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SUR-036-1

SURFACE CHEMKIN: A SOFTWARE PACKAGE FOR THE ANALYSIS OF
HETEROGENEOUS CHEMICAL KINETICS AT A
SOLID-SURFACE — GAS-PHASE INTERFACE

ABSTRACT

SURFACE CHEMKIN is a software package that, together with CHEMKIN, facilitates the formation,
solution, and interpretation of problems involving heterogeneous and gas-phase chemical kinetics in the
presence of a solid surface. The package consists of two major software components: an Interpreter and a
Surface Subroutine Library. The Interpreter is a program that reads a symbolic description of a user-
specified chemical reaction mechanism. One output from the Interpreter is a data file that forms a link to
the Surface Subroutine Library, which is a collection of about seventy modular FORTRAN. THESE
subroutines may be called from a CHEMKIN Application program to return information on chemical
production rates and thermodynamic properties. SURFACE CHEMKIN allows treatment of multi-fluid
plasma systems, which includes, for example, modeling the reactions of highly energetic ionic species
with a surface. Optional rate expressions allow reaction rates to depend upon ion energy rather than a
single thermodynamic temperature. In addition, subroutines treat temperature as an array, allowing an
Application to define a different temperature for each species. SURFACE CHEMKIN allows use of real
(non-integer) stoichiometric coefficients and an arbitrary reaction order with respect to species
concentrations can also be specified independent of the reaction's stoichiometric coefficients. Several
different reaction mechanisms can be specified in the Interpreter input file through the construct of

multiple materials.
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Pre-exponential factor in sticking coefficient expression
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Coefficients to fits of thermodynamic data

Standard state specific Helmholtz free energy for the Kt species
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Standard state Helmholtz free energy for the kh species
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Standard state specific heat at constant pressure of the K species
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Activation energy in the rate constant of the i reaction
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Energy threshold in ion-energy-dependent reactions

Energy threshold in reaction yield expression

Exponential constant in ion-energy-dependent reactions

th reaction

Forward reaction-order specified for the K species in i
Exponential constant in ion-energy-dependent reactions
Standard state specific Gibbs free energy for the K species
Bulk growth rate

Standard state Gibbs free energy for the K species

Specific enthalpy of the kh

species
Multiplicative factor in reaction yield expression
Enthalpy of formation

Standard state enthalpy of the kth species
Enthalpy of the kth species

Reaction index

Total number of reactions

* By default, SURFACE CHEMKIN uses activation energies in calories instead of ergs.

Units

none

none

depends on m
ergs/g

cm?
ergs/mole
depends on reaction
none
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ergs/ (g K)
ergs/ (mole K)
cm?/sec

g/ (cm-sec)
[cal/mole]*
[cal/mole]*
[cal/mole]*
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ergs/mole
cm/ sec
ergs/mole
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depends on reaction
ergs/mole
ergs/mole

ergs/mole
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Species index

Forward rate constant of the i reaction
Reverse rate constant of the i reaction
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Total number of bulk species
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Reverse reaction-order specified for he K species in i
Production rate of the k' species from surface reactions
Standard state specific entropy of the kth species
Standard state entropy of the kth species

Time

Temperature

Ambient temperature

Electron temperature

Exponential constant in reaction yield expression
Convective velocity, Stefan flow velocity

Specific internal energy of the K species

Exponential constant in reaction yield expression
Internal energy of the K species
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Volume
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fof Parameter in mechanism
5 Temperature exponent in the rate constant of the i reaction none
ry Standard-state density for surface phase n moles/cm?
M Site density for surface phase n moles/cm?
M Production rate for surface phase n moles/ (cmZsec)
Mot Site density summed over all surface phases moles/cm?2
Yi Sticking coefficient for the i surface reaction none
Thermal conductivity erg/(cm K sec)
0 Mass density g/cm?3
Ok Mass density of the k" bulk species g/cm3
Ui Stoichiometric coefficient of species K in reaction i, Uy = Uy — Uy
Uki Stoichiometric coefficient of the k™ reactant species in the i reaction
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Ei Coverage parameter [cal/mole K]
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o} Dependent variable in an Application program
v Yield enhancement factor (ion-energy-yield reaction) none
Xk Chemical symbol of the kh species
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1. INTRODUCTION

Heterogeneous reaction at the interface between a solid surface and adjacent gas is central to many
chemical processes. The development of the software package SURFACE CHEMKIN was motivated by the
need to understand the complex surface chemistry in chemical vapor deposition systems. However, the
approach and implementation are general, to allow use in such diverse applications as chemical vapor
deposition, chemical etching, combustion of solids, and catalytic processes, and a wide range of chemical
systems. The SURFACE CHEMKIN software provides a powerful capability to help model, understand,

and optimize important industrial and research chemical processes.

The SURFACE CHEMKIN software is designed to work in conjunction with the CHEMKIN software, which
handles the chemical kinetics and thermodynamic properties in the gas phase. It may also be used in
conjunction with the TRANSPORT Property package, which provides information about molecular
diffusion. Thus, these three packages provide a foundation on which a user can build application
software to analyze gas-phase and heterogeneous chemistry in flowing systems. In addition, the
CHEMKIN Collection includes several Applications that incorporate the SURFACE CHEMKIN capabilities

for modeling common reactor geometries.

The SURFACE CHEMKIN software package includes an Interpreter (pre-processor) and a subroutine
library. These software tools help a user to work efficiently with large systems of chemical reactions and
develop software representations of systems of equations that define a particular problem. A general
discussion of this structured approach for simulating chemically reacting flow can be found in Kee and
Miller. 2

1.1  Structure and Use of SURFACE CHEMKIN

Using the SURFACE CHEMKIN package is analogous to using the CHEMKIN package, i&d the SURFACE
CHEMKIN package can only be used after the CHEMKIN Interpreter has been executed.t Therefore, it is
necessary to be familiar with CHEMKIN before the SURFACE CHEMKIN package can be used effectively.
The CHEMKIN interpreter introduces the chemical elements that are used in either the gas-phase reaction
mechanism or the surface-reaction mechanism. Gas-phase species (which can appear in surface reactions)
are also introduced with the CHEMKIN Interpreter. Thus, if a gas-phase species appears in the surface-
reaction mechanism but not in the gas-phase mechanism, the user must identify this species in the input
to the CHEMKIN Interpreter.

t Caution: This version of SURFACE CHEMKIN will not work with the earlier CHEMKINS or CHEMKIN-IT4 packages.
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Like CHEMKIN, the SURFACE CHEMKIN package is composed of two software pieces:

* the Surface Interpreter

* the Surface Subroutine Library

To apply SURFACE CHEMKIN to a problem, the user must execute a CHEMKIN Application program that
describes the particular set of governing equations. Alternatively, the user may write their own
application. To aid in the application programming effort, the application can call CHEMKIN and
SURFACE CHEMKIN subroutines that define the terms in the equations relating to equation of state,
chemical production rates, and thermodynamics, and then combine the results to define the problem. The

subroutines in the Library may be called from FORTRAN or C.

After running the CHEMKIN Interpreter, the user runs the SURFACE CHEMKIN Interpreter, which first
reads the user's symbolic description of the surface-reaction mechanism and then extracts from a
Thermodynamic Database the appropriate thermodynamic information for the species involved.
CHEMKIN and the SURFACE CHEMKIN can share a common database. The database has essentially the
same format as that used by the NASA complex chemical equilibrium code of Gordon and McBride,?
with details provided in Section 5.4. The output of the SURFACE CHEMKIN Interpreter is the Surface
Linking File, which contains all the pertinent information on the elements, species, and reactions in the
surface reaction mechanism. Information on gas-phase species comes from the CHEMKIN Linking File,

and thus is duplicated in the two linking files.

The Surface Linking File is read by an initialization routine in the Surface Subroutine Library that is called
from the CHEMKIN Application. The purpose of the initialization is to create three data arrays (one
integer, one floating point, and one character data type) for use internally by the other subroutines in the

Surface Subroutine Library.

The Surface Subroutine Library has approximately seventy subroutines that return information on
elements, species, reactions, thermodynamic properties, and chemical production rates. Generally, the
input to these routines will be the state of gas and the surface—pressure, temperature, and species
composition. The species composition is specified in terms of gas-phase mole fractions, surface site
fractions, and bulk-phase activities; surface site densities are also input to complete the specification of the

state of the surface.

14



1.2 Example of Using the SURFACE CHEMKIN Utility

We illustrate the use of SURFACE CHEMKIN by a simple example involving deposition of silicon. The
surface-reaction mechanism is shown in Fig. 1 as it appears for the input file to the Surface Interpreter.
The first two lines identify a site type called “SILICON” that has a site density of 1.66 x 1072 moles/cm?.
Only one species, SI(S), exists on this site type. The bulk material is identified as SI(B), and it has a mass
density of 2.33 g/ cm3. This is a very simple example that has only one site type occupied by only one
species and only one pure bulk material. In general, however, an input file could specify many different
site types, each of which could be occupied by a variety of species. Furthermore, there could be several
bulk-phase mixtures that could each be composed of several species. Examples of all these possibilities

are given later in the manual.

The reaction mechanism itself is listed next. The symbol => in each reaction expression indicates that all
the reactions are irreversible. The three numbers following each reaction expression are its Arrhenius rate

parameters (pre-exponential factor, temperature exponent, and activation energy).

All of the reactions in the mechanism have the same form: a gas-phase species reacting on a silicon site.
The reaction of silane at the surface is illustrated in Fig. 2. Each silicon-containing gas-phase species can
react on an atomic surface site, SI(S), to deposit a silicon atom as SI(B) and release hydrogen back into the
gas phase. We have included SI(S) as both a reactant and a product to indicate that a “site” must be
available at which the gas-phase species can react. In the example, however, the surface silicon SI(S) is
distinguished from the bulk deposit SI(B) by virtue of its position as the top-most atom at the surface.

Therefore, each time a SI(S) is consumed by a reaction the bulk layer becomes one atom thicker

15



SI TE/ SI LI CON'  SDEN 1. 66E- 09
SI(S)
BULK SI (B) /2. 33/

REACTI ONS
SIH4 + SI(S) =>SI(S) + SI(B) + 2H2 1. O5E17 0.5 40000
SI2H6 +2SI(S) =>2SI(S) + 2SI (B) + 3H2 4. 55E26 0.5 40000
SIH2 + SI(S) =>SI(S) + SI(B) + H2 3.9933E11 0.5 0
SI2H2 +2SI(S) => 2SI(S) + 2SI (B) + H2 1.7299E20 0.5 0
2SI 2H3 +4SI(S) => 4SI(S) + 4SI(B) + 3H2 6.2219E37 0.5 0
H2SI SIH2 +2SI(S) => 2SI(S) + 2SI(B) + 2H2 1.7007E20 0.5 0
2SI 2H5 +4SI(S)=> 4SI(S) + 4SI(B) + 5H2 6.1186E37 0.5 0
2SIH3 +2SI(S) => 2SI(S) + 2SI (B) + 3H2 2.3659E20 0.5 0
2SIH +2S1(S) => 2SI(S) + 2SI(B) + H2 2.4465E20 0.5 0
SI + SI(S) => SI(S) + SI(B) 4.1341E11 0.5 0
H3SI SIH +2SI(S) => 2SI(S) + 2SI(B) + 2H2 1.7007E20 0.5 0
SI2 +2SI(S) => 2SI(S) + 2SI (B) 1.7607E20 0.5 0
SI3 +3SI(S) => 3SI(S) + 3SI(B) 8.6586E28 0.5 0
END

Figure 1. Sample Reaction Mechanism as Read by the SURFACE CHEMKIN

Interpreter
SiH, + Si(s) --> 2H, + Si(b) + Si(s)
Figure 2.  Illustration of Gas-Phase Silane Reacting at a Surface to Deposit a Silicon

Atom and Release Two Hydrogen Molecules into the Gas Phase
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and the silicon atom that just left the gas now forms the top-most surface layer, ie., SI(S). For this
mechanism, the SI(S) could have been just as well left out of the mechanism entirely. However, if other
gas-phase species had been present (say phosphine carrying phosphorus as a dopant), these species could
compete for the available silicon sites on the surface. Thus, by writing the reactions as we have, we have

left open the possibility for other species to occupy surface sites and thus inhibit the deposition of silicon.

