 0 . 2 0 0 1 5 5 6 7 E - 1 0 0 . 1 1 8 6 4 5 3 8 E - 1 4 2 0 . 1 3 7 1 3 9 3 1 E + 0 5 0 . 3 2 7 3 2 9 3 5 E + 0 1 0 . 2 3 7 1 1 3 8 8 E + 0 1 0 . 9 6 0 5 1 7 5 6 E - 0 3 0 . 2 3 8 5 0 6 0 9 E - 0 6 3 - 0 . 2 0 0 4 0 5 3 1 E - 0 8 0 . 1 1 0 3 6 0 8 2 E - 1 1 0 . 1 3 8 4 1 1 3 2 E + 0 5 0 . 6 0 6 6 1 2 2 1 E + 0 1 4 C L + 1 1 2 2 9 3 C L 1 E - 1 0 0 G 3 0 0 . 0 0 0 4 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 3 0 3 4 4 4 6 2 E + 0 1 - 0 . 4 8 1 9 7 9 7 8 E - 0 3 0 . 1 5 3 4 6 7 4 3 E - 0 6 - 0 . 1 2 6 0 4 5 3 9 E - 1 0 - 0 . 3 2 2 9 5 1 9 8 E - 1 5 2 0 . 1 6 5 5 0 0 6 3 E + 0 6 0 . 2 9 8 3 1 0 8 0 E + 0 1 0 . 2 5 1 8 6 8 8 2 E + 0 1 0 . 9 9 9 4 0 1 5 6 E - 0 3 0 . 9 6 0 2 9 6 2 3 E - 0 7 3 - 0 . 2 2 7 8 8 4 0 0 E - 0 8 0 . 1 3 5 7 7 2 7 2 E - 1 1 0 . 1 6 5 5 8 9 7 8 E + 0 6 0 . 5 5 0 9 0 7 4 2 E + 0 1 4 C L - 1 1 2 2 9 3 C L 1 E 1 0 0 G 3 0 0 . 0 0 0 4 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 2 5 0 0 2 5 1 5 E + 0 1 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 2 - 0 . 2 8 8 7 8 1 7 2 E + 0 5 0 . 4 1 8 8 3 5 8 3 E + 0 1 0 . 2 5 0 0 2 5 1 5 E + 0 1 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 3 0 . 0 0 0 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 0 0 0 E + 0 0 - 0 . 2 8 8 7 8 1 6 8 E + 0 5 0 . 4 1 8 8 3 5 7 8 E + 0 1 4 C L 2 1 1 2 2 9 3 C L 2 0 0 0 G 3 0 0 . 0 0 0 4 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 4 1 2 5 2 8 4 2 E + 0 1 0 . 6 8 1 9 6 5 2 6 E - 0 3 - 0 . 4 0 8 3 8 0 5 4 E - 0 6 0 . 1 1 6 5 6 5 1 6 E - 0 9 - 0 . 1 1 4 3 5 1 8 9 E - 1 3 2 - 0 . 1 2 7 9 4 4 1 8 E + 0 4 0 . 3 0 6 7 1 7 1 3 E + 0 1 0 . 3 3 4 6 7 1 7 6 E + 0 1 0 . 3 4 5 4 8 6 1 7 E - 0 2 - 0 . 3 6 1 3 6 8 1 0 E - 0 5 3 0 . 1 3 2 2 7 4 4 1 E - 0 8 - 0 . 6 6 4 4 0 8 4 9 E - 1 4 - 0 . 1 1 2 1 3 9 2 8 E + 0 4 0 . 6 8 7 1 8 1 4 3 E + 0 1 4 C L 2 + 1 1 2 2 9 3 C L 2 E - 1 0 0 G 3 0 0 . 0 0 0 4 0 0 0 . 0 0 0 1 0 0 0 . 0 0 0 1 0 . 4 1 2 5 2 8 4 2 E + 0 1 0 . 6 8 1 9 6 5 2 6 E - 0 3 - 0 . 4 0 8 3 8 0 5 4 E - 0 6 0 . 1 1 6 5 6 5 1 6 E - 0 9 - 0 . 1 1 4 3 5 1 8 9 E - 1 3 2 0 . 1 3 1 8 3 5 8 1 E + 0 6 0 . 3 0 6 7 1 7 1 3 E + 0 1 0 . 3 3 4 6 7 1 7 6 E + 0 1 0 . 3 4 5 4 8 6 1 7 E - 0 2 - 0 . 3 6 1 3 6 8 1 0 E - 0 5 3 0 . 1 3 2 2 7 4 4 1 E - 0 8 - 0 . 6 6 4 4 0 8 4 9 E - 1 4 0 . 1 3 1 9 9 3 8 4 E + 0 6 0 . 6 8 7 1 8 1 4 3 E + 0 1 4 E N D R E A C T I O N S K E L V I N M O L E C U L E S ! r e a c t i o n r a t e s f r o m M a x w e l l i a n E E D F E + C L 2 = > E + C L 2 2 . 5 1 4 1 E - 0 2 - 1 . 4 4 4 3 E + 0 0 1 . 6 6 5 0 E + 0 4 T D E P / E / ! v i b r a t i o n a l e x c i t a t i o n E X C I / 0 . 0 7 / D U P E + C L 2 = > C L - + C L 5 . 8 9 0 1 E - 0 9 - 2 . 5 6 1 9 E - 0 1 1 . 5 8 3 4 E + 0 4 T D E P / E / ! d i s s o c i a t i v e a t t a c h m e n t E + C L 2 = > 2 C L + E 1 . 5 3 5 6 E - 0 6 - 3 . 4 6 4 2 E - 0 1 7 . 0 8 5 0 E + 0 4 T D E P / E / ! d i s s o c i a t i o n E + C L 2 = > E + C L 2 6 . 3 4 7 7 E - 0 6 - 5 . 3 9 8 7 E - 0 1 1 . 3 9 2 0 E + 0 5 T D E P / E / ! e l e c t r o n i c e x c i t a t i o n E X C I / 9 . 2 5 / D U P E + C L 2 = > C L 2 + + 2 E 1 . 1 2 2 7 E - 0 4 - 6 . 0 0 6 7 E - 0 1 1 . 8 0 7 0 E + 0 5 T D E P / E / ! i o n i z a t i o n E + C L - = > C L + 2 E 3 . 1 1 9 7 E - 0 6 - 2 . 8 7 5 7 E - 0 1 7 . 2 0 5 8 E + 0 4 T D E P / E / ! d e t a c h m e n t E + C L = > E + C L * 1 . 2 3 6 3 E - 0 5 - 6 . 1 3 5 6 E - 0 1 1 . 3 2 9 7 E + 0 5 T D E P / E / ! 4 s e x c i t a t i o n E + C L = > E + C L 1 . 2 3 6 3 E - 0 5 - 6 . 1 3 5 6 E - 0 1 1 . 3 2 9 7 E + 0 5 T D E P / E / ! 4 s e x c i t a t i o n e n e r g y l o s s E X C I / 9 . 5 5 / D U P