As an example of the full use of SURFACE CHEMKIN, assume that an application program needs to
evaluate a boundary condition concerning the energy balance at a surface of an isothermal particle. The

energy balance would take the following form (with the surface normal N pointing into the particle):

K KN
ﬁ[ﬁ—ADT+zg:ka67k+U)hk =a£('|'4—T04)+ R té)vakhk )
k=1 k=K st)

The dependent variables in this expression are the temperature T, gas-phase mass fractions Yy and
convective velocity U. The surface site fractions and the bulk-species activities are also dependent
variables, but do not appear explicitly in the expression. The first term in this equation describes thermal
conduction to the surface from the gas phase. The thermal conductivity A would be evaluated by a call to
the TRANSPORT Library, and the temperature gradient could be evaluated by finite differences. The
second term concerns the diffusive and convective flux of energy by gas-phase species at the surface. The
mass density p and the gas-phase enthalpies hy, would be evaluated by calls to the CHEMKIN Library.
The gas-phase species diffusion velocities V| would be evaluated in terms of diffusion coefficients that
are obtained from the TRANSPORT Package and finite difference approximations to the species gradients.

The first term on the right-hand side concerns the thermal radiation to or from the surface.

We now concentrate on the final term, which concerns the energy generated or consumed from surface
reaction. The summation is over all surface and bulk species, and the factors in the summation are the
production rate of surface and bulk species by surface reaction, §, the species molecular weights, W,
and the enthalpies of the surface and bulk species, hy. The FORTRAN representation of this term begins

with Surface Library subroutine calls (the output variables are underlined to help distinguish them):

CALL SKI NI T(LSIWK, LSRWK, LSCWK, LINKSK, LQUT, |SKWRK, RSKWRK, CSKWRK, |FLAG
CALL SKWI( | SKWRK, RSKWRK, WI)

CALL SKHWM5(T, | SKWRK, RSKWRK, HVB)

CALL SKRAT(P, T, ACT, SDEN, |SKWRK, RSKWRK, SDOT, Sl TDOT)

The complete details for these calls are explained in later chapters of this document, the object here being
to illustrate the relative simplicity of a SURFACE CHEMKIN application. Briefly, the first call is to the
initialization subroutine SKINIT, which reads the Surface Linking File created by the Surface Interpreter
and creates the three work arrays. LSIWK, LSRWK, and LSCWK are the dimensions provided by the user
for the data arrays ISKWRK, RSKWRK, and CSKWRK. LINKSK is the logical file number of the Surface
Linking File, LOUT is the logical file number for printed diagnostic and error messages, and IFLAG is an
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integer error flag. In the remaining calls, P and T are the pressure and temperature. The array ACT
contains the gas-phase mole fractions, the surface site fractions, and the bulk species activities. The output
variable arrays, HMS and SDOT, correspond to the factors in the summation, i.e., HMS = hy, and SDOT =

.

The FORTRAN representation of the summation in the last term, given by combining the results of the

above subroutine calls, is simply

SUMEO. 0
DO 100 K=FI RST_SURFACE_SPECI ES, LAST_BULK_SPECI ES
SUM = SUM + SDOT( K) *WI( K) * HVB( K)
100  CONTI NUE

The species indices FIRST_SURFACE_SPECIES and LAST_BULK_SPECIES are also available from a call
to the Surface Library, which Chapters 7 and 8 explain in detail.

1.3 Organization of this Manual

Chapter 2 introduces the formalism developed to describe surface chemistry behavior. Unlike the case of
gas-phase chemistry, where much software has been written to analyze mass-action kinetics and
chemically reacting flow, elementary heterogeneous reactions are seldom treated with the generality
provided in this package. For the treatment in SURFACE CHEMKIN we first had to define a systematic
convention to translate heterogeneous reaction ideas into a form that was amenable to efficient

computation.

In the spirit of CHEMKIN, Chapter 3 is a compendium of some important equations in heterogeneous
chemical kinetics. Many of the equations are simply definitions; but, in any case, derivations are either
sketchy or not given. Although some readers will find the equations quite familiar, we find it useful to
have them stated concisely in one document. For most equations, the package contains a subroutine that,
when given the variables on the right-hand side, returns the variable on the left. Below some of the
equation numbers is stated (in brackets) the name of the subroutine that provides information about that

equation.

Using CHEMKIN and SURFACE CHEMKIN (and possibly the TRANSPORT Package) requires the
manipulation of many programs and files. Chapter 4 explains the mechanics of using these software

packages and describes the job-control logic for running a typical problem.

Chapter 5 explains the SURFACE CHEMKIN Interpreter and how to set up the required symbolic input to

define a reaction mechanism. We have allowed the possibility of including multiple site types, multiple
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mixtures of bulk species, and multiple materials. Each site type and bulk mixture may contain several
species. Therefore, the data structures needed to refer to the phases and the species can be complex.
Chapter 6 provides detailed information on the computational data structures that we use to refer to

phases and species in each phase.

Chapters 7 and 8 describe the Surface Subroutine Library, Chapter 7 being composed of short
descriptions for quick reference and Chapter 8 (an alphabetical listing) explaining the input and output in
the call sequence. To demonstrate SURFACE CHEMKIN explicitly, Chapter 9 goes through a sample

problem in detail.

Appendix A defines the storage allocation of the three data arrays that are created from the Linking File.
With this information, it is possible for a user to create new subroutines for the library to suit a specialized

need that was not anticipated in the current version of the Library.
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2. DEVELOPMENT OF SURFACE FORMULATION

In this chapter we discuss the mathematical formalism developed to describe surface kinetics for events
such as adsorption, desorption, surface reactions, and deposition. This formalism is essentially a set of
rules for keeping track of surface species concentrations, conservation of mass and surface sites, mass-

action kinetics, and rates (such as deposition or etching rates).

For this discussion we define three types of species: gas-phase, surface, and bulk. The first is a species in
the gas phase above the surface, which might be denoted in a reaction by “(g)”. A surface species,
perhaps denoted by “ (ﬁ)", is defined to be the chemical species on the top-most layer of the solid, i.e., at
the solid-gas interface.” Each surface species occupies one or more “sites;” the total number of sites is
often assumed to be conserved. Any species in the solid below the surface layer is defined to be a “bulk”
species and might be denoted by “(b)”. In writing elementary reactions for a surface mechanism in a

kinetic model, mass, elemental composition, and charge must all be conserved.

There can be more than one type of site on the surface. For example, one could specify that a surface
consists of “ledge” sites and “plane” sites. The number of sites of each type might be a characteristic of
the crystal face. In our formalism there can be any number of site types. One may define a species that
only resides on a certain type of site. For example, the thermodynamic properties of a hydrogen atom on a
ledge site might be different from a hydrogen on a plane site, and they could be specified as different
species (even though their elemental composition is the same). The population of different species
occupying a given type of site is specified by site fractions. The sum of the site fractions of the species on a

given site is 1. (Thus an “open site" is considered as a distinct species.)

In the bulk there can be different types of bulk species. The simplest consists of a pure species. There can
be any number of pure bulk species. It is also possible to specify a bulk mixture with components A and
B. The composition of the bulk phase may be input by the user by specifying the activities of each of the

bulk-phase components.

The activity of a bulk species is defined in terms of the following equation for the chemical potential:
#e(T. P, X)= e (T)+ RT In(ay (T, P, X)) @

where % is the standard state chemical potential of species k at temperature T and at the standard
pressure, 1 atm. The vector X represents an array of the mole fractions of the species. Two conventions

are normally used to complete the specification of the activity coefficient:

* In actuality there is no constraint that the surface must be only one atom thick. However, defining a “surface” that
is several monolayers thick may be conceptually much more difficult to deal with.
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1. If the standard state is defined as a pure bulk phase of k at temperature T and 1 atm, then ay is
further defined to approach X, as X approaches 1 at 1 atm (Raoult's Law).

2. If the standard state is defined as the hypothetical state of species k in infinite dilution in bulk-
phase species j at temperature T and 1 atm, then &yis further defined to approach Xy as Xy
approaches 0 at 1 atm (Henry's Law).

Both conventions for the standard state work with SURFACE CHEMKIN, as do any other definitions that
conform to the formalism expressed by Eq. (2) for . uQ(T) is specified through the entry for species k in
the thermodynamics data file. The value of ak(T, P, X) is required as input to all SURFACE CHEMKIN
subroutines that calculate bulk phase thermodynamic quantities and reaction rates. Therefore, if desired,
users can construct their own subroutines to calculate ay (T, P, X), possibly incorporating models for non-
ideality of the bulk phase, and can have the consequences properly incorporated into the surface kinetics
mechanism. Although the activities of all components of an ideal solution must sum to 1, this condition is
not enforced in SURFACE CHEMKIN. (It is, however, enforced in many of the CHEMKIN Applications that
employ SURFACE CHEMKIN.)

Since SURFACE CHEMKIN allows for a number of different types of species (gas species, any number of
types of surface sites, species residing on surface sites, pure bulk species, bulk mixtures, and species
present in a bulk mixture), it is necessary to be able to keep track of them. We use the notion of different
physical “phases” to group the chemical species in a problem. Our nomenclature corresponds to that of
Eriksson, © which has been extended to account for surface sites. The order in which we discuss the
phases is the order in which SURFACE CHEMKIN groups them.

Phase number 1 is the gas phase. Information about species in the gas phase is passed to SURFACE
CHEMKIN from the gas-phase CHEMKIN interpreter. The mole fractions of the gas-phase species

correspond to species activities, mentioned below.

We consider every type of surface site to be a distinct “phase.” If there are Ng types of sites specified,
then phases 2 through Ng+1 are these sites. The user can specify the names of chemical species that exist
only on a given site type. The site fractions of all species that can exist on a given type of site (phase) sum

to 1. The surface species site fractions also correspond to activities.

The next type of phase is a bulk mixture. If a given problem has N, different types of bulk mixtures, then
these are considered to be phases Ng+2 through Ng+ Np+1. The user specifies the names of the species
that can exist in a given bulk mixture. The amounts of these species are determined indirectly by their
activities, which the user supplies. A limiting case is a pure bulk species, which is treated as a bulk
mixture with only one chemical species, whose activity is unity if the chemical potential does not depend

on pressure.
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We now consider in more detail how to write chemical reactions involving surface and bulk species. A
chemical species on the top layer of the solid, i.e., a surface species, occupies a site. For example, an arsine
molecule adsorbed on a surface could occupy a site, and might be denoted AsH3(s). Another example
might be a bare gallium atom, Ga(s), on top of a gallium arsenide crystal. What happens if another
species, say a gas-phase AsH3, lands on top of the Ga(s) (see Fig. 3)? In this case the gallium atom that
was at the surface is covered up, so it is no longer a surface species. In our nomenclature it has become a
bulk species. The adsorbed AsH3 now occupies the top-most layer at this site, so it has become the surface

species AsH3(s). In our formalism, we would write the adsorption reaction in Fig. 3 as

AsH3(g) + Ga(s) — AsH3(s) + Ga(b). 3)

In this reaction, the number of sites included on the left-hand side of the reaction equals the number on

the right-hand side; the reaction conserves sites.

Suppose that we had wanted to describe the reverse reaction, i.e., desorption of AsHj3 from the surface.

We would then write the reaction as

AsH3(s) + Ga(b) — AsH3(g) + Ga(s). 4)

Here, Ga(b) is included as a reactant in order to achieve site and elemental balance. We denote the

formalism described in reactions (3) and (4) as the Atomic Site Formalism.

An alternate way of posing the above example is to look at the situation on the left side of Fig. 3 not as
having a surface gallium atom on a site, but to say that this is really an “open” site at which some event

may take place (see Fig. 4). We would write the reaction of Fig. 4 as

O(s) + AsH3(g) ~ AsH3(s), ©)

where the symbol O(s) was used to denote an open site. Since O(s) contains no elements (it is empty), this
reaction conserves both sites and elements. We denote the formalism described in reaction (5) as the Open

Site Formalism.

The Atomic Site and Open Site Formalisms are equally valid ways of stating these surface reactions.
Either is allowed by the SURFACE CHEMKIN Interpreter. Personal preference or, perhaps, the nature of a
particular problem might dictate one over the other. Note that an “open” site must be considered as a

species.
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What are the thermochemical implications of reactions such as (3) and (5)? In the Atomic Site Formalism,
the interpretation is straightforward. In reaction (3) we have converted AsHz(g) and Ga(s) into AsHz(s)
and Ga(b). Thus, the change in a thermochemical property, e.g., AH,,, is just the difference in the heats of
formation of the products and the reactants. What about in the Open Site Formalism? What are the
properties of O(s), the open site? Because these two formalisms describe an identical physical event, it is
evident the properties of the open site must be related to those of Ga(b) and Ga(s). For example, the heat

of formation of this open site is just

AH ¢ (O(9)) = AH ¢ (Ga(s)) - AH ¢ (Ga(b)). (6)
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3. CHEMICAL RATE AND THERMODYNAMIC EXPRESSIONS

This chapter lists expressions and equations that are useful in formulating chemically reacting flow

problems. For many expressions and equations the subroutine that evaluates it is named.