86 E + C L = > E + C L 3 . 4 8 0 1 E - 0 6 - 6 . 6 9 8 4 E - 0 1 1 . 4 9 4 4 E + 0 5 T D E P / E / ! 5 s e x c i t a t i o n E X C I / 1 0 . 8 5 / D U P E + C L = > E + C L 1 . 9 3 5 4 E - 0 6 - 7 . 3 2 4 4 E - 0 1 1 . 7 0 0 5 E + 0 5 T D E P / E / ! 6 s e x c i t a t i o n E X C I / 1 2 . 5 5 / D U P E + C L = > E + C L 9 . 4 4 4 4 E - 0 5 - 7 . 3 0 9 3 E - 0 1 1 . 5 4 1 3 E + 0 5 T D E P / E / ! 3 d e x c i t a t i o n E X C I / 1 1 . 6 5 / D U P E + C L = > E + C L 7 . 6 4 2 8 E - 0 5 - 7 . 7 2 0 9 E - 0 1 1 . 6 4 5 2 E + 0 5 T D E P / E / ! 4 d e x c i t a t i o n E X C I / 1 2 . 4 5 / D U P E + C L = > E + C L 4 . 7 4 4 0 E - 0 5 - 7 . 8 6 2 0 E - 0 1 1 . 6 8 1 0 E + 0 5 T D E P / E / ! 5 d e x c i t a t i o n E X C I / 1 2 . 7 5 / D U P E + C L = > E + C L 1 . 2 2 9 5 E - 0 4 - 8 . 0 1 3 3 E - 0 1 1 . 4 2 4 8 E + 0 5 T D E P / E / ! 4 p e x c i t a t i o n E X C I / 1 0 . 8 5 / D U P E + C L = > E + C L 4 . 9 5 7 9 E - 0 5 - 8 . 4 1 5 1 E - 0 1 1 . 5 8 7 2 E + 0 5 T D E P / E / ! 5 p e x c i t a t i o n E X C I / 1 2 . 1 5 / D U P E + C L = > C L + + 2 E 2 . 3 7 3 6 E - 0 4 - 7 . 0 8 9 4 E - 0 1 1 . 8 3 7 4 E + 0 5 T D E P / E / ! i o n i z a t i o n E + C L * = > C L + + 2 E 2 . 6 4 7 1 E - 0 5 - 4 . 3 9 0 6 E - 0 1 6 . 3 6 7 0 E + 0 4 T D E P / E / ! C l * i o n i z a t i o n E X C I / 3 . 5 5 / ! C l * i o n i z a t i o n e n e r g y l o s s C L - + C L 2 + = > C L + C L 2 5 . 0 0 E - 0 8 0 . 0 0 . ! C L - + C L + = > 2 C L 5 . 0 0 E - 0 8 0 . 0 0 . ! E N D

87SURFACE CHEMKIN Input for the Cl2 Plasma ExampleS I T E / W A L L / S D E N / 2 . 5 E - 9 / W L ( S ) W L C L ( S ) E N D T H E R M O A L L 3 0 0 5 0 0 1 0 0 0 W L ( S ) 3 2 9 8 9 S I 1 G 0 3 0 0 . 0 0 4 0 0 0 . 0 0 1 0 0 0 . 0 0 1 0 . 0 2 7 7 5 8 4 5 E + 0 2 - 0 . 0 6 2 1 3 2 5 7 E - 0 2 0 . 0 4 8 4 3 6 9 6 E - 0 5 - 0 . 1 2 7 5 6 1 4 6 E - 0 9 0 . 1 1 3 4 4 8 1 8 E - 1 3 2 0 . 0 5 3 3 9 7 9 0 E + 0 6 0 . 0 4 5 4 3 2 9 8 E + 0 2 0 . 0 3 1 1 3 5 1 5 E + 0 2 - 0 . 0 2 3 3 0 9 9 1 E - 0 1 0 . 0 3 5 1 8 5 3 0 E - 0 4 3 - 0 . 0 2 4 1 7 5 7 3 E - 0 7 0 . 0 6 3 9 1 9 0 2 E - 1 1 0 . 0 5 3 3 5 0 6 1 E + 0 6 0 . 0 3 0 0 9 7 1 8 E + 0 2 4 W L C L ( S ) 3 2 9 8 9 S I 1 C L 1 G 0 3 0 0 . 0 0 4 0 0 0 . 0 0 1 0 0 0 . 0 0 1 0 . 0 2 7 7 5 8 4 5 E + 0 2 - 0 . 0 6 2 1 3 2 5 7 E - 0 2 0 . 0 4 8 4 3 6 9 6 E - 0 5 - 0 . 1 2 7 5 6 1 4 6 E - 0 9 0 . 1 1 3 4 4 8 1 8 E - 1 3 2 0 . 0 5 3 3 9 7 9 0 E + 0 6 0 . 0 4 5 4 3 2 9 8 E + 0 2 0 . 0 3 1 1 3 5 1 5 E + 0 2 - 0 . 0 2 3 3 0 9 9 1 E - 0 1 0 . 0 3 5 1 8 5 3 0 E - 0 4 3 - 0 . 0 2 4 1 7 5 7 3 E - 0 7 0 . 0 6 3 9 1 9 0 2 E - 1 1 0 . 0 5 3 3 5 0 6 1 E + 0 6 0 . 0 3 0 0 9 7 1 8 E + 0 2 4 E N D R E A C T I O N S M W O F F C L + + E = > C L 0 . 4 0 . 0 0 . 0 B O H M C L 2 + + E = > C L 2 0 . 4 0 . 0 0 . 0 B O H M C L + W L ( S ) = > W L C L ( S ) 1 . 0 . 0 0 . 0 S T I C K C L + W L C L ( S ) = > W L ( S ) + C L 2 . 1 0 . 0 0 . 0 S T I C K C L * = > C L 1 . 0 . 0 0 . 0 S T I C K E N D

88AURORA Output for the Cl2 Plasma Example P S R : P E R F E C T L Y S T I R R E D R E A C T O R C O D E V E R S I O N 4 . 5 , 9 5 / 1 2 / 1 9 D O U B L E P R E C I S I O N C K L I B : C h e m i c a l K i n e t i c s L i b r a r y C H E M K I N - I I I V e r s i o n 4 . 7 , A u g u s t 1 9 9 5 D O U B L E P R E C I S I O N S K L I B : S u r f a c e k i n e t i c s l i b r a r y C o p y r i g h t 1 9 9 0 , S a n d i a C o r p o r a t i o n . T h e U . S . G o v e r n m e n t r e t a i n s a l i m i t e d l i c e n s e i n t h i s s o f t w a r e . C H E M K I N - I I I V e r s i o n 5 . 5 , A u g u s t 1 9 9 5 D O U B L E P R E C I S I O N W O R K I N G S P A C E R E Q U I R E M E N T S P R O V I D E D R E Q U I R E D L O G I C A L 1 0 0 0 5 6 I N T E G E R 6 5 0 0 1 3 2 4 R E A L 2 6 0 0 0 2 6 2 9 C H A R A C T E R 1 8 0 0 4 1 K E Y W O R D I N P U T ! ! * * * * * * * * * * * * C L 2 p l a s m a * * * * * * * * * * ! ! n u m b e r o f P S R ’ s t o b e c o n s i d e r e d i n s e r i e s N P S R 1 ! I N L E T C O N D I T I O N S ! t h e t o t a l f l o w r a t e i n c m / s e c S C C M 3 5 ! ! m o l e f r a c t i o n o f r e a c t a n t s R E A C C L 2 1 . 0 ! ! i n l e t t e m p e r a t u r e ; o n l y u s e d w h e n E N R G i s s p e c i f i e d T I N L 3 0 0 ! i n l e t e l e c t r o n t e m p e r a t u r e ; o n l y u s e d w h e n E N R G i s g i v e n T E I N 3 0 0 ! R E A C T O R C O N D I T I O N S ! ! e i t h e r c a l c u l a t e t h e t e m p e r a t u r e o r k e e p t h e t e m p f i x e d E N R G ! T G I V ! e i t h e r c a l c u l a t e t h e e l e c t r o n t e m p e r a t u r e o r k e e p f i x e d E N G E ! T E G V ! d o n o t s o l v e t h e f i x e d - t e m p e r a t u r e p r o b l e m N O F T ! s p e c i f y e s t i m a t e o f i o n t e m p e r a t u r e i n g a s T I O N 5 8 0 0 . ! p o w e r d e p o s i t i o n i n w a t t s ( u s e P W R E f o r e r g s , P W R C f o r c a l o r i e s ) P W R W 5 0 0 . ! i o n e n e r g y g a i n a c r o s s t h e s h e a t h i n k T e E L S H M A T E R I A L 1 5 . ! a s s e r t B o h m c o n d i t i o n o n i o n f l u x e s , c o r r e c t e d f o r p r e s e n c e ! o f n e g a t i v e i o n s i f n e c e s s a r y . U s e v a l u e a s m u l t i p l i e r t o ! a c c o u n t f o r N i _ s h e a t h < N i _ p l a s m a b u l k B O H M 0 . 4 ! e l a s t i c c o l l i s i o n x - s e c t i o n f o r e l e c t r o n s a n d s p e c i e s k