Species can exist in the gas phase, on surface sites, or in bulk mixtures. In some cases it is desirable to
refer to information about species without regard to the phases, and in other cases it is desirable to
determine information about species in one particular phase or group of phases. Therefore, before
beginning to discuss our formalism in terms of mathematical expressions, we introduce a nomenclature

that facilitates manipulating species information.

Information about a species (say a thermodynamic property) is presumed to be available in ordered
arrays beginning with the first gas-phase species, continuing through the surface species, and ending with
the last bulk species. In the expressions and equations below we presume that there are K species, and we
use the index k to refer to a specific species. There are Ky gas-phase species, which, by convention, are
always the first entries in the species arrays. The index of the first gas-phase species is Ké ( Ké =1 by our
convention) and the last gas-phase species index is Kg (KB =Kg). Thus, the gas-phase species indices
are Ké <ks Klg. In a similar way surface species indices are in the range st <ks KIS and bulk species
are in the range be <ks Ké . The surface species may be arranged on any number of sites, and the bulk
species may exist in any number of bulk mixtures. Furthermore, situations can occur in which there are no
surface species and/or no bulk species.

”

As discussed in Chapter 2, the species are grouped in “phases.” The first is the gas phase, whose index
n=1. The next Ng phases (if they are present) are the surface sites, whose phase indices are bounded by
N sf <nsN 'S The final Ny, phases are the bulk mixtures, whose indices are bounded by Nbf <ns< Né. In
each phaseN there are Kpnae(n) species, and those species have indices in the range

K phase() K < K phage()

3.1 Concentration Units

In a later section we discuss mass-action kinetics, where the rate of progress of reactions depends on
molar concentrations either in the gas phase or on surface sites and activities in the bulk phases. However,
for the purposes of formulating and solving the conservation equations that describe physical situations,
it is often more natural to use gas-phase mass fractions and surface site fractions as dependent variables.
Therefore, it is important to establish the rules for converting between the different ways to describe the

composition of the gas and the surface.
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For the gas-phase species the molar concentrations [Xk] (in moles/cm?) are written as
[X] =Yio /W k=kg...k!) 7
= Yo W, § Ky )

where the Yj are the mass fractions, p is the gas-phase mass density, and the Wy are the molecular

weights.

On the surface sites we can describe the composition in terms of an array of surface species site fractions
Z, . This array is of length Kg. It is composed of Ngsubunits of the site fractions of each of the species on

a given site (phase) n. The site fractions on each site are normalized:

Kg(n)
> Zy(n)=1. (n

k=K{ ()

The sum in Eq. (8) runs from the first species in phase n to the last species in phase n. The surface molar

concentration of a species is then
[Xi] = Ze T /o (n), ©)

where [, is the density of sites of phase n (in moles/cm?) and oy (n) is the number of sites that each

species k occupies. For the sake of parallelism, we adopt the nomenclature for bulk species:
X =a k=K .k 10
kl =k K=Ky, Kp (10)

It is almost never a good approximation that bulk species form an ideal solution. Therefore, the concept of
an activity (and the standard state to which it refers) must be introduced at the outset. In the limiting case

of an ideal solution, the activity of a species is equal to its mole fraction.

SURFACE CHEMKIN takes the approach that the activity, ay, of bulk species k is used in all chemical rate
expressions. Moreover, SURFACE CHEMKIN does not explicitly evaluate the relationship between bulk
mole fraction and the bulk activities. Instead, it is up to the Application program to specify the

relationship between the two.
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3.2 Surface Site Non-conservation

It is possible that a given surface reaction (or reactions) will not conserve the number of surface sites. In
that case the density of sites I, is not necessarily a constant. Therefore, one must take care in using an
equality such as Eq. (9) when relating a site fraction and a surface molar concentration, that is, to ensure
that the current (correct) value of I,(t) is used. It may be necessary to add equations to calculate the
current value of the total site concentration of each surface phase. Because surface site non-conservation is
an issue that can alter the basic governing equations of the system, we require that one acknowledge its
use by adding a keyword on the REACTION line (discussed later). It is up to the user's application
program to ensure that the current site concentrations are correct. Subroutines that return an array of
species production rates also return an array of surface phase production rates, which would all be zero if

sites are conserved in every elementary reaction.

3.3 Species Temperature Array

In many modeling applications, at each point in space there is a single (scalar) thermodynamic
temperature. However, in models for multi-fluid plasma systems (for example) one might solve a
separate energy equation for each gas-phase species or for groups of species. Subroutines in the
CHEMKIN and SURFACE CHEMKIN Libraries consider temperature to be an array. The number of entries
in the temperature array can be any number between 1 and the total number of gas-phase species. The

example below illustrates how the temperature array may be defined and used in an Application.

DI MENSI ON T( 3) , HVL( KKTOT) , KTFL( KKGAS) , KI ON( KKGAS) ,

& | SKWRK( *) , RSKVIRK( *)
C
C MAKE THE DEFAULT TEMPERATURE FOR ALL
C GAS-PHASE SPECI ES TEMPERATURE NUMBER 1

DO 100 K = 1, KKGAS
KTFL(K) = 1

100  CONTI NUE

GET THE SPECI ES NUMBER OF THE ELECTRON,
THE NUVBER OF POSITIVE I ONS | N THE MECHANI SM
AND THEI R SPECI ES NUMBERS

CALL SKKION (I SKMRK, KELECT, KKION, KION)

MAKE THE ELECTRON S TEMPERATURE NUMBER 2
| F (KELECT. NE. 0) KTFL(KELECT) = 2

OO0 00O 0000

MAKE THE TEMPERATURE FOR ALL | ONS NUMBER 3
DO 200 K = 1, KKION

KTFL(KI ON(K)) = 3

200  CONTI NUE

C

C PUT THESE TEMPERATURE PO NTERS | NTO THE SURFACE CHEMKI N WORK SPACE
CALL SKKTFL (I SKWRK, KTFL)

C

C GET ARRAY OF SPECI ES ENTHALPI ES

CALL SKHML (T, |SKWRK, RSKWRK, HM.)
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The array KTFL tells SURFACE CHEMKIN which entry in the temperature array to use for each gas-phase
each species; the Library always uses temperature number 1 for surface or bulk-phase species. In this
example, the default for (neutral) gas-phase species is to use temperature number 1 in the temperature
array. A separate energy equation may have been solved for the electron, and so for that species the
example specifies that temperature number 2 in the temperature array is to be used. The energies of all of
the ions may have been solved as a group by some other equation, and the example forces SURFACE
CHEMKIN to use the third temperature in the temperature array for each ionic species. The fcall to
SKKTEFL tells the Library how to associate each species with the appropriate entry in the temperature
array via the array KTFL.

The default in SURFACE CHEMKIN is a single thermodynamic temperature. If this is the case, an
application program does not have to do anything with the KTFL array, and its entries are automatically
set to 1; loop 100 in the above example is not strictly needed, but was included for clarity. It is up to the
application to decide whether to treat the temperature as an array or not. The call list for SKHML above,
for example, looks just the same whether T is a scalar or an array. Thus, the form of the subroutine
Library call lists (at least as far as temperature is concerned) is generally backwards compatible with
previous versions of SURFACE CHEMKIN.

3.4 Standard-State Thermodynamic Properties

SURFACE CHEMKIN presumes that the standard-state thermodynamic properties for all species

(regardless of phase) are given in terms of polynomial fits to the specific heats at constant pressure:

(o]

M
P = S, TMD), (11)
R m=1

For the gas-phase species the superscript 0 refers to the standard state of an ideal gas at 1 atm. For perfect
gases that we consider, however, the heat capacities are independent of pressure; the actual values equal

the standard-state values.

For surface species the standard state of species Kk refers to the case of a chemical potential for a surface of
pure species K (i.e., Z, — 1) with a fixed standard state site density ;. Moreover, a perfect solution (i.e.,
non-interacting) is assumed for the surface phase, which is independent of the system pressure. Under

these assumptions the chemical potential for surface species k on surface site n may be written as

w(T.P.2)= () +RTInlr 2, 173) (12
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The standard state assumed by SURFACE CHEMKIN for bulk-phase species is discussed in the previous
chapter.

Other thermodynamic properties are given in terms of integrals of the specific heats. First, the standard-

state enthalpy is given by

.
HR = [ Cp.dT. (13)

so that

HR _ % a7 (MY L amk
RT m T

: (14)

m=1

where the constant of integration ay 43R is the standard heat of formation at 0 K. Normally, however,
this constant is evaluated from knowledge of the standard heat of formation at 298 K since the polynomial

representations are usually not valid down to 0 K.

The standard-state entropy is written as

o_ (T Cgk
S=fer (15)
so that
0 M (m-1)
T
%:alklnT+ > n(km_l) +ap 2,k (16)
m=2

where the constant of integration ay 4+, xR is evaluated from knowledge of the standard-state entropy at
298 K.

The above equations are stated for an arbitrary-order (Mth order) polynomial, but SURFACE CHEMKIN is
designed to work with thermodynamic data in the form used in the NASA chemical equilibrium code. °
In this case, seven coefficients are needed for each of two temperature ranges. These fits take the

following form:
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(]

(17)

Pk _ 2 3 4
R T At AT +agT T Hag T +ag T [SKCPOR]
H_E:alk+aLkT +ﬁT2+%T3+ﬂT4+ﬂ (18)
RT 2 3 4 5 T [SKHORT]
0
i:alkh']T +a2kT +ETZ+%T3+ET4+a7k (19)
R 2 3 4 [SKSOR]

Other thermodynamic properties are easily given in terms of C3, H®, S°. The internal energy U is given

as

Ui =HQ -RT, (20)
[SKUML]

the standard-state Gibbs free energy G° is written as

Gk =Hi - TS, (21)
[SKGML]

and the standard-state Helmholtz free energy A° is defined to be

0 _yo_TO. (22)
A=V [SKAML]

For a perfect gas, the standard-state specific heats, enthalpies, and internal energies are also the actual

values. Therefore, we drop the superscript 0 on those quantities.

Often, specific thermodynamic properties are needed in mass units (per gram) rather than in molar units
(per mole). The conversion is made by dividing the property in molar units by the molecular weight. The

specific properties are thus given as

_ b (23)
KW [SKCPMS]
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Z|%

Ug =

Z|E

«Q

o

1

2|2
~~ |[~o

Z|x

(24)
[SKHMS]

(25)
[SKSMS]

(26)
[SKUMS]

(27)
[SKGMS]

(28)
[SKAMS]

In addition to pure species properties, it is sometimes desirable to know mean properties for a mixture.

The Gas-phase CHEMKIN user's manual discusses this topic for gas-phase mixtures, and CHEMKIN

provides subroutines to return mixture-average properties. At present, however, SURFACE CHEMKIN

does not provide subroutines to return mixture-averaged properties for surface- or bulk-phase species.

Thus, knowing the pure-species properties, the user must compute any averaged properties required in

an application.
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3.5 Chemical Reaction Rate Expressions

The | reversible (or irreversible) surface reactions involve K chemical species and can be represented in

the general form

K K
S uiixk = 2ukixk (=1..1) (29)
k=1 k=1

The stoichiometric coefficients for elementary reactions v are integers” and Yy is the chemical symbol
for the kth species. Usually, an elementary reaction involves only three or four species; hence the vy;

matrix is quite sparse for a large set of reactions.

The net production rate § (in moles/cm?2 /sec) for each of the K species (regardless of phase) is the sum

of the rate of production for all reactions involving the kth species:

I
_ O =1.. (30)
Sk E_Uqul (k :L ’K)’ [SKRAT]
where
v = (Vi ~via ) (31)
[SKNU]

The rate-of-progress variable ¢ for the ith reaction is given by the difference of the forward rates and the

reverse rates:

K K
- =K+ Y — K, Ui, 62
G =k, Dl[xk] f Dl[xk] [SKROP]

It is not a requirement that the number of sites of type n balance in a given reaction. The production rate

[, (in moles/cm?2/sec) for each surface phase is

“ Global reactions are sometimes stated with non-integer stoichiometric coefficients. SURFACE CHEMKIN

can accommodate non-integer stoichiometric coefficients.
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M= I Ao(n,i)g, (n = st ey le) (33)

i=1
where
K
Ao(ni)= > uyor(n). (34)
k=K{ (n)

The term Aog(n,i) is the net change in number of surface sites of type n for surface reaction i. As discussed
above, the form of the concentrations [Xk] depends upon whether species K is in the gas phase, on the
surface, or in the bulk. Furthermore, the units of the rate constants will depend on the reactants and

products in a particular reaction.

The forward rate constants k¢ for the | reactions are (by default) assumed to have the following

Arrhenius temperature dependence:

k; =ATA exp(_—E'J (35)
' ReT [SKABE, SKRAEX]

where thﬁ pre-exponential factor A, the temperature exponent (5, and the activation energy E; are
specified.” These three parameters are required input to the SURFACE CHEMKIN package for each
reaction. There are a number of ways in which the rate expression for a reaction can be altered, which are

summarized as separate sections in this chapter.

For reversible reactions, the reverse rate constants k;, are related to the forward rate constants through the

equilibrium constants as

(The user can over-ride the use of Eq. (36) by explicitly declaring Arrhenius coefficients for the reverse
reaction in the Interpreter input via the auxiliary keyword REV, explained in Chapter 5. An Application
program can call Library routine SKIREV to find out if reverse coefficients were input for a given reaction

and their values.)

“Two gas constants, Rand R are used throughout this manual and the SURFACE CHEMKIN software. R is used only
in conjunction with the activation energy E; and has compatible units. The reason for the duality is that many users
would rather use different units (say calories/mole) for the activation energies even though other units (say cgs or
SI) are used elsewhere.
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Although K, is given in concentration units, the equilibrium constants are more easily determined from

the thermodynamic properties in pressure units, Ky, they are related by

K§(n)

Kg
ZUki NI ki Kl(n)
P 2 s o s o (37)
K :[ atmjk_l (rO Ks () Ukuk'K : SKE
G \RT nl;l ; : szrj(n) P [SKEQ]

where Py, denotes a pressure of 1 atm, and I is the standard-state surface site density of site type n.
The sum in the first exponent runs only over the gas-phase species, and the sum in the second exponent
runs only over surface species in surface phase n. The equilibrium constant K, is obtained from the

standard-state Gibbs free energy of reaction,

—oxp A _AHD
Kp —exp[ R =T J (38)

The A refers to the change that occurs in passing completely from reactants to products in the ith reaction.

More specifically,
A _ S, &
=Y = (39)
R &S R
AHP & HR
=) Uy 40
RT I;::l ki RT (40)

3.6  Non-Integer Stoichiometric Coefficients

Previous versions of CHEMKIN and SURFACE CHEMKIN allowed only integer stoichiometric coefficients.
This was based upon the reasonable assumption that kinetic mechanisms would deal with elementary
chemical reactions, for which it makes little sense to talk about a fraction of a molecule participating as a
product or reactant. However, in many real-world applications the elementary reactions are not known.
Instead, the kinetics may only be summarized in terms of global expressions. In response to user requests,
CHEMKIN and SURFACE CHEMKIN allow use of non-integer stoichiometric coefficients. Examples of

reactions with such non-integer coefficients are:

H(s) - 0.5H,(g) (41
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C,Hg « 0.72C,H 4 +0.56H +0.28CH,, +0.28CH.,. (42)

The rate-of-progress of a reaction is, by default, still evaluated via Eq. (32), with the coefficients v} and
Uy defined as real numbers instead of integers. The CHEMKIN and SURFACE CHEMKIN Interpreters
automatically allow real coefficients for reactions without requiring any special flags or keywords. An
Application can call subroutine SKIRNU to find out which reactions were declared to the Interpreter with

real coefficients, and get arrays of the coefficients.

3.7  Arbitrary Reaction Order

As just stated, by default the rate-of-progress of a reaction is evaluated by Eq. (32), which uses the
concentration of each reactant or product species raised to the power of its stoichiometric coefficient.
Thus, the rate-of-progress of a reaction that includes species A with a coefficient of 2 will be second-order
with respect to the concentration of A. Equation (32) would always be valid when mass-action kinetics are

obeyed, and the mechanism is written in terms of elementary reactions.

However, often in real-world applications the elementary kinetics are not known. In some cases, an
experimental measurement finds that the rate of reaction is proportional to the concentration of a species
raised to a some arbitrary power (different from its stoichiometric coefficient). CHEMKIN and SURFACE
CHEMKIN allow the user to declare that the rate-of-progress of a reaction is proportional to the
concentration of any species (regardless of whether that species even appears as a reactant or a product in
the reaction) raised to any specified power. To modify the reaction order for the reaction in the forward or
reverse direction, the user must declare the FORD or RORD auxiliary keywords, respectively, in the
Interpreter input file. (These keywords are discussed in Chapter 5.) An application program can call
subroutine SKIORD to find out which reactions were declared to the Interpreter with modified reaction

orders, and get arrays of the species numbers and associated orders.

When the reaction-order-dependence of reaction i is changed via the FORD or RORD keywords, the rate-

of-progress variable g for the reaction is evaluated by:

K Fid K R
g =k [ =R Ixd (43)
k=1 k=1

where Ry is the reaction order specified through the FORD keyword and Ry is the reaction order
specified through the RORD keyword for species k. The default for species participating in reaction i is

the normal mass-action kinetics values:

Fi = Ui (44)

Rd = Ui (45)
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if an order-change parameter is not given for species k.

The user is advised to exercise caution when specifying a change of reaction order. Such a change may
produce unexpected and unphysical results in a kinetic simulation. The user should also consider the
kinetics of the reverse reaction when changing reaction-orders for the forward reaction. For example, such

a reaction may no longer satisfy microscopic reversibility. At equilibrium, elementary kinetics ensure that

K , K . K , "
i =[]0 1[I = 5. o
k=1 k=1 k=1

A reaction for which one has specified a change in reaction order will not have the proper equilibrium

behavior unless
Fi —Rdi =V — g, (k=1...K). (47)

The user specifying F; may also wish to adjust R such that Eq. (47) is satisfied; SURFACE CHEMKIN
does not do this automatically. Another alternative would be to simply specify that the reaction is

irreversible, in which case the details of the reverse reaction become irrelevant.

3.8 Surface-Coverage Modification of Rate Expression

In some cases there are experimental data that indicate the Arrhenius expression for the rate constant, Eq.
(35), is modified by the coverage (concentration) of some surface species. SURFACE CHEMKIN allows
optional coverage parameters to be specified for species k and reaction i. through use of the auxiliary

keyword COV, described later. In this case, the rate constant for the forward reaction is modified as

K )
s lze ()] Ui — & [Zk(n)])
I ST10”" kM[Z, (m)]H« exp(— , (48)

. (-E
ki = ATA expl —-
i =A eXP(RT)

where the three coverage parameters are 7, Uy, and & for species k and reaction i. The product in Eq.
(48) runs over only those surface species that are specified as contributing to the coverage modification.
Note that the surface site fractions appear in Eq. (48) rather than molar concentrations [Xk] (moles/cm?)
for surface species. The term associated with f4; now makes it possible for the rate of progress of a
reaction to be proportional to any arbitrary power of a surface species concentration. Also, using this

modified expression for Ky, , the net pre-exponential factor may be a function of coverage
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| {ng]
Ks Ns)
logig A=logyg A + i }Zk (m), (49)
k=k NS
S S

and the activation energy is a function of the coverage

KL(NL)
E=E+ Y &lZ(n)] (50)
k=kd (Nd

For reactions with optional coverage dependence, the rate or progress is calculated employing Eq. (32),

with the forward rate coefficient from Eq. (48). The reverse rate constant is calculated via Eq. (36).

If the form of Eq. (48) is not flexible enough to describe a certain coverage behavior, one can repeat the
same reaction several times with different values for the coverage parameters such that the sum of the

rate constants approximates the desired form.

3.9 lon-Energy Dependent Rate Expression

In many examples of materials processing, ions interact with surfaces to alter the morphology, sputter
material, or enhance heterogeneous chemical reactions. lons are often accelerated through a plasma
sheath near grounded or electrically biased materials. In this way, the directed energy of ions
encountering a surface may be significantly greater than the ion temperature in the plasma gas. SURFACE
CHEMKIN therefore makes the provision for a reaction-rate constant to depend upon the energy of a

positive ionic reactant species, Ejyy, . The functional form allowed is as follows

ion ~ Sion,0

ki(Eion)=ki(thermal)l]nax{O,(Efi Ef )g‘}. (51)

The reaction rate depends upon a threshold energy, Ejyno, and the energy expressions can be raised to a
specified power in two different ways through the use of the parameters f; and g;. lon-energy
dependent reactions are declared in the Interpreter input via the auxiliary keyword ENRGDEP. An
Application program can find out which reactions were declared as ion-energy-dependent reactions and
get an array of the parameters by a call to SKIENR. Because the subroutines that evaluate rate constants in

SURFACE CHEMKIN take temperature as an argument, and not species energy, subroutine SKRPAR must
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be called to input an array of ion energies, ENRGI before the rate constant routine is called. Use of the

ENRGDEP keyword is only allowed for irreversible reactions.

3.10 Sticking Coefficients

For some simple surface reaction mechanisms we have found it convenient to specify the surface reaction
rate constant in terms of a “sticking coefficient” (probability).” For example, one might have a
measurement or intuition about the probability that a certain process takes place when a given collision
occurs. For consistency in expressing each surface reaction in terms of a rate constant, we provide a
conversion between this sticking coefficient form and the usual rate expression. We allow the sticking
coefficient form only for the simple case of a surface reaction in which there is exactly one gas-phase

reactant species, although there can be any number of surface species specified as reactants.

The sticking coefficients functional form is taken to be

yi = minll aThe™ /RCTl (52)

In this case, g andly are unitless and ¢; has units compatible with R.. SURFACE CHEMKIN also allows

for surface-coverage modification of a sticking coefficient, analogous to Eq. (48).

We give three successively complex examples of using sticking coefficients. First, to specify that SiHp(g)

reacts with probability y; upon each collision with the surface, one could write the reaction

SiHy(g) — Si(b) + Hp. (53)

In this example, we have not explicitly included the surface in writing Eq. (53).

A somewhat more detailed way of using the sticking-coefficient specification would be to say that SiHp(g)

reacts with probability J; upon each collision with a bare surface silicon atom, Si(s):

SiHp(g) + Si(s) — Si(s) + Si(b) + Hp. (54)

* CAUTION: Because ) is defined as a probability, it must lie between 0 and 1 to make physical sense. Therefore,
SURFACE CHEMKIN checks the value of y, and an unphysical sticking coefficient greater than 1 is changed to the value
1. Some earlier versions of SURFACE CHEMKIN did not truncate the values at 1.
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If the surface site fraction of Si(s) were unity, then a fraction y; of the collisions of SiHp with the surface
would result in a reaction. However, for Si(s) coverages less than 1, the reaction rate decreases in

proportion with the coverage of Si(s).

In a third (contrived) example, suppose there is a probability ); for a reaction to occur when SiHy collides

with both a Si(s) and a C(s) reaction such as

SiHo(g) + Si(s) + C(s) — Si(b) + SiH(s) + CH(s) (55)

The rate of this reaction would be proportional to both the coverage of Si(s) and C(s).

To convert rate constants given as sticking coefficients ); to the usual mass-action kinetic rate constants

there is the relation”

where Ris the universal gas constant, W is the molecular weight of the gas-phase species, Iy is the total
surface site concentration summed over all surface phases (number of moles of surface sites per unit
area), and mis the sum of all the stoichiometric coefficients of reactants that are surface species. The term
involving Iy raised to the m power is needed to convert from the unitless sticking coefficient form to
units appropriate for a rate constant, and the term in the square root accounts for the gas/surface collision
frequency. In the third example given above, Eq. (55), the value of mis 2, because there are two surface
sites appearing as reactants, i.e., Si(s) and C(s). The product term in Eq. (56) is the product of the site-
species occupancies, raised to a power equal to the reaction order for that species, for all site species that
are reactants. Here, O

j
order for that species. The product term will be equal to one when there are unity site occupancies for all

is the number of sites that the surface species occupies, and v; is the reaction
of the surface species in the reaction.