89 X S E K C L 2 1 . 0 e - 1 5 ! d e f a u l t v a l u e f o r x - s e c t i o n i f n o t g i v e n f o r a s p e c i e s X S D F 1 . 0 e - 1 5 ! h e a t t r a n s f e r c o e f f t o a m b i e n t ( c a l / s - c m 2 - K ) a n d a m b i e n t t e m p ( K ) ! [ t h e c o n v e r s i o n f r o m e r g s t o c a l o r i e s i s 2 . 3 8 9 e - 8 ] H T R N 1 . 8 9 e - 4 2 9 8 . 1 5 ! D o y o u e x p e c t t o b e e t c h i n g t h e b u l k ? ! E T C H B U L K 1 ! t e m p e r a t u r e ( g u e s s ) o f t h e r e a c t o r i n K e l v i n T E M P 5 0 0 . ! e l e c t r o n t e m p e r a t u r e ( g u e s s ) o f t h e r e a c t o r i n K e l v i n E T M P 4 4 0 0 0 . ! P r e s s u r e o f r e a c t o r i n m t o r r P R M T 5 . 0 ! v o l u m e o f t h e r e a c t o r i n c m * * 3 V O L 3 0 0 0 . ! a r e a i n c m * * 2 A R E A 2 0 0 0 . ! A F R A W A L L 0 . 9 ! A F R A W A F E R 0 . 1 ! S u r f a c e t e m p e r a t u r e , i f d i f f e r e n t t h a n t h e g a s t e m p e r a t u r e T S R F 5 0 0 . ! I N I T I A L G U E S S A T S O L U T I O N ! ! e s t i m a t i o n o f g a s p h a s e c o m p o s i t i o n X E S T C L + 5 . e - 4 X E S T C L - 1 . e - 4 X E S T E 5 . e - 4 X E S T C L 2 + 1 . e - 4 X E S T C L 0 . 6 X E S T C L 2 0 . 4 X E S T C L * 0 . 0 0 2 ! e s t i m a t i o n o f t h e s u r f a c e s i t e f r a c t i o n s S U R F W L C L ( S ) 0 . 9 S U R F W L ( S ) 0 . 1 ! d o y o u w a n t t o u s e a r e s t a r t f i l e a s a n i n i t i a l g u e s s ? ! R S T R ! C A L C U L A T I O N O P T I O N S ! ! r a t e - o f - p r o g r e s s c a l c u l a t i o n s - p r i n t o u t a l l ! A R O P ! p r i n t o u t R O P a n a l y s i s f o r t h e s p e c i e s b e l o w R O P C L + R O P C L 2 + R O P C L ! p r i n t o u t s e n s i t i v i t y c o e f f i c i e n t s f o r t h e s p e c i e s b e l o w ! S E N E ! S E N C L ! t h r e s h o l d v a l u e f o r R O P c o e f f i c i e n t s ! E P S R 0 . 0 1 ! T W O P N T P A R A M E T E R S ! ! a m o u n t o f p r i n t i n g t o b e d o n e P R N T 1 ! r e l a t i v e a n d a b s o l u t e e r r o r t o l e r a n c e s f o r t h e s o l u t i o n R T O L 1 . e - 3 A T O L 1 . 0 E - 1 5 ! n u m b e r o f t i m e s t e p s a n d v a l u e o f t i m e s t e p T I M E 1 0 1 . E - 6 T I M 2 1 0 0 3 . E - 8 ! n u m b e r o f t i m e s t e p s b e f o r e r e t i r i n g t i m e - s t e p s i z e I R E T 2 0 0 ! l o w e r b o u n d s f o r t h e c o m p o s i t i o n a l s o l u t i o n v a r i a b l e s S F L R - 1 . 0 E - 4

90 ! p a r a m e t e r s f o r t h e c a l c u l a t i o n o f n u m e r i c a l d i f f e r e n c e s A B S L 1 . 0 E - 1 5 R E L T 1 . e - 3 ! ! D O Y O U W A N T T O D O A N O T H E R P R O B L E M A F T E R T H I S O N E ? ! C N T N ! E N D O F I N P U T P A R A M E T E R S F O R C U R R E N T P R O B L E M E N D C A U T I O N . . . X E S T M O L E F R A C T I O N S S U M T O 1 . 0 0 3 2 0 0 0 0 0 0 0 0 0 0 0 F O R P H A S E 1 = G A S = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = K I N E T I C S M E C H A N I S M : T o t a l n u m b e r o f g a s p h a s e s p e c i e s = 7 T o t a l n u m b e r o f g a s p h a s e r e a c t i o n s = 1 9 T o t a l n u m b e r o f s u r f a c e m a t e r i a l s = 1 M a t e r i a l : M A T E R I A L 1 T o t a l n u m b e r o f s u r f a c e p h a s e s p e c i e s = 2 T o t a l n u m b e r o f s u r f a c e p h a s e s = 1 N u m b e r o f s p e c i e s i n p h a s e , W A L L = 2 T o t a l n u m b e r o f b u l k p h a s e s p e c i e s = 0 T o t a l n u m b e r o f b u l k p h a s e s = 0 T o t a l n u m b e r o f s u r f a c e p h a s e r e a c t i o n s = 5 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = I N L E T C O N D I T I O N S : I n l e t m a s s f l o w r a t e = 0 . 1 6 9 E - 0 2 g m / s e c ( w h i c h b a s e d o n a n e s t i m a t e d r e a c t o r d e n s i t y = 0 . 7 5 7 E - 0 8 g m / c m * * 3 a n d o n a r e a c t o r v o l u m e = 0 . 3 0 0 E + 0 4 c m * * 3 p r o d u c e s a n e s t i m a t e d r e s i d e n c e t i m e ) = 0 . 1 3 4 E - 0 1 s e c I n l e t t e m p e r a t u r e = 3 0 0 . 0 0 K e l v i n I n l e t p r e s s u r e ( a s s u m e d e q u a l t o r e a c t o r p r e s s u r e ) = 0 . 6 5 8 E - 0 5 a t m I n l e t d e n s i t y = 0 . 1 8 9 5 0 E - 0 7 g m / c m * * 3 I n l e t m e a n m o l e c u l a r w e i g h t = 7 0 . 9 0 6 g m / m o l e I n l e t m o l a r f l o w r a t e = 0 . 2 3 8 4 3 E - 0 4 m o l e s / s e c I n l e t v o l u m e t r i c f l o w r a t e = 8 9 2 1 7 . c m * * 3 / s e c ( b a s e d o n r e a c t o r p r e s s u r e a n d i n l e t t e m p e r a t u r e ) = 3 5 . 0 0 0 S C C M = 0 . 3 5 0 0 0 E - 0 1 S L P M I n l e t e l e c t r o n t e m p e r a t u r e = 3 0 0 . 0 0 K e l v i n = 0 . 2 5 8 7 5 E - 0 1 e V I N L E T C O N D I T I O N S F O R G A S P H A S E M O L E C U L A R S P E C I E S : S p e c i e s m o l e _ f r a c m o l e s / s e c g m / s e c c m * * 3 / s e c S C C M S L P M - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 C L + 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 C L 2 + 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 C L - 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 C L * 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 C L 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 0 . 0 0 0 0 0 E + 0 0 C L 2 1 . 0 0 0 0 0 . 2 3 8 4 3 E - 0 4 0 . 1 6 9 0 6 E - 0 2 8 9 2 1 7 . 3 5 . 0 0 0 0 . 3 5 0 0 0 E - 0 1 P S R T W O : F I N I S H E D F I X E D T E M P E R A T U R E , A D D I N G E N E R G Y E Q U A T I O N

91= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T P A R A M E T E R S : P R I N T I N G : L e v e l ( 1 ) = 1 L e v e l ( 2 ) = 1 O n l y T W O P N T w i l l w r i t e m e s s a g e s S O L U T I O N B O U N D S F O R V A R I A B L E S : V a r i a b l e U p p e r _ b o u n d L o w e r _ b o u n d T E M P E R A T U R E 1 . 0 0 0 E + 0 4 2 0 0 . E L E C T R O N T E 1 . 0 0 0 E + 1 5 2 0 0 . E 1 . 0 1 - 1 . 0 0 0 E - 0 4 C L + 1 . 0 1 - 1 . 0 0 0 E - 0 4 C L 2 + 1 . 0 1 - 1 . 0 0 0 E - 0 4 C L - 1 . 0 1 - 1 . 0 0 0 E - 0 4 C L * 1 . 0 1 - 1 . 0 0 0 E - 0 4 C L 1 . 0 1 - 1 . 0 0 0 E - 0 4 C L 2 1 . 0 1 - 1 . 0 0 0 E - 0 4 W L ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 4 W L C L ( S ) 1 . 0 1 - 1 . 0 0 0 E - 0 4 M a x i m u m n u m b e r o f t i m e s t e p s t o t r y i f n e w t o n ’ s m e t h o d f a i l s = 1 0 0 A b s o l u t e b o u n d f o r t h e s t e a d y - s t a t e p r o b l e m = 1 . 0 0 0 E - 1 5 R e l a t i v e b o u n d f o r t h e s t e a d y - s t a t e p r o b l e m = 1 . 0 0 0 E - 0 3 A b s o l u t e b o u n d f o r t h e t i m e - d e p e n d e n t p r o b = 1 . 0 0 0 E - 0 9 R e l a t i v e b o u n d f o r t h e t i m e - d e p e n d e n t p r o b = 1 . 0 0 0 E - 0 4 N u m b e r o f s t e p s t o b e t a k e n b e f o r e i n c r e a s i n g t h e t i m e s t e p = 2 0 0 F a c t o r b y w h i c h t o d e c r e a s e t i m e - s t e p w h e n n e c e s s a r y = 2 . 2 0 F a c t o r b y w h i c h t o i n c r e a s e t i m e - s t e p w h e n n e c e s s a r y = 2 . 0 0 M i n i m u m t i m e s t e p a l l o w e d = 1 . 0 0 0 E - 1 0 I n i t i a l t i m e s t e p = 3 . 0 0 0 E - 0 8 A b s o l u t e d e l t a f o r n u m e r i c a l d i f f e r e n c i n g = 1 . 0 0 0 E - 1 5 R e l a t i v e d e l t a f o r n u m e r i c a l d i f f e r e n c i n g = 1 . 0 0 0 E - 0 3 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T : D O U B L E P R E C I S I O N ( T W O P O I N T B O U N D A R Y V A L U E P R O B L E M ) S O L V E R , V E R S I O N 3 . 1 8 O F D E C E M B E R 1 9 9 5 B Y D R . J O S E P H F . G R C A R . T W O P N T : I N I T I A L G U E S S : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = P S P R N T : P r i n t i n g o f c u r r e n t s o l u t i o n f r o m T W O P N T : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = R E S I D E N C E T I M E 0 . 1 3 4 2 E - 0 1 S E C M A S S F L O W R A T E 0 . 1 6 9 1 E - 0 2 G M / S E C P R E S S U R E 0 . 6 5 7 9 E - 0 5 A T M M A S S D E N S I T Y 0 . 7 5 6 5 E - 0 8 G M / C M 3 V O L U M E 3 0 0 0 . C M 3 S U R F A C E A R E A 2 0 0 0 . C M 2 S U R F A C E T O V O L U M E R A T I O 0 . 6 6 6 7 C M - 1 T E M P E R A T U R E ( I N L E T ) 3 0 0 . 0 0 0 0 K T E M P E R A T U R E 5 0 0 . 0 K H E A T L O S S ( 0 . 2 0 E + 0 4 C M 2 ) ( 0 . 1 8 9 0 E - 0 3 C A L / ( C M 2 * K * S E C ) ) ( T - 0 . 3 0 E + 0 3 K ) E L E C T R O N T E M P E R A T U R E ( I N L E T ) 3 0 0 . 0 0 0 0 K E L E C T R O N T E M P E R A T U R E 0 . 4 4 0 0 E + 0 5 K E L E C T R O N P O W E R C O U P L I N G 0 . 5 0 0 0 E + 1 0 E R G / S S U R F T E M P ( d i f f e r e n t t h a n g a s ) 5 0 0 . 0 0 0 0 K

92 I N L E T G A S P H A S E M O L E F R A C T I O N S E = 0 . 0 0 0 0 E + 0 0 C L + = 0 . 0 0 0 0 E + 0 0 C L 2 + = 0 . 0 0 0 0 E + 0 0 C L - = 0 . 0 0 0 0 E + 0 0 C L * = 0 . 0 0 0 0 E + 0 0 C L = 0 . 0 0 0 0 E + 0 0 C L 2 = 1 . 0 0 0 E X I T G A S P H A S E M O L E F R A C T I O N S E = 0 . 4 9 8 4 E - 0 3 C L + = 0 . 4 9 8 4 E - 0 3 C L 2 + = 0 . 9 9 6 8 E - 0 4 C L - = 0 . 9 9 6 8 E - 0 4 C L * = 0 . 1 9 9 4 E - 0 2 C L = 0 . 5 9 8 1 C L 2 = 0 . 3 9 8 7 S U R F A C E S I T E F R A C T I O N S I N S U R F A C E P H A S E , W A L L S i t e d e n s i t y = 0 . 2 5 0 0 E - 0 8 m o l e / c m * * 2 S t a n d a r d S t a t e S i t e d e n s i t y = 0 . 2 5 0 0 E - 0 8 m o l e / c m * * 2 R a t e o f c h a n g e o f s i t e d e n s i t y = 0 . 0 0 0 0 E + 0 0 m o l e / ( c m * * 2 * s e c ) W L ( S ) = 0 . 1 0 0 0 W L C L ( S ) = 0 . 9 0 0 0 C H A R G E I M B A L A N C E F O R T H I S S O L U T I O N = 0 . 0 0 0 0 0 E + 0 0 % O F P O S I T I V E C H A R G E D E N S I T Y P R I N T O U T O F R A W R E S I D U A L S : T e m p e r a t u r e : - 0 . 1 4 2 E + 0 8 E l e c t r o n t e m p e r a t u r e : 0 . 8 0 4 E - 0 3 G a s p h a s e m a s s f r a c t i o n r e s i d u a l s : E : 0 . 2 5 0 E + 1 0 C L + : 1 8 . 9 C L 2 + : 7 2 . 4 C L - : 3 . 1 8 C L * : - 0 . 5 5 9 E - 0 1 C L : - 5 7 3 . C L 2 : 4 7 9 . S u r f a c e p h a s e s i t e f r a c t i o n r e s i d u a l s : W L ( S ) : - 4 . 9 9 W L C L ( S ) : 4 . 9 9 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T : S O L V E T H E P R O B L E M . L O G 1 0 L O G 1 0 T A S K N O R M F C O N D J R E M A R K S T A R T 9 . 4 0 S E A R C H 5 . 0 1 5 . 8 3 1 3 S E A R C H S T E P S T W O P N T : F I N A L S O L U T I O N :

93= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = P S P R N T : P r i n t i n g o f c u r r e n t s o l u t i o n f r o m T W O P N T : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = R E S I D E N C E T I M E 0 . 1 0 1 0 E - 0 1 S E C M A S S F L O W R A T E 0 . 1 6 9 1 E - 0 2 G M / S E C P R E S S U R E 0 . 6 5 7 9 E - 0 5 A T M M A S S D E N S I T Y 0 . 5 6 9 4 E - 0 8 G M / C M 3 V O L U M E 3 0 0 0 . C M 3 S U R F A C E A R E A 2 0 0 0 . C M 2 S U R F A C E T O V O L U M E R A T I O 0 . 6 6 6 7 C M - 1 T E M P E R A T U R E ( I N L E T ) 3 0 0 . 0 0 0 0 K T E M P E R A T U R E 5 3 7 . 3 K H E A T L O S S ( 0 . 2 0 E + 0 4 C M 2 ) ( 0 . 1 8 9 0 E - 0 3 C A L / ( C M 2 * K * S E C ) ) ( T - 0 . 3 0 E + 0 3 K ) E L E C T R O N T E M P E R A T U R E ( I N L E T ) 3 0 0 . 0 0 0 0 K E L E C T R O N T E M P E R A T U R E 0 . 3 4 1 4 E + 0 5 K E L E C T R O N P O W E R C O U P L I N G 0 . 5 0 0 0 E + 1 0 E R G / S S U R F T E M P ( d i f f e r e n t t h a n g a s ) 5 0 0 . 0 0 0 0 K E X I T G A S P H A S E M O L E F R A C T I O N S E = 0 . 3 7 1 7 E - 0 2 C L + = 0 . 2 3 4 4 E - 0 2 C L 2 + = 0 . 2 5 5 0 E - 0 2 C L - = 0 . 1 1 7 7 E - 0 2 C L * = 0 . 3 1 1 6 E - 0 2 C L = 0 . 5 9 5 5 C L 2 = 0 . 3 9 1 6 S U R F A C E S I T E F R A C T I O N S I N S U R F A C E P H A S E , W A L L S i t e d e n s i t y = 0 . 2 5 0 0 E - 0 8 m o l e / c m * * 2 S t a n d a r d S t a t e S i t e d e n s i t y = 0 . 2 5 0 0 E - 0 8 m o l e / c m * * 2 R a t e o f c h a n g e o f s i t e d e n s i t y = 0 . 0 0 0 0 E + 0 0 m o l e / ( c m * * 2 * s e c ) W L ( S ) = 0 . 9 0 9 1 E - 0 1 W L C L ( S ) = 0 . 9 0 9 1 C H A R G E I M B A L A N C E F O R T H I S S O L U T I O N = 0 . 1 3 9 6 2 E - 0 3 % O F P O S I T I V E C H A R G E D E N S I T Y P R I N T O U T O F R A W R E S I D U A L S : T e m p e r a t u r e : - 0 . 1 6 4 E + 0 4 E l e c t r o n t e m p e r a t u r e : - 0 . 1 9 6 E - 0 6 G a s p h a s e m a s s f r a c t i o n r e s i d u a l s : E : 0 . 1 0 1 E + 0 6 C L + : - 0 . 1 0 5 E - 0 1 C L 2 + : - 0 . 5 1 1 E - 0 2 C L - : - 0 . 4 2 7 E - 0 3 C L * : - 0 . 1 8 8 E - 0 2 C L : - 0 . 1 5 4 E - 0 1 C L 2 : 0 . 3 3 3 E - 0 1 S u r f a c e p h a s e s i t e f r a c t i o n r e s i d u a l s : W L ( S ) : - 0 . 1 3 3 E - 0 3 W L C L ( S ) : 0 . 1 6 3 E - 0 3 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = T W O P N T : 0 . 2 1 S E C O N D S T O T A L C O M P U T E R T I M E ( S E E B R E A K D O W N B E L O W ) .