Implicit in the sticking coefficient description just presented is an assumption that the sticking coefficient
is relatively small, i.e., much less than one. In this case the molecular motion in the vicinity of the solid
surface is random and the collision frequency of gas-phase species with the surface is not affected by the
surface itself. However, when the sticking coefficient is large, i.e.,, close to one, then the velocity
distribution becomes skewed. Species whose random motion carries them close to the surface have a high

probability of staying there, which causes a non-Maxwellian velocity distribution that, in turn, alters the

* Early versions of SURFACE CHEMKIN always applied Eq. (57). Later versions allow optional use of Eq. (56) to relate
the sticking coefficient to rate constants through use of the keyword MWOFF on the REACTION line (described
later).
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net species flux near the surface. Motz and Wise” analyzed this situation and provided a correction factor
that modified Eq. (56) as

(57)

e
" =[ Y szl RT

1=4i12) (M )" V270N, '

Goodwin and Gavillet 8 have incorporated this effect in their analysis of chemical vapor deposition of

diamond films.
The rate of progress is calculated using Eq. (32), as usual. The sticking coefficient specification is only

allowed for the forward reaction. If the reaction is written as reversible, the reverse reaction rate constant

would be calculated from Egs. (57) and (36) using microscopic reversibility.

3.11 Bohm Rate Expression for lonic Reactions

The rate constant for a reaction involving a positive ion can be modified by applying a Bohm velocity

correction, as follows

-G I R.T ]=1 RTE' (58)

K¢ gopm =T e
e I (rtot)m VVion

In the expression in Eq. (58), the unitless pre-exponential, temperature exponent term, and activation
energy correspond to the parameters in a sticking coefficient, explained above. However, the Bohm
velocity expression (the term in the square root i Eq. (58)) is based on the electron temperature, instead
of an equilibrium thermodynamic temperature.” The molecular weight in the last term is that of the
positive ion. Bohm reactions can be declared through the Interpreter input via the auxiliary keyword
BOHM. An Application program can find out which reactions were declared as Bohm reactions by a call
to SKIBHM. Use of the BOHM keyword is only allowed for irreversible reactions.

3.12 lon-Enhanced Reaction Yield

* Thus, the electron must be declared as a gas-phase species in the list of species names in the CHEMKIN interpreter
input.
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In modeling plasma systems, one sometimes encounters reactions where the energy of the incident ion
determines the number of surface species etched. Such surface reactions in SURFACE CHEMKIN can be

modeled using a “yield enhancement” factor to account for the variable stoichiometry.

Imagine the case in which a positive ion, |(g),hits a surface and knocks off a variable number (/) of
surface species, S(S). For each surface species S(S) destroyed, the example reaction produces two gas-
phase products, P(g) and leaves behind some other surface species, O(s); another gas species Q(g), is
produced by the reaction, but its stoichiometric coefficient is not dependent upon the number of surface

species etched.
1(g)+ysls) - w2P(g) +0(s)+ Qo). (59)

The coefficient ¢ is essentially a variable stoichiometric coefficient, which depends upon the energy of the

positive ionic reactant.

A reaction written like Equation (59) is required to satisfy mass, charge, and elemental balance (as is every
reaction in a SURFACE CHEMKIN mechanism). For this always to be the case, the “sub-reaction”

Ss) - 2P(g)+0ls) (60)

consisting of all of the species in the original reaction which are multiplied by the coefficient ¢ must also
satisfy mass, charge, and elemental balance. In addition, unless the NONCON keyword was declared on

the REACTION line (described later), the sub-reaction must also conserve the number of surface sites.

An example of a reaction using the ion-enhanced yield option in the form accepted by the SURFACE
CHEMKIN Interpreter is

E + CL+ + #SICL3(S) + #SI(B) + SICL(S) => SICL2(S) + #SICL2 + #SICL(S). (61)

The specieal character # identifies the energy-dependent multiplicative factor for the stoichiometric
coefficient. Notice that the sub-reaction consisting of every species preceded by the # sign balances mass,
elements, charge, and number of surface sites. The “yield” of this reaction (per incident CL+ ion) depends

upon the energy of the ion, Eq.(62) below.

We allow the following functional form for the yield enhancement
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#(Eion) = Nyigd max{o, (Eitim - |53ieqd,o)ui } (62)

The ion-enhanced yield can depend upon a threshold energy, Eyjqq0, and the energy expressions can be
raised to a specified power in two different ways through the use of the parameters t; and u;. lon-
enhanced-yield reactions can be declared through the Interpreter input via the auxiliary keyword YIELD.
An Application program can find out which reactions were declared as ion-enhanced-yield reactions and
get an array of the parameters via a call to SKIYLD. Because the subroutines that evaluate rate constants
in SURFACE CHEMKIN take temperature as an argument, and not species energy, subroutine SKRPAR
must be called to input an array of ion energies, ENRGI, before the rate constant routine is called. Use of

the YIELD keyword is only allowed for irreversible reactions.

3.13 Manipulation of Chemical Rate Sensitivity Coefficients

We have found sensitivity analysis to be a powerful tool in helping interpret the results of computational
simulations. Sensitivity analysis is used to determine quantitatively the dependence of a solution on
certain parameters that appear in a model's definition. The “raw” first-order sensitivity coefficient
matrices §j =dP|/da; report the partial derivatives of the dependent variable vector @ (e.g.,
temperature, mass fractions, surface composition) with respect to a parameter vector a; (e.g., reaction
rate constants). Since there is much mathematical literature on sensitivity analysis and various methods to

compute the sensitivity coefficients from the solution, we do not discuss the computation of §; here.

However, given the sensitivity matrix it is possible to manipulate it further to obtain the sensitivities of

species production rates with respect to the dependent variables:

& _ A 5 A o] oo (63)
da; da; 4 o[x|] ov; da;’

where the components of @ are the mass fractions, site fractions, and activities for gas-phase, surface, and

bulk species, respectively. The term ﬁ[X| ] /3P| converts from concentration units to the units of @:

YV2 7 2
P W _¥W Kl <<l
RT \M \NIZ ¢} g

L
) (64)
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We have included two subroutines in the Surface Library to facilitate calculation of these terms. The first
gives the partial derivative of the production ratEI of species k with respect to the pre-exponential constant

of the Arrhenius expression for surface reaction i*:

35 —u
—- = UG /a;- (65)
Z / [SKDRDA]

The production rate of species k due to reaction i is

S =Uki G- (66)

Therefore, the dependence of §; upon the concentration of some species | is

Bi _, | Ui [ok(n))) Hi _ &
o]~ {m*[—rn J{”"'”“")*m RCTH
oo Ui [okn) )] Hi _ &

Ui Gi {m"'( r J{Hnln(loﬁm RCTH

(67)

The terms inside the curled braces will only be present if species | modifies the rate of reaction i through
coverage parameters, as in Eq. (48). The partial of the production rate of species k due to all reactions with

respect to the concentration of species | is then

P =IZ K (68)
%]~ &alx] [SKDRDC]

These terms can all be combined to calculate the desired 5 /da; in the Application program.

* Note that subroutine SKDRDA calculates the derivative with respect to the Arrhenius pre-exponential if the
reaction was originally stated in standard Arrhenius form, or with respect to the sticking coefficient pre-exponential
if a sticking coefficient was used.
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3.14 Flux-Matching Conditions at a Gas-Surface Interface

Heterogeneous reactions at a gas-surface interface affect the mass and energy balance at the interface, and
thus have an important influence on the boundary conditions in a chemically reacting flow simulation.
The convective and diffusive mass fluxes of gas-phase species at the surface are balanced by the

production (or depletion) rates of gas-phase species by surface reactions. This relationship is
oYV +0))= -5 (k=1...K,) (69)

where N is the unit inward-pointing normal vector to the surface, and the gas-phase diffusion velocities

are related to the species and temperature gradients by

K T
_ g
V= >wW;Dg0x; - 2& 21 fk=1,..,Ky) (70)

Here the X are the gas-phase mole fractions, the Y| are the gas-phase mass fractions, W is the mean
molecular weight, Dy is the ordinary multicomponent diffusion coefficient matrix, and the Dy are the
thermal diffusion coefficients. (Both types of diffusion coefficients can be evaluated by calls to the
TRANSPORT Package) In nonreacting fluid mechanics the fluid velocity normal to a solid wall is zero.
However, if there are chemical reactions at the wall, then the velocity can be nonzero. This so-called
Stefan flow velocity occurs when there is a net mass flux between the surface and the gas. The induced

Stefan velocity is given by

Al=-=3 §W,. (71)

The expression for the Stefan velocity is easily obtained from the interfacial mass balance (Eq. 69) by

summing over all K species and noting that the mass fractions must sum to one, i.e.,

> V=1, (72)

and that the sum of the diffusion fluxes must be zero, i.e.,
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Kg
ZYka =0. (73)
k=1
Exothermicity (or endothermicity) of surface reactions contributes to the energy balance at an interface.
Diffusive and convective fluxes in the gas phase are balanced by thermal radiative and chemical heat

release at the surface. This balance is stated as

g L g KRlh)
n —ADT|gas+szk6/k+U)hk =U£(T ~T¢ )+ f %th-ﬁmbu|kDleu|k- (74)
k=1 k=Kg |Ng

The summation on the right-hand side runs over all surface and bulk species. It is interesting to note that
by substituting Eq. (69) into the flux term on the left-hand side, the energy balance can be written in a

more compact form as

K
— _ 4 4 . —
-n DRI]T|gaS = Js(T -T5 )+ klekwkhk = Do O - (75)

Now the reaction-rate summation on the left-hand side runs over all species, including the gas-phase

species.

The SURFACE CHEMKIN package allows the user to specify mass densities oy for the bulk species. A
possible use for the densities would be to convert surface reaction rate of production of a bulk species (in

moles/cm?2/sec) into a growth rate G (in cm/sec). The needed relationship is

K N'l’) S W

T Pk
k=Kp Nb)

G= (76)
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4. THE MECHANICS OF USING SURFACE CHEMKIN

SURFACE CHEMKIN is one component of a large body of software designed to facilitate the computational
modeling of chemical kinetics in flowing systems. An application program (for example a Chemical

Vapor Deposition analysis model) can draw on any of three major software packages:

* CHEMKIN, which handles gas-phase equation-of-state, thermodynamic properties, and chemical
kinetics;

*  TRANSPORT, which handles gas-phase molecular transport properties; and

*  SURFACE CHEMKIN, which handles surface thermodynamics and chemical kinetics.

Each package consists of a symbolic preprocessor called an Interpreter, a database of either
thermodynamic or transport properties, and a library of subroutines that can be called from the

Application program.

The software is highly structured and modular, which provides great flexibility in applying it to a wide
variety of problems. However, this modularity also compels the user to manipulate a number of
programs and files. The flow of information from the first input to the CHEMKIN Interpreter to the

inclusion of a library subroutine in an application program is shown in Fig. 5.

We presume that all problems involving surface chemistry also involve one or more gas-phase species
above the surface. Therefore, the first step in any problem involving surface chemistry is to run the
CHEMKIN Interpreter, which reads the user's description of the gas-phase reaction mechanism. The
CHEMKIN Interpreter also draws on a Thermodynamic Database containing polynomial fits to individual
species specific heats, enthalpies, and entropies. In addition to printed output, the CHEMKIN Interpreter
creates a Linking File containing all possible information regarding the particular gas-phase reaction
mechanism. The Linking File is read by an initialization subroutine in the Gas-Phase Subroutine Library

that makes the information available to all the other subroutines in the library.

The next step is to execute the SURFACE CHEMKIN Interpreter, which reads the user's symbolic
description of the surface-reaction mechanism. Required thermodynamic data can come from the same
Thermodynamic Database used by CHEMKIN or from a separate Thermodynamic Database compiled for
surface species. Both Interpreters provide the capability to add to or override the data in the database by
user input in the reaction description. The SURFACE CHEMKIN Interpreter extracts all needed information
about gas-phase species from the CHEMKIN Linking File. (Thus the CHEMKIN Interpreter must be
executed before the SURFACE CHEMKIN Interpreter.) Like the CHEMKIN Interpreter, the SURFACE
CHEMKIN Interpreter also provides a printed output and a Linking File. Again, the Surface Linking File is
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read by an initialization subroutine in the Surface Subroutine Library that makes the surface-reaction

mechanism information available to all other subroutines in the Library.