94 S U B T A S K T A S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E V A L F P R E P J S O L V E O T H E R E V O L V E S E A R C H % O F T O T A L 4 7 . 6 3 3 . 3 0 . 0 1 9 . 0 0 . 0 9 0 . 5 M E A N S E C O N D S 0 . 0 0 2 0 . 0 2 3 0 . 0 0 0 Q U A N T I T Y 5 2 3 5 0 T W O P N T : S U C C E S S . P R O B L E M S O L V E D . = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = O U T L E T C O N D I T I O N S : S p e c i f i e d i n l e t m a s s f l o w r a t e = 0 . 1 6 9 E - 0 2 g m / s e c O u t l e t m a s s f l o w r a t e = 0 . 1 6 9 E - 0 2 g m / s e c R a t e o f M a s s L o s s t o t h e w a l l s = 0 . 2 4 0 E - 0 7 g m / s e c ( w h i c h b a s e d o n a n r e a c t o r d e n s i t y = 0 . 5 6 9 E - 0 8 g m / c m * * 3 a n d o n a r e a c t o r v o l u m e = 0 . 3 0 0 E + 0 4 c m * * 3 p r o d u c e s a r e s i d e n c e t i m e ) = 0 . 1 0 1 E - 0 1 s e c O u t l e t a n d r e a c t o r t e m p e r a t u r e = 5 3 7 . 3 1 K e l v i n O u t l e t a n d r e a c t o r p r e s s u r e = 0 . 6 5 8 E - 0 5 a t m O u t l e t a n d r e a c t o r d e n s i t y = 0 . 5 6 9 3 5 E - 0 8 g m / c m * * 3 O u t l e t a n d r e a c t o r m e a n m o l e c u l a r w e i g h t = 4 9 . 2 9 5 g m / m o l e O u t l e t m o l a r f l o w r a t e = 0 . 3 4 2 9 6 E - 0 4 m o l e s / s e c O u t l e t v o l u m e t r i c f l o w r a t e = 0 . 2 9 6 9 3 E + 0 6 c m * * 3 / s e c ( b a s e d o n r e a c t o r p r e s s u r e a n d t e m p e r a t u r e ) = 6 5 . 0 3 9 S C C M = 0 . 6 5 0 3 9 E - 0 1 S L P M O u t l e t a n d r e a c t o r e l e c t r o n t e m p e r a t u r e = 3 4 1 3 9 . K e l v i n = 2 . 9 4 4 5 e V O U T L E T C O N D I T I O N S F O R G A S P H A S E M O L E C U L A R S P E C I E S : S p e c i e s m o l e _ f r a c # / c m 3 m o l e s / s e c g m / s e c c m * * 3 / s e c S C C M - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E 0 . 3 7 1 6 8 E - 0 2 0 . 2 7 3 0 5 E + 1 2 0 . 1 2 7 4 7 E - 0 6 0 . 6 9 9 2 8 E - 1 0 1 1 0 3 . 6 0 . 2 4 1 7 4 C L + 0 . 2 3 4 4 0 E - 0 2 0 . 1 7 2 2 0 E + 1 2 0 . 8 0 3 8 9 E - 0 7 0 . 2 8 5 0 0 E - 0 5 6 9 6 . 0 1 0 . 1 5 2 4 5 C L 2 + 0 . 2 5 4 9 7 E - 0 2 0 . 1 8 7 3 1 E + 1 2 0 . 8 7 4 4 4 E - 0 7 0 . 6 2 0 0 3 E - 0 5 7 5 7 . 0 9 0 . 1 6 5 8 3 C L - 0 . 1 1 7 6 9 E - 0 2 0 . 8 6 4 6 0 E + 1 1 0 . 4 0 3 6 2 E - 0 7 0 . 1 4 3 1 0 E - 0 5 3 4 9 . 4 6 0 . 7 6 5 4 4 E - 0 1 C L * 0 . 3 1 1 6 1 E - 0 2 0 . 2 2 8 9 2 E + 1 2 0 . 1 0 6 8 7 E - 0 6 0 . 3 7 8 8 9 E - 0 5 9 2 5 . 2 8 0 . 2 0 2 6 7 C L 0 . 5 9 5 5 1 0 . 4 3 7 4 9 E + 1 4 0 . 2 0 4 2 3 E - 0 4 0 . 7 2 4 0 7 E - 0 3 0 . 1 7 6 8 3 E + 0 6 3 8 . 7 3 1 C L 2 0 . 3 9 1 5 9 0 . 2 8 7 6 8 E + 1 4 0 . 1 3 4 3 0 E - 0 4 0 . 9 5 2 2 5 E - 0 3 0 . 1 1 6 2 7 E + 0 6 2 5 . 4 6 8 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = D E T A I L E D S P E C I E S B A L A N C E ( a l l r a t e s a r e i n m o l e s p e r s e c ) S P E C I E S I N L E T _ F R O U T L E T _ F R G A S _ P R O D _ R A T E G A S _ D E S T _ R A T E S U R F _ N E T _ P R O D T O T A L _ N E T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E 0 . 0 0 0 E + 0 0 1 . 2 7 5 E - 0 7 6 . 3 8 8 E - 0 4 5 . 6 1 0 E - 0 4 - 7 . 7 6 4 E - 0 5 - 6 . 1 0 5 E - 0 9 C L + 0 . 0 0 0 E + 0 0 8 . 0 3 9 E - 0 8 4 . 7 2 9 E - 0 5 3 . 3 2 4 E - 0 6 - 4 . 3 8 9 E - 0 5 - 5 . 0 8 0 E - 0 9 C L 2 + 0 . 0 0 0 E + 0 0 8 . 7 4 4 E - 0 8 3 . 7 4 6 E - 0 5 3 . 6 1 6 E - 0 6 - 3 . 3 7 6 E - 0 5 - 1 . 2 3 1 E - 0 9 C L - 0 . 0 0 0 E + 0 0 4 . 0 3 6 E - 0 8 8 . 9 6 1 E - 0 6 8 . 9 2 1 E - 0 6 0 . 0 0 0 E + 0 0 - 2 . 0 5 8 E - 1 0 C L * 0 . 0 0 0 E + 0 0 1 . 0 6 9 E - 0 7 2 . 2 1 9 E - 0 5 1 . 1 7 0 E - 0 5 - 1 . 0 3 9 E - 0 5 - 9 . 0 3 4 E - 1 0 C L 0 . 0 0 0 E + 0 0 2 . 0 4 2 E - 0 5 4 . 7 9 1 E - 0 4 1 . 5 2 1 E - 0 4 - 3 . 0 6 6 E - 0 4 - 7 . 4 0 2 E - 0 9 C L 2 2 . 3 8 4 E - 0 5 1 . 3 4 3 E - 0 5 1 . 7 0 6 E - 0 4 3 . 9 5 2 E - 0 4 2 . 1 4 2 E - 0 4 8 . 0 2 7 E - 0 9 W L ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 - 6 . 7 7 0 E - 1 0 - 6 . 7 7 0 E - 1 0 W L C L ( S ) 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 6 . 7 7 0 E - 1 0 6 . 7 7 0 E - 1 0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

95 D E T A I L E D E L E M E N T B A L A N C E S ( a l l r a t e s a r e i n m o l e s p e r s e c ) E L E M E N T I N L E T _ F R O U T L E T _ F R T O T A L _ N E T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E 0 . 0 0 0 E + 0 0 - 2 . 3 4 3 E - 1 3 2 . 3 4 3 E - 1 3 C L 4 . 7 6 9 E - 0 5 4 . 7 6 9 E - 0 5 6 . 7 7 0 E - 1 0 S I 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 0 . 0 0 0 E + 0 0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = N O R M A L I Z E D A N D A B S O L U T E R A T E - O F - P R O D U C T I O N C O E F F I C I E N T S ( s u r f a c e r e a c t i o n s a r e n o r m a l i z e d b y t h e s u r f a c e a r e a t o v o l u m e r a t i o ) T h r e s h o l d n o r m a l i z e d v a l u e f o r p r i n t i n g o f R O P c o e f f i c i e n t s = 0 . 1 0 0 E - 0 1 G a s P h a s e S p e c i e s 2 . C L + N O R M A L I Z E D ( M O L E S / C C - S E C ) G a s P h a s e R e a c t i o n 1 6 . E + C L = > C L + + 2 E 0 . 7 5 3 ( 1 . 1 8 6 2 E - 0 8 ) G a s P h a s e R e a c t i o n 1 7 . E + C L * = > C L + + 2 E 0 . 2 4 7 ( 3 . 9 0 0 6 E - 0 9 ) G a s P h a s e R e a c t i o n 1 9 . C L - + C L + = > 2 C L - 0 . 0 7 0 ( - 1 . 1 0 8 1 E - 0 9 ) S u r f a c e P h a s e R e a c t i o n 1 . C L + + E = > C L - 0 . 9 3 0 ( - 1 . 4 6 2 9 E - 0 8 ) T o t a l R a t e - o f - p r o d u c t i o n ( m o l e s / c c - s e c ) = 1 . 5 7 6 2 E - 0 8 T o t a l R a t e - o f - c o n s u m p t i o n ( m o l e s / c c - s e c ) = 1 . 5 7 3 7 E - 0 8 N e t R a t e - o f - p r o d u c t i o n ( m o l e s / c c - s e c ) = 2 . 5 1 0 3 E - 1 1 G a s P h a s e S p e c i e s 3 . C L 2 + N O R M A L I Z E D ( M O L E S / C C - S E C ) G a s P h a s e R e a c t i o n 5 . E + C L 2 = > C L 2 + + 2 E 1 . 0 0 0 ( 1 . 2 4 8 6 E - 0 8 ) G a s P h a s e R e a c t i o n 1 8 . C L - + C L 2 + = > C L + C L 2 - 0 . 0 9 7 ( - 1 . 2 0 5 4 E - 0 9 ) S u r f a c e P h a s e R e a c t i o n 2 . C L 2 + + E = > C L 2 - 0 . 9 0 3 ( - 1 . 1 2 5 2 E - 0 8 ) T o t a l R a t e - o f - p r o d u c t i o n ( m o l e s / c c - s e c ) = 1 . 2 4 8 6 E - 0 8 T o t a l R a t e - o f - c o n s u m p t i o n ( m o l e s / c c - s e c ) = 1 . 2 4 5 7 E - 0 8 N e t R a t e - o f - p r o d u c t i o n ( m o l e s / c c - s e c ) = 2 . 8 7 3 8 E - 1 1 G a s P h a s e S p e c i e s 6 . C L N O R M A L I Z E D ( M O L E S / C C - S E C ) G a s P h a s e R e a c t i o n 2 . E + C L 2 = > C L - + C L 0 . 0 2 0 ( 2 . 9 8 7 0 E - 0 9 ) G a s P h a s e R e a c t i o n 3 . E + C L 2 = > 2 C L + E 0 . 8 2 8 ( 1 . 2 1 2 0 E - 0 7 ) G a s P h a s e R e a c t i o n 7 . E + C L = > E + C L * - 0 . 0 5 3 ( - 7 . 3 9 8 0 E - 0 9 ) G a s P h a s e R e a c t i o n 1 6 . E + C L = > C L + + 2 E - 0 . 0 8 5 ( - 1 . 1 8 6 2 E - 0 8 ) G a s P h a s e R e a c t i o n 1 9 . C L - + C L + = > 2 C L 0 . 0 1 5 ( 2 . 2 1 6 2 E - 0 9 ) S u r f a c e P h a s e R e a c t i o n 1 . C L + + E = > C L 0 . 1 0 0 ( 1 . 4 6 2 9 E - 0 8 ) S u r f a c e P h a s e R e a c t i o n 3 . C L + W L ( S ) = > W L C L ( S ) - 0 . 4 3 1 ( - 6 . 0 1 4 7 E - 0 8 ) S u r f a c e P h a s e R e a c t i o n 4 . C L + W L C L ( S ) = > W L ( S ) + C L 2 - 0 . 4 3 1 ( - 6 . 0 1 4 7 E - 0 8 ) S u r f a c e P h a s e R e a c t i o n 5 . C L * = > C L 0 . 0 2 4 ( 3 . 4 6 2 1 E - 0 9 ) T o t a l R a t e - o f - p r o d u c t i o n ( m o l e s / c c - s e c ) = 1 . 4 6 3 6 E - 0 7 T o t a l R a t e - o f - c o n s u m p t i o n ( m o l e s / c c - s e c ) = 1 . 3 9 5 5 E - 0 7 N e t R a t e - o f - p r o d u c t i o n ( m o l e s / c c - s e c ) = 6 . 8 0 5 4 E - 0 9 R A T E - O F - P R O D U C T I O N C A L C U L A T I O N C O M P L E T E