Gas Phase Chemistry

Gas-Phase Thermodynamic
Chemistry Data

p| CHEMKIN | q——

Interpreter
Transport Surface Processes
Transport CHEMKIN Surface
Data Link File Reactions
TRANSPORT | p  SURFACE CHEMKIN
Fitting Program Interpreter
h 4
TRANSPORT SURFACE
Link File Link File
v v v
TRANSPORT CHEMKIN SURFACE
Library Library Library

APPLICATION Input Text Output

Figure 5. Relationships and Flow of Information between the CHEMKIN,
TRANSPORT, and SURFACE CHEMKIN Packages, and an Application
Program

A third software package, which handles gas-phase molecular transport, may or may not be needed in a
particular application. If it is used, the TRANSPORT Property Fitting Program reads the CHEMKIN Linking
File and identifies all the gas-phase species that are present in the gas-phase reaction mechanism. Then,
drawing on a database of molecular parameters, it computes polynomial fits to the temperature-
dependent pure-species viscosities, thermal conductivities, and binary diffusion coefficients. As with the
other packages it provides a Linking File that is read by an initialization subroutine in the TRANSPORT
Property Subroutine Library. Subroutines from this library may be called by the Application program to

return transport properties for individual species or for multicomponent gas mixtures.
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It is clear from the foregoing description that using these software packages requires the interaction of
many programs and the manipulation of many input and output files. Therefore, while the modular
structure of the software provides a powerful capability to formulate a wide variety of applications,
writing a new application also requires that users be reasonably familiar with their computers' operating
systems and compilers. It may also be noted from the flow chart of Fig. 5 that the three utility software
packages do not solve any problems---they simply make subroutines available to aid formulation of a
problem for the CHEMKIN Application. This structure provides maximum flexibility because the software
does not need to be concerned with details of the limitless range of problems that a user may wish to pose

and solve.

The schematic diagram in Fig. 6 shows how an application program might interact with the low-level
chemical kinetics and transport software packages. The boxes with the light borders indicate those blocks
of software that are relegated to subroutine calls to one of the utility packages, and the boxes with the
heavy borders indicate those blocks of software that must be included in a particular application. We
show the problem-independent mathematical software as a box with a light border to indicate that many
problems can be solved with readily available, high-quality mathematical software. Certainly this is true
for problems that can be formulated as systems of nonlinear algebraic equations or ordinary-differential-

equation initial-value or boundary-value problems.
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Figure 6.
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5. USING THE SURFACE CHEMKIN INTERPRETER

The SURFACE CHEMKIN Interpreter is used to read a symbolic description of a surface-reaction
mechanism (from the FORTRAN'S standard input) and numerical information about a gas-phase
mechanism (from the file chem.asc), and create a Linking File (surf.asc) of pertinent information about
the surface mechanism and the species it involves. The information in the SURFACE CHEMKIN Linking
File is subsequently accessed by various subroutines in the SURFACE CHEMKIN Library to provide
information on thermodynamic properties and chemical production rates. Output from the interpreter is
written to FORTRAN's standard output unit.

The Surface Interpreter input includes information on surface sites (phases), surface species, bulk phases,
bulk species, thermodynamic data, and the reaction mechanism. Interpreter input information is given in
80-column format. An optional material name is read first, followed by site data, then by bulk data;
optional thermodynamic data may follow, and optional reaction data are specified last. Such sets of
information can be repeated for any number of different materials. The thermodynamic data for the
species may come from the interpreter input file and/or from a Thermodynamic Database (therm.dat).

The syntax for the four types of input is described below.

With the exception of the thermodynamic data, all input is format free. For the thermodynamic data, we
have chosen to use the same format as in the NASA Chemical Equilibrium code of Gordon and McBride®
and Gas-phase CHEMKIN.

5.1 Material Declaration

Entirely different surface reaction mechanisms (i.e., with different surface and bulk phases and species,
and different surface reactions) can be specified in the same SURFACE CHEMKIN input file through the
use of multiple materials. At the beginning of each separate portion of the input file corresponding to a
given material, the user gives an input line with the keyword MATERIAL followed by an optional slash-
delimited material name. If no name for the material is supplied, the interpreter substitutes a default
name MATERIALN, where n is the number of the material (e.g.,, MATERIAL2 for the second material
given in an input file). An example of the usage of multiple materials is given at the end of Chapter 6 of

this manual.
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5.2 Site Data

Surface-phase species exist on sites, and a site and its species must be identified on one or more lines of
site data. The first line in a set of site data must start with the word SITE; an optional name may be
associated with a site if it immediately follows SITE and is delimited by slashes(/). If no name for the site
is supplied, the interpreter substitutes the default name SITEn, where n is the number of a site (e.g., SITE2
for the second site type listed). Following SITE and/or the site name, the word SDEN and a slash-
delimited density (the standard-state site density for this site, in moles/ cm?) for the site is required. The
species that can reside on the site type are declared by a list of species symbols (names) on the same line
or on additional lines. The name of a site species must not duplicate the name of a gas-phase species or a

bulk species, and must be unique among the site species.

An optional slash-delimited site occupancy number may follow a species name, i.e., the number of
individual sites that this species occupies. (For example, a large chemical species might cover two or more
sites.) The default site occupancy for a surface species is 1. The sets of SITE data input can continue for as

many site types as are needed.

Any set of up to sixteen upper- or lower-case characters can be used as a site name or species symbol.” In
addition, each species must be composed of elements that have been identified in the CHEMKIN
Interpreter and thus contained in the CHEMKIN Linking File (unit number LINKCK). One of the primary
purposes of the site data is to define the order in which FORTRAN arrays of site species information are

referenced in the Surface Subroutine Library.

Any line starting with or any portion of a line following an exclamation mark (!) is considered a comment
and will be ignored. Blank lines are also ignored. Figure 7 shows sample site data. The rules for site data

are summarized in Table 1.

* Species symbols may not begin with a number, a plus sign (+), a pound sign (#), or an equality sign (=), have
imbedded blanks, or include a slash (/). An ionic species may end with any number of plus or minus signs; an
imbedded plus sign must be enclosed in parentheses.
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SI TE / PLANE / SDEN 1. 04E- 9/ I PLANAR SITE

ASH( V)
ASH2(V) ASH3(V) H(S) CH3(V) AS(V) AS2(V)/2/
Y

END

SITE / LEDGE / SDEN 1. 66E- 10/

I FIRST SPECI ES ON PLANE SI TE

EVMPTY PLANAR SI TE
AN END STATEMENT | S OPTI ONAL
LEDGE SI TE

GACH(L) FI RST SPECI ES ON LEDGE
DM L)/ 2/ THI'S SPECI ES OCCUPI ES 2 SITES
L EMPTY LEDGE SI TE

SI TESDEN 1. OE- 10/ GA(S)

SITE WTH ONLY ONE SPECI ES
SI TE NAVE NOT | NCLUDED

Figure 7. Sample Site Data

Table 1. Summary of the Rules for Site Data

10.

11.
12.
13.

Site data must start with a line containing the word SITE, followed by an optional slash-delimited
name (i.e., SITE/name/).

The standard-state site density is required as a slash-delimited number (in moles/cm?2) following
the word SITE and/ or the site name, and preceded by the word SDEN.

The site density is followed by one or more site species name declarations. Declaring a site with
no site species is an error.

Site and species names are composed of up to sixteen upper- or lower-case character symbols.
The names cannot begin with the characters +, =, #, or a number; an ionic species name may end
with one or more + or - signs; an embedded plus sign must be enclosed in parentheses (+). Names
cannot include a slash (/).

All species names should be unique; duplicate species names will be ignored and a warning
issued. A species name may not duplicate a name of a gas-phase species, another surface species,
or a bulk species.

A site name must not duplicate the name of any other phase (gas, surface site, or bulk phase).

Each surface species that subsequently appears in a surface reaction must have been declared in
this section.

A site species name may appear anywhere on the line.

A site species may have a slash-delimited site occupancy (the number of sites that this species
occupies on the surface) following the species name.

A species name declaration that begins on one line may not continue to the next line (i.e., do not
break a species name into two lines).

There may be more than one set of SITE data.
All characters on a line following an exclamation mark are considered comments.

SITE data are not required.
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5.3 Bulk Data

A set of bulk data may consist of one or more condensed-phase species. The first line in a set of bulk data
must start with the word BULK and may be followed by an optional slash-delimited name for the bulk
phase. If a name is not supplied for bulk phase n, then the name BULKn is supplied by the interpreter.
Bulk species are declared by a list of unique species symbols (names) on the same line or on additional
lines. An optional slash-delimited density (in g/cm3) may follow a species name. If no density is
supplied, the unphysical value of -1.0 is stored as a flag. The rules for bulk species symbols (names) are
essentially the same as those for site species. Figure 8 shows sample bulk data. The rules for bulk data are

summarized in Table II.

Table 2. Summary of the Rules for Bulk Data

1. Bulk data must start with a line containing the word BULK, and may be followed by a slash-
delimited name for the bulk phase (i.e., BULK/name/).

2. The BULK declaration and/or bulk name must be followed by one or more bulk species
declarations. Declaring a bulk phase with no bulk species is an error.

3. Bulk and bulk species names are composed of up to sixteen upper- or lower-case character
symbols. The names cannot begin with the +, =, #, or a number; an ionic species name may end
with one or more + or - signs; an embedded plus sign must be enclosed in parentheses (+). Names
cannot include a slash (/).

4. All species names should be unique; duplicate species names will be ignored and a warning
issued. A species name may not duplicate a name of a gas-phase species, a surface species, or
another bulk species.

5. All phase names must be unique. For example, a bulk phase name may not duplicate the name of
any other phase (gas, surface site, or bulk phase).

6. Each bulk species that subsequently appears in a surface reaction must have been declared in this
section.

7. A bulk species declaration may start anywhere on the line.
8. A bulk species name may be followed by an optional slash-delimited mass density (in g/cm3).

9. A bulk species declaration that begins on one line may not continue to the next line (i.e., do not
break species names into two lines).

10. There may be more than one set of BULK data.
11. All characters on a line following an exclamation mark are considered comments and are ignored.

12. BULK data are not required.
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BULK / GA_RICH/ GA2AS(1)/3.0/ GA3AS(1)/3.0/ END
lan END statenent is optional

BULK / GA_RICH /
GA2AS(1)/3.0/
GA3AS(1)/3.0/
GA2AS(1)/2.0/ ITH'S NAME | S A DUPLI CATE AND W LL BE | GNORED
BULK AS( B) I BULK PHASE W TH NO NAME SUPPLI ED

I'ONLY ONE BULK SPECI ES AND NO DENSI TY SUPPLI ED
END

Figure 8. Sample Bulk Data
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5.4 Thermodynamic Data

Any chemical species that appears in a problem must have thermodynamic data associated with it. This
data is used in evaluation of thermodynamic properties (entropy, enthalpy, heat capacity) and reverse
reaction rate constants through the equilibrium constant. Often thermodynamic data for a species, for
instance a surface species, is unknown. Such data can sometimes be calculated via theoretical techniques.
However, the user can work around the need for actual thermodynamic data for all species with the
following “trick.” If every reaction in the mechanism is either irreversible, or if Arrhenius rate parameters
are given explicitly for the reverse reaction, then the thermodynamic data for species are not actually used
for anything related to the kinetics. In this case, the user can supply “dummy” thermodynamic data for

the surface species to satisfy the Interpreter requirement.

Thermodynamic data may be extracted from a database (therm.dat) and/or read from the interpreter
input file. If all the thermodynamic data are extracted from the database, then no thermodynamic data are
required from the input file. However, if the user wishes to override information in the database or
provide data on species not in the database, then SURFACE CHEMKIN Interpreter thermodynamic input is

needed. In any case the format for the information is the same.

The format (see Table 3) is a minor modification of that used by Gordon and McBride® for the
Thermodynamic Database in the NASA Chemical Equilibrium code. Our modification allows for a
different midpoint temperature for the fits to the properties of each chemical species. We also allow a
species to be composed of a maximum of five elements, not four. However, the formatting is such that the
CHEMKIN Interpreter can use the NASA database directly without any modification.

As Table 3 indicates, the pertinent information includes the species name, the elemental composition of
the species, and the temperature ranges over which the polynomial fits to thermodynamic data are valid.
The fits to Cg / R, H® / RT,and S° / R consist of seven coefficients for each of two temperature ranges (see
Egs. (17-19)). Further information about the fitting procedure and data for many species are in the
CHEMKIN Thermodynamic Database manual.

An alternative input data format allows specification of more than two temperature ranges. Use of this
format is not backwards-compatible with the old NASA format, but does provide more flexibility in
describing the thermodynamic data for complex functions of temperature. This alternative approach is
summarized at the end of Table 3. The alternative lines 7-9 can be used in place of lines 4 - 6.
Lines 7 specifies all of the temperature values that define the temperature intervals. Lines 8-9 are then

repeated for each specified temperature interval, in descending order of temperature ranges.

When thermodynamic data input is required, it must immediately follow species data (SITE and BULK
data). The first thermodynamic data line must start with the word THERMO (or THER). If all the
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thermodynamic data are input directly to the Interpreter, then the first line of this section must read
THERMO ALL and the program will not expect a Thermodynamic Database from unit number
LTHRM; for this option the next line must be line 2 of Table 3. For either option, the subsequent
thermodynamic data lines must be in the format of lines 3 - 6 of Table 3. (For the THERMO option the
default midpoint temperature is taken from the second line of information already in the Thermodynamic
Database.) The THERMO input can include as many species as are needed. Thermodynamic data for any
species that were not declared in the SITE and BULK sections will be ignored.

Figure 9 shows some examples of thermodynamic property input. In these examples for OH, OH+, and
OH-, it is seen from columns 25 - 34 that the elemental composition of each molecule is one O atom and
one H atom. In addition, columns 35 - 39 indicate that two of the species, OH+, and OH-, are ionic since
they contain -1 and +1 electrons (E), respectively. The G in column 45 indicates that all three species are
gaseous. (This phase information is ignored by SURFACE CHEMKIN.) The 1000.00 in columns 66 - 73 for
OH indicates that the common temperature between the high- and low-temperature fits is 1000.00 K. If
columns 66 - 73 are left blank, as they are for OH+ and OH—, then the common temperature is that given
in columns 21 - 31 of line 2 in Table 3, which in this example is in the Thermodynamic Database. An
alternative format is shown for OH if more than two temperature ranges are required. In this case we've
given the molecule a different name, “MyOH”, but the elemental composition is the same as for OH. The
line after the elemental composition contains the TEMP description of minimum, common, and maximum

temperatures, and a set of coefficients for each temperature range, ordered from highest to lowest.

The following cases summarize the possibilities for specifying thermodynamic data.

54.1 CASE1l: ALL THERMODYNAMIC DATA FROM DATABASE ONLY
1. Assign the database as file “therm.dat”

2. No THERMO data required as input.

5.42 CASE2: THERMODYNAMIC DATA FROM DATABASE INPUT:
1. Assign the database as file “therm.dat”

2. Include the following lines in the Interpreter input:

THERMO

Data in Table 3 format (lines 3 - 6 repeated) for species not in the database or to override species in
database.

END (optional)
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543 CASE3: ALL THERMODYNAMIC DATA FROM INPUT
1. Do not need to supply the database.

2. Include the following lines in the Interpreter input:

THERMO ALL
Line 2 of Table 3 format.

Data in Table 3 format (lines 3 - 6 repeated) for at least all species named in the species data.

END (optional)

THERMO

oH 1212860 1H 1 G 0300. 00 5000. 00 1000. 00
0. 02882730E+02 0. 10139743E-02-0. 02276877E-05 0. 02174683E- 09-0. 05126305E- 14
0. 03886888E+05 0. 05595712E+02 0. 03637266E+02 0. 01850910E-02-0. 16761646E- 05
0. 02387202E-07- 0. 08431442E-11 0. 03606781E+05 0. 13588605E+01

O+ 1212860 1H 1E -1 G 0300. 00 5000. 00

0. 02719058E+02 0. 15085714E-02- 0. 05029369E-05 0. 08261951E- 09- 0. 04947452E- 13
0. 15763414E+06 0. 06234536E+02 0. 03326978E+02 0. 13457859E-02-0. 03777167E- 04
0. 04687749E-07- 0. 01780982E- 10 0. 15740294E+06 0. 02744042E+02

OoH 1212860 1H 1E 1 G 0300. 00 5000. 00

0. 02846204E+02 0. 10418347E-02-0. 02416850E- 05 0. 02483215E-09-0. 07775605E- 14
-0.01807280E+06 0.04422712E+02 0. 03390037E+02 0. 07922381E-02-0. 01943429E- 04
0. 02001769E-07- 0. 05702087E- 11- 0. 01830493E+06 0. 12498923E+01

My OH 00 1H 1 0 0G 300.000 5000.000

TEMP  300. 000 1000.000 2500.000 5000.000

. 30563941E+01 0. 89059362E- 03- 0. 20849917E- 06 0. 24115927E-10-0. 10516720E- 14
. 37260112E+04 0. 44780081E+01

. 34298433E+01- 0. 25250392E- 03 0. 80470663E- 06- 0. 33336490E- 09 0. 43425671E- 13
. 37097800E+04 0. 26751302E+01

. 37695923E+01- 0. 59256858E- 03- 0. 21359336E- 06 0. 13644331E- 08- 0. 63575666E- 12
. 35908836E+04 0. 78130486E+00

END

Zoooooo

Figure 9. Examples of Thermodynamic Data Input

o
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Table 3. Summary of the Rules for Thermodynamic Data

Line

Number Contents Format Column

1 THERMO (or THERMO ALLE) Free Any

ZD Temperature ranges for 2 sets of coefficients: lowest 3F10.0 1 to 30
T, common T, and highest T

3 Species name (must start in Column 1) 18A1 1t018
Date (not used) 6A1 19 to 24
Atomic symbols and formula 4(2A1,13) 25 to 44
Phase of S{>ecies (S, L, or G for solid, liquid, or gas, Al 45
respectively)
Low temperature E10.0 46 to 55
High temperature E10.0 56 to 65
Common temperature (if needed, else blank) E8.0 66 to 73
Atomic symbols and formula (if needed, else blank) 2A1,13 74 t0 78
The integer 1 In 80
Atomic symbols and formula (if needed, else blank) 4(2A1,13) 81 to 100

4 Coefficients aj - a5 in Egs. (19) - (21), 5(E15.8) 1t075
for upper temperature interval
The integer 2 11 80

5 Coefficients ag, ay for upper temperature 5(E15.8) 1to75
interval, and a1, ap, and a3 for lower

) 1 80

The integer 3

6 Coefficients a4, a5, ag, a7 4(E15.8) 1to 60
for lower temperature interval
The integer 4 11 80

Repeat lines 3 - 6 for each species.

last END (Optional, end of thermodynamic data.) Free Any

Alternative lines for more than 2 temperature intervals (in place of Lines 4-6 above):

TEMP followed by space-delimited minimum fit
temperature, common temperatures in increasing
order, and maximum fit temperature

Coefficients aj - a5 for a temperature interval

Coefficients ag, a7 for a temperature interval

A4, Free

5(E15.8)
2(E15.8)

a Use only when all the thermodynamic data are to be taken from Interpreter input.

b Include line 2 only with THERMO ALL (it is already in the Thermodynamic Database).

1to 80

1to 75
1to0 30
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5.5 Surface-Reaction Mechanism Description

The surface-reaction mechanism may consist of any number of chemical reactions involving the solid
species named in the site and bulk data, as well as the gas-phase species declared in the gas-phase

CHEMKIN Interpreter. A reaction may be reversible or irreversible.

Reaction data must start with the word REACTIONS (or REAC). On the same line the user may specify
units of the Arrhenius rate coefficients to follow by including the words CAL/MOLE, KCAL/MOLE,
JOULES/MOLE, KJOULES/MOLE, EVOLTS, or KELVINS to indicate the units for all rate parameters
that have energy units, e.g., the activation energy E;j of Eq. (35), an ion energy such as Ejy, or Ejgno of
Eq. (51), or Eyjgqo of Eq. (62)." The special words MOLES or MOLECULES can appear on the
REACTIONS line to indicate the units for Aj (see Eq. (35)). If MOLECULES is specified, then the units
for Aj are cm-molecules-sec-K. If units are not specified, Aj and Ej are assumed to be in cm-mole-sec-K
and cal/mole, respectively. The lines following the REACTION line contain reaction descriptions together
with their Arrhenius rate coefficients. The reaction description is composed of reaction data and perhaps

optional auxiliary information data.

The Interpreter normally considers any reaction that does not conserve the number of surface sites in each
surface phase to be in error. If the user wishes to include such reactions (which may be perfectly valid),
the word NONCON must appear on the REACTION line.

If the user does not wish to include the Motz-Wise” correction in the conversion between a sticking
coefficient and a rate constant, i.e,, Eq. (57), the user has two choices. The keyword MWOFF can be
included on the REACTION line to turn off this correction for all reactions that are specified as sticking-
coefficient reactions, or MWOFF can be used as an auxiliary keyword following an individual reaction to
turn off the Motz-Wise correction for that reaction only. Conversely, if the MWOFF parameter was given
on the REACTION line, the user can include the MWON auxiliary keyword following an individual

reaction, specifying that the Motz-Wise correction is to be used for that reaction only.

* Even if the default energy units are changed by giving one of these keywords, the temperature appearing in the
Arrhenius expression of Eq. (35) , i.e., in T raised to the S power and in the denominator of the activation energy
term, is still in Kelvins.

59



55.1 SURFACE REACTION DATA

Each reaction “line” is divided into two fields, where a “line” may take up two or more physical lines if it
is more than 80 characters long. A reaction data line is continued on the next line using the special
character “&”; any information following the & symbol on the same line is ignored. The first field in the
reaction line contains the symbolic description of the reaction, which the second contains the Arrhenius
rate coefficients. Both fields are format free, and blank spaces are ignored. All characters on a line

following an exclamation mark (!) are considered comments and are ignored. Blank lines are also ignored.

The reaction description, given in the first field, must be composed of the species symbols, coefficients,

and delimiters as summarized below.

Symbols: Each species name in a reaction is described with a unique sequence of
characters as they appear in the species data and the thermodynamic
data.

Coefficients: A species symbol may be preceded by a positive integer or real

coefficient. This coefficient is interpreted as the number of moles of the
particular species present as either a reactant or a product; e.g., 20H is
equivalent to OH + OH. (The “#” symbol is used to mark stoichiometric
coefficients that are additionally multiplied by a “YIELD” coefficient.
This is explained later.)
Delimiters:

+ A plus sign is the delimiter between all reactant species names and
between all product species names.

= An equality sign is the delimiter between the last reactant and the first
product in a reversible reaction.

<=> An equality sign enclosed by angle brackets can also be used as the

delimiter between the last reactant and the first product in a reversible
reaction.

=> An equality sign with an angle bracket on the right is the delimiter
between the last reactant and the first product in an irreversible reaction.

The second field of the reaction line is used to define the Arrhenius rate coefficients A, S, and E; in that
order, as given by Eq. (35). At least one blank space must separate the last species name in the reaction
and first number. The three numbers must be separated by at least one blank space, be stated in either
integer, floating point, or E format (e.g., 123 or 123.0 or 12.3E1), and have units associated with them
(although the units do not appear on the input line). Unless modified by the REACTION line, the default
units for A are cgs (cm, sec, K, mole), the exact units depending on the order of the reaction. The factor

G is dimensionless. The default units for the activation energies are cal/ mole.
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The second field of the reaction line may optionally be used to specify the coefficients &, Iy, and ¢ of

Eq. (52) for a sticking coefficient. In order for the second field to apply to sticking coefficient parameters,

the next line of input must contain the auxiliary information word STICK.

Examples of some reaction data are shown in Fig. 10. Table 4 summarizes the reaction data rules.

REACTI ONS KCAL/ MOLE NONCON

ASH3 + AS(P) <=> ASH3(P) + AS(D)

| ASH3 + AS(P) <=> ASH3(P) + AS(D)

ASH <=> AS(D) + H(S) 1.0 0 0
STI CK

GA(CH3) 3(L) + GA2AS(A) <=> AS + GA(CH3
1

Figure 10. Examples of Reaction Data

4.0E11 0 25 I Ref. 21

4. 0E11 0 O | sanme as previous

)(L) + 2 GAME & ! continued on next line
.0E13 0 4000.
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Table 4. Summary of the Rules for Surface Reaction Data

10.

11.
12.

13.

The first reaction line must start with the word REACTIONS (or REAC), and may be followed by
units definition(s), the word MWOFF, or the word NONCON.

Valid unit declarations are EVOLTS, KELVINS, CAL/MOLE, KCAL/MOLE, JOULES/MOLE,
KJOULES/MOLE, MOLES, and MOLECULES.

The word NONCON is required on the first reaction line if any of the reactions do not conserve
the number of surface sites of a given type.

The word MWOFF can be used to turn off the Motz-Wise” correction of Eq. (57), for all sticking-
coefficient reactions, or the word MWON can be used to specify that the Motz-Wise correction is
to be used for all sticking-coefficient reactions (the default). Including MWOEFF or MWON as an
auxiliary keyword for an individual reaction (discussed later) will override the setting given on
the REACTION line.

The reaction description can begin anywhere on this line. All blank spaces, except those
separating the Arrhenius coefficients, are ignored.

Each reaction description must have =, <=>, or => between the last reactant and the first product.

Each species in a reaction is described with a unique sequence of characters (name) as they
appear in the species data and the thermodynamic data. However, if a species name is not unique
(because it is duplicated in another phase), the name must be modified by appending its slash-
delimited phase name, i.e. as name/phase/.