96REFERENCES1.Moffat, H. K., Glarborg, P., Kee, R. J., Grcar, J. F. and Miller, J. A., �SURFACE PSR: A FortranProgram for Modeling Well-Stirred Reactors with Gas and Surface Reactions,� Sandia NationalLaboratories Report SAND91-8001, 1991.2.Kee, R. J., Rupley, F. M., Meeks, E. and Miller, J. A., �Chemkin-III: A Fortran Chemical KineticsPackage for the Analysis of Gas-Phase Chemical and Plasma Kinetics,� Sandia NationalLaboratories Report SAND96-8216, 1996.3.Coltrin, M. E., Kee, R. J., Rupley, F. M. and Meeks, E., �SURFACE CHEMKIN III: A FortranPackage for Analyzing Heterogeneous Chemical Kinetics at a Solid-Surface - Gas-PhaseInterface,� Sandia National Laboratories Report SAND96-8217, 1996.4.Smith, J. M., Chemical Engineering Kinetics (McGraw-Hill Book Company, New York, 1981).5.Longwell, J. P. and Weiss, M. A., Industrial Engineering and Chemistry 47, 1634 (1955).6.Bowman, B. R., Pratt, D. T. and Crowe, C. T., �Effect of Turbulent Mixing and Chemical Kinetics onNitrogen Oxide Production in Jet Stirred Reactors,� The Combustion Institute FourteenthSymposium (International) on Combustion, Pittsburgh, PA, 1973.7.Pratt, D. T. and Wormeck, J. J., �CREK, A Computer Program for Calculation of Combustion ReactionEquilibrium and Kinetics in Laminar and Turbulent Flow,� Washington State University ReportWSU-ME-TEL-76-1, 1976.8.Chen, A. T., Malte, P. C. and Thornton, M. M., �Sulfur-Nitrogen Interaction in Stirred Flames,� TheCombustion Institute Twentieth Symposium (International) on Combustion, Pittsburgh, PA, 1985.9.Nenniger, J. E., Kridiotis, A., Chomiak, J., Longwell, J. P. and Sarofim, A. F., The CombustionInstitute Twentieth Symposium (International) on Combustion, Pittsburgh, PA, 1985.10.Glarborg, P., Kee, R. J., Grcar, J. and Miller, J. A., �PSR: A Fortran Program for Modeling Well-Stirred Reactors,� Sandia National Laboratories Report SAND86-8209, 1986.11.Glarborg, P., Kee, R. J. and Miller, J. A., �Kinetic Modeling and Sensitivity Analysis on NitrogenOxide Formation in Well Stirred Reactors,� Combustion and Flame 65, 177 (1986).

9712.Coltrin, M. E., Kee, R. J. and Rupley, F. M., �SURFACE CHEMKIN (Version 4.0): A FortranPackage for Analyzing Heterogeneous Chemical Kinetics at a Solid-Surface - Gas-PhaseInterface,� Sandia National Laboratories Report SAND90-8003C, 1991.13.Coltrin, M. E., Kee, R. J. and Rupley, F. M., �Surface Chemkin: A General Formalism and Softwarefor Analyzing Heterogeneous Chemical Kinetics at a Gas-Surface Interface,� International Journalof Chemical Kinetics 23, 1111 (1991).14.Ho, P., Breiland, W., Coltrin, M., Moffat, H. and Buss, R., �CVD Process Chemistry,�Semiconductor Equipment Technology Center (SETEC) Final Report Vol. II Report SETEC92-035,1992.15.Rogoff, G. L., Kramer, J. M. and Piejak, R. B., �A model for the bulk plasma in an RF chlorinedischarge,� IEEE Trans. on Plasma Sci. PS-14, 103 (1986).16.Deshmukh, S. C. and Economou, D. J., �Factors affecting the Cl atom density in a chlorinedischarge,� J. Appl. Phys. 72, 4597 (1992).17.Lee, C., Graves, D. B., Lieberman, M. A. and Hess, D. W., �Global Model of Plasma Chemistry in aHigh Density Oxygen Discharge,� Journal of the Electrochemical Society 141, 1546 (1993).18.Lieberman, M. A. and Gottscho, R. A., in Physics of Thin Films, edited by M. Francombe and J.Vossen (Academic Press, New York, 1993).19.Meeks, E., Larson, R. S., Shon, J. W. and Vosen, S. R., �Chemistry Modeling in Downstream EtchSystems From the Plasma Source to the Etch Chamber,� The Electrochemical Society, Inc. 95-4,Electrochemical Society Symposium on Process Control, Diagnostics, and Modeling inSemiconductor Manufacturing, Reno, Nevada, 1995.20.Meeks, E. and Shon, J. W., �Effects of Atomic Chlorine Wall Recombination: Comparison of aPlasma Chemistry Model with Experiment,� Journal of Vacuum Science and Technology A 13, 2884(1995).21.Meeks, E. and Shon, J. W., �Modeling of Plasma-Etch Processes Using Well Stirred ReactorApproximations and Including Complex Gas-Phase and Surface Reactions,� IEEE Transactions onPlasma Science 23, 539 (1995).22.Grcar, J. F., �The Twopnt Program for Boundary Value Problems,� Sandia National LaboratoriesReport SAND91-8230, 1991.

9823.Kee, R. J., Grcar, J. F., Smooke, M. D. and Miller, J. A., �A Fortran Program for Modeling SteadyLaminar One-Dimensional Premixed Flames,� Sandia National Laboratories Report SAND85-8240, 1985.24.Coltrin, M. E., Kee, R. J. and Evans, G. H., �A Mathematical Model of the Fluid Mechanics and Gas-Phase Chemistry in a Rotating Disk Chemical Vapor Deposition Reactor,� Journal of theElectrochemical Society 136, 819 (1989).25.Coltrin, M. E., Kee, R. J., Evans, G. H., Meeks, E., Rupley, F. M. and Grcar, J. F., �SPIN (Version3.83): A Fortran Program for Modeling One-Dimensional Rotating-Disk/Stagnation-Flow ChemicalVapor Deposition Reactors,� Sandia National Laboratories Report SAND91-8003, 1991.26.Jones, A. and Prothero, A., Combustion and Flame 12, 457 (1968).27.Engleman, V. S., Bartok, W., Longwell, J. P. and Edelman, R. B., The Combustion InstituteFourteenth Symposium (International) on Combustion, Pittsburgh, PA, 1973.28.Braithwaite, N. S. J. and Allen, J. E., �Boundaries and Probes in Electronegative Plasmas,� Journalof Physics D 21, 1733 (1988).29.Kee, R. J., Rupley, F. M. and Miller, J. A., �The Chemkin Thermodynamic Data Base,� SandiaNational Laboratories Report SAND87-8215B, 1990.30.Riley, M. E., �Unified Model of the rf Plasma Sheath,� Sandia National Laboratories ReportSAND95-0775, 1995.31.Reynolds, W. C., �The Element Potential Method for Chemical Equilibrium Analysis:Implementation in the Interactive Program STANJAN,� Department of Mechanical Engineering,Stanford University Report 1986.32.Deuflhard, P., �A Modified Newton Method for the Solution of Ill-Conditioned Systems ofNonlinear Equations with Application to Multiple Shooting,� Numerical Mathematics 22, 289(1974).33.Hindmarsh, A. C., �LSODE and LSODI, Two New Initial Value Differential Equation Solvers,�ACM SIGNUM Newsletter 15, 4 (1980).34.Stewart, W. E. and S¿rensen, J. P., �Sensitivity and Regression of Multicomponent Reactor Models,�Dechema 4th International / 6th European Symposium on Chemical Reactor Engineering, Frankfurt,1976.

9935.Brown, R. A., Scriven, L. E. and Silliman, W. J., in Nonlinear Problems in Dynamics (P. Holmes,Ed.), SIAM, Philadelphia, 1980, Vol. p. 289.36.Saito, H. and Scriven, L. E., �Study of Coating Flow by the Finite Element Method,� Journal ofComputational Physics 42, 53 (1981).37.Miller, J. A., Branch, M. C., McLean, W. J., Chandler, D. W., Smooke, M. D. and Kee, R. J., �TheConversion of HCN to NO and N2 in H2-O2-HCN-Ar Flames at Low Pressure,� The CombustionInstitute Twentieth Symposium (International) on Combustion, Pittsburgh, PA, 1985.38.Dongarra, J. J., Moler, C. B., Bunch, J. R. and Stewart, G. W., LINPACK User�s Guide (Society ofIndustrial and Applied Mathematics, Philadelphia, 1979).39.Grcar, J. F., �The Change Tool for Change Programs and Scripts,� Sandia National LaboratoriesReport SAND92-8225, 1992.40.Motz, H. and Wise, H., Journal of Chemical Physics 31, 1893 (1960).

100APPENDIX A. Example Script for Running CHEMKIN, SURFACE CHEMKIN, andAURORA# ! / b i n / s h # t o e x e c u t e : s h a u r o r a . s h m y r u n & # n q s b a t c h m o d e : q s u b - q q u e u e n a m e - l t t i m e ( s e c o n d s ) a u r o r a . s h s h 1 > $ { 1 } . l o g 2 > & 1 < < E N D S H # s h e l l r u n o u t p u t i s " m y r u n . l o g " s e t - x c a t < < E O F > m a k e f i l e # * * * * * c o m p i l e r > c r a y # F F L A G S = # L I N K = s e g l d r - f z e r o s - o # M A C H = c m a c h . o # * * * * * E N D c o m p i l e r > c r a y # * * * * * c o m p i l e r > s u n # F F L A G S = - O 2 # L I N K = f 7 7 - o # M A C H = d m a c h . o # * * * * * E N D c o m p i l e r > s u n # * * * * * c o m p i l e r > s g i R 3 0 0 0 # F F L A G S = - O 2 - m i p s 1 # L I N K = f 7 7 - o # M A C H = d m a c h . o # * * * * * E N D c o m p i l e r > s g i R 3 0 0 0 # * * * * * c o m p i l e r > s g i R 4 X 0 0 F F L A G S = - m i p s 2 - O L I N K = f 7 7 - o M A C H = d m a c h . o # * * * * * E N D c o m p i l e r > s g i R 4 X 0 0 # * * * * * c o m p i l e r > i b m r s c 6 0 0 0 # F F L A G S = - O 2 # L I N K = x l f - o # M A C H = d m a c h . o # * * * * * E N D c o m p i l e r > i b m r s c 6 0 0 0 # * * * * * c o m p i l e r > a l p h a # F F L A G S = - O 2 # L I N K = f 7 7 - o # M A C H = a m a c h . o # * * * * * E N D c o m p i l e r > a l p h a # * * * * * c o m p i l e r > H P # F F L A G S = - O # L I N K = f 7 7 - o # M A C H = d m a c h . o # * * * * * E N D c o m p i l e r > H P S O U R C E S = c k i n t e r p . f c k l i b . f a u r o r a . f e q l i b . f s t a n l i b . f m a t h . f \ x d l i n p k . f s u r d r i v . f t w o p n t . f s k i n t e r p . f s k l i b . f s h e a t h 2 . f L I B S = e q l i b . o s k l i b . o c k l i b . o t w o p n t . o m a t h . o s t a n l i b . o s h e a t h 2 . o E X E C U T A B L E S = c k i n t e r p s k i n t e r p a u r o r a I N P U T = t h e r m . d a t c h e m . i n p s u r f . i n p a u r . i n p O U T P U T = c h e m . b i n c h e m . o u t s u r f . b i n s u r f . o u t s a v e . d a t r e c o v . d a t a u r . o u t

101c k i n t e r p : c k i n t e r p . o $ ( L I N K ) c k i n t e r p c k i n t e r p . o s k i n t e r p : s k i n t e r p . o c k l i b . o $ ( L I N K ) s k i n t e r p s k i n t e r p . o c k l i b . o c k l i b . o : c k l i b . f c k s t r t . h s k l i b . o : s k l i b . f s k s t r t . h a u r o r a : s u r d r i v . o a u r o r a . o x d l i n p k . o $ ( L I B S ) $ ( L I N K ) a u r o r a s u r d r i v . o a u r o r a . o x d l i n p k . o $ ( L I B S ) E O F # # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # C o m p i l e a n d l i n k e x e c u t a b l e s # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # t o u c h m a k e f i l e m a k e c k i n t e r p m a k e s k i n t e r p m a k e a u r o r a m a k e e p o s t # # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # R u n g a s - p h a s e C h e m k i n i n t e r p r e t e r # t h e i n p u t f i l e i s ’ c h e m . i n p ’ # t h e o u t p u t f i l e i s ’ c h e m . o u t ’ # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # c k i n t e r p # # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # R u n S u r f a c e C h e m k i n i n t e r p r e t e r # t h e i n p u t f i l e i s ’ s u r f . i n p ’ # t h e o u t p u t f i l e i s ’ s u r f . o u t ’ # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # s k i n t e r p # # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # R u n a u r o r a # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # r m a u r . o u t s a v e . d a t r e c o v . d a t ; a u r o r a < a u r . i n p > a u r . o u t E N D S H

102INITIAL DISTRIBUTIONUNLIMITED RELEASE