Stoichiometric coefficients are represented by an integer or real number preceding a species
name. The default is to assume a stoichiometric coefficient of 1. The “#” symbol preceding the
stoichiometric coefficient denotes a coefficient which is additionally multiplied by a “yield”
multiplier.

A reaction description may be contained on more than one line. If a line contains the symbol &,
all information following the & symbol will be ignored and the next line will be considered a
continuation of the first.

Three Arrhenius coefficients must appear in order (A, 5, and E) on each Reaction line,
separated from each other and from the reaction description by at least one blank space; no
blanks are allowed within a number.

There cannot be more than six reactants or six products in a reaction.

To specify a sticking coefficient rather than a rate constant the three numbers after the reaction
description have the meaning &, b, and ¢ (see Eq. (52)) and the auxiliary information word
STICK must appear on the next line of input. To use this option the reaction must have only one
gas-phase species as a reactant and its stoichiometric coefficient must be 1.

All characters on a line following an exclamation mark are comments.
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55.2 SURFACE REACTION AUXILIARY INFORMATION DATA

Auxiliary information data appears on one or more separate lines after the reaction data line is read, and
serves to modify or give additional parameters needed to evaluate that reaction's rate expression. The
format in an auxiliary information line is a character string keyword followed by a slash-delimited (/)
field containing an appropriate number of parameters (either integer, floating point, E format, or

character).

For a reversible reaction, auxiliary information data may follow the reaction to specify Arrhenius
parameters for the reverse-rate expression. Here, the three Arrhenius parameters (4, 5, and E;) for the
reverse rate must follow the auxiliary keyword REV. Using this option overrides the reverse rates that

would normally be computed through the equilibrium constant, Eq. (36).

It sometimes happens that two or more reactions can involve the same set of reactants and products, but
proceed through distinctly different reaction channels. In these cases it may be appropriate to state a
reaction mechanism that has two or more reactions with identical reactants and products, but have
different rate parameters. However, duplicate reactions are normally considered errors by the Interpreter;
if the user requires duplication (e.g., the same reactants and products with different Arrhenius
parameters), an auxiliary information statement containing the keyword DUP (with no parameters) must
follow the reaction line of each duplicate reaction (including the first occurrence of the reaction that is
duplicated.) For example, to specify different rate expressions for each of three identical reactions, there

must be three occurrences of the keyword DUP, one following each of the reactions.

If the three coefficients given in the second field of the reaction line are to be interpreted as the parameters
&, b, and ¢ of Eq. (52) for a sticking coefficient, then the keyword STICK (with no parameters) must
follow the reaction line as auxiliary information. There can be only one gas-phase reactant species in a

sticking-coefficient reaction; moreover, its stoichiometric coefficient must be 1.

By default the Motz-Wise” correction of Eq. (57) will be applied for all reactions using sticking coefficients
unless the MWOFF keyword is given on the REACTIONS line (discussed earlier), in which the new
default will be to omit this correction term. Whichever of these choices has been set as the default can be
overridden for an individual sticking-coefficient reaction by including the auxiliary keyword MWOEFF or
MWON following the reaction line.

To apply the Bohm velocity correction for a reaction involving a positive ionic species as in Eq. (58) the
auxiliary keyword BOHM (with no parameters) must follow the reaction line. In this case the three
coefficients given in the second field of the reaction line are interpreted as the parameters &, b, and ¢

of Eq. (58). A BOHM reaction can have only one gas-phase reactant species; this gas-phase reactant must
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be a positive ion, and its stoichiometric coefficient must be 1. The electron must be declared as a gas-

phase species in the gas-phase reaction mechanism, i.e., in the CHEMKIN Interpreter input.

A reaction rate constant can be modified to include a dependence upon the energy of a positive ionic
reactant species through use of the ENRGDEP auxiliary keyword, which is followed by the three
parameters Ejonp, fi, and g; (slash-delimited) of Eq. (51). A reaction declared with ion-energy

dependence must contain exactly one positive ionic reactant species.

The reaction order, ie., the dependence of the reaction's rate-of-progress upon the concentration of
chemical species, can be changed via the FORD or RORD auxiliary keywords for the forward or reverse
reaction, respectively. Each occurrence of these keywords must be followed by the species name and the
new reaction order, e.g.,, FORD/SI(S) 0.5/. This option overrides the values of v} and vy in Eq. (32)
pertaining to the particular species named on the line. The reaction order for all other species maintain
their default values of vy and vj; . Multiple occurrences of the FORD and RORD construct may appear
on the auxiliary line. A FORD or RORD keyword can be specified even for species that do not appear as a
reactant or product in the reaction, although one might reasonably wonder how such a functional

dependence could occur.

To modify the expression for the forward rate constant by optional coverage parameters (see Eq. (48)) one
uses the auxiliary information keyword COV followed by (slash delimited) surface species name and the
three parameters 7, L4, and & . More than one set of COV data can appear for a given reaction, and

these would be applied multiplicatively as in Eq. (48).

Ion-enhanced reaction yield can be applied to a reaction using the following two steps. First, place a
pound sign (#) in front of the name (or the stoichiometric coefficient if one was given) of each species that
is subject to the ion-energy yield enhancement. The “sub-reaction” of species and coefficients demarked
with the # sign must satisfy mass, elemental, charge and site balance (unless the NONCON flag was also
given on the REACTION line). Second, the auxiliary keyword YIELD must appear after the reaction,
followed by the four parameters hyigq, Eyigdo, ti, and U (slash-delimited) of Eq. (62). A reaction

declared with ion-enhanced reaction yield must contain one (and only one) positive ionic reactant species.

The default units for specifying the reaction rate parameters (either the usual defaults set-up for SURFACE
CHEMKIN, or the set of units requested by the user on the REACTION line) can be overridden for an
individual reaction through use of the UNITS auxiliary keyword. Following the reaction, one activates
this option with UNITS/string/, where string is one of the unit specifiers EVOLTS, KELVINS,
CAL/MOLE, KCAL/ MEl)LE, JOULES/MOLE, or KJOULES/MOLE (to change the units for parameters
that have energy units), or MOLES or MOLECULES (to change the units of the pre-exponential A,). The

t Even if the default energy units are changed by giving one of these keywords, the temperature appearing in the
Arrhenius expression of Eq. (35) , i.e., in T raised to the S power and in the denominator of the activation energy
term, is still in Kelvins.
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UNITS auxiliary keyword allows only one string parameter, but the user can repeat the UNITS/string/

option as many times as needed for a given reaction.

Any number of auxiliary information lines may follow a reaction line, in any order, and any number of
keywords may appear on an auxiliary information line; however, an auxiliary keyword and its
parameter(s) must appear on the same line.

Examples of auxiliary information are shown in Fig. 11. The above rules are summarized in Table 5.

REACTI ONS  KCAL/ MOLE
I THE FOLLOW NG ARE * CONTRI VED* EXAMPLES OF AUXI LI ARY KEYWORD USAGE

SICL(S) <=> CL + SI(S) 1.0E-3 0.0 2.
REV/1.0E13 0.0 37./
CL + SICL(S) <=> CL2 + SI(9) 0.1 1.1 20.
DUPLI CATE  STI CK
RORD /Sl (S) 0/
CL + SICL(S) <=> CL2 + SI(9) 1.4E11 0.0 15,
DUPLI CATE COV/SICL(S) -1.2 0.5 32./ FORDICL+ 1.0/
CL* = CL 1.0 0.0 O
STI CK MAOFF
E + CL+ + SICL3(S) + SI(B) => SICL4 + SI(9) 0.50 0.0 O
BOHM
ENRGDEP/ 1. 0.5 1.0/ UNI TS/ EVOLT/
E + CL+ + #SI CL3(S) + #SI(B) + SICL(S) &
=> SICL2(S) + #SICL2 + #SI CL(S) 0.50 0.0 0.0
BOHM
YIELD/0.0712 1.21 0.5 1.0/ UNI TS/ EVOLT/
E + CL2+ + SICL3(S) + SI(B) => SICL4 + SICL(S) 0.50 0.0 0.0

FORD/ CL2+ 2.43/

Figure 11. Examples of Auxiliary Information Definitions
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Table 5. Summary of the Rules for Auxiliary Information Data

10.

11.

12.

13.

14.

Auxiliary information lines may follow a reversible reaction to specify the reverse rate parameters
explicitly; auxiliary information must follow any reactions that are duplicated.

Auxiliary keyword declarations may appear anywhere on the line, in any order.

Any number of auxiliary keywords may appear on a line, and more than one line may be used,
but a keyword and its parameter(s) must appear on the same line.

Multiple keywords appearing on the same line must be separated by at least one blank space.

Any blank spaces between a keyword and the first slash are ignored and any blanks between the
slashes and parameter(s) are also ignored. However, no blank spaces are allowed within a
keyword or parameter.

The keyword REV followed by three slash-delimited Arrhenius coefficients may be used to
specify the reverse rate parameters.

The keyword DUPLICATE (or DUP) must follow every occurrence of a duplicated reaction.

The keyword STICK indicates that the three coefficients on the reaction line are to be interpreted
as the parameters g;, b, and ¢ in Eq. (52). There must be exactly one gas-phase reactant species;
its stoichiometric coefficient must be 1.

The keyword COV is used to modify the forward rate constant by the expression in Eq. (48). The
word COV is followed by a surface species name and the three coverage parameters 77, , t;, and
& - The four entries after the word COV are slash-delimited.

The keyword BOHM indicates that the three coefficients on the reaction line are to be interpreted
as the parameters a;, by, and ¢ in Eq. (58); the Bohm velocity correction is applied. There must
be exactly one gas-phase reactant species and that species must be a positive ionic species; its
stoichiometric coefficient must be 1. Only irreversible reactions are allowed with this option. The
electron must be declared in the list of species names in the CHEMKIN Interpreter input.

The keyword ENRGDEP allows the rate constant to depend on ion energy according to Eq. (51).
The keyword is followed by the three parameters Ejg,, fi, and gj, which are slash-delimited.
There must be exactly one positive ionic reactant species in the reaction. Only irreversible
reactions are allowed with this option.

The keyword FORD or RORD can be used to change the reaction order (with respect to species
concentration) of the forward or reverse reaction, respectively, for any species in the mechanism,
regardless of whether the species appears as a reactant or a product in the reaction. The species
name and the new reaction order (slash-delimited) follow the keyword.

To modify the stoichiometric coefficients in a sub-reaction using the ion-yield option, one must
precede each species in the sub-reaction (or its stoichiometric coefficient) with the pound sign (#).
Following the reaction line, declare the YIELD auxiliary keyword, then the four parameters hyjgq,
Eyiedo. ti, and U of Eq. (62), between slashes. There must be exactly one positive ionic reactant
species in the reaction. Only irreversible reactions are allowed with this option. The sub-reaction
demarked with the # symbols must satisfy mass, elemental, charge and site balance (unless the
NONCON option appeared on the REACTION line).
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Table 5. Summary of the Rules for Auxiliary Information Data (Cont’d)

15. The UNITS auxiliary keyword can be used to override the current default units for parameters
with energy units or the pre-exponential for a given reaction. The usage is UNITS/string/, where
string is one of the following: EVOLTS, KELVINS, CAL/MOLE, KCAL/MOLE, JOULES/MOLE,
or KJOULES/MOLE (for parameters with energy units), or MOLES or MOLECULES (for pre-
exponential).

16. The string MWOFF can be used to turn off the Motz-Wise” correction of Eq. (57) or the string
MWON can be used to turn on this correction for a sticking coefficient reaction. Using the
MWOFF or MWON auxiliary keyword overrides the default option set up on the REACTION line
or the default supplied by SURFACE CHEMKIN (which is MWON).

55.3 PROBLEMS HAVING NO REACTIONS

In some problems only information about the surface and bulk species is needed (e.g., chemical
equilibrium computations). For these cases it is not necessary to include reaction data. The Interpreter will
create the linking file surf.asc, but it will not contain any reaction information. Therefore, no subroutines
in the SURFACE CHEMKIN Subroutine Library that deal with chemical reactions (e.g., chemical
production rates) will be used (although doing so would not generate an error; the production rates of all

species would be returned as zero).

554 UNIT CONVERSION FOR PRE-EXPONENTIAL FACTOR

The SURFACE CHEMKIN Interpreter provides the option of specifying units of the Arrhenius parameters.
The parameters are always stored internally in the same way, i.e., activation energies in Kelvins,
dimensionless temperature exponents, and pre-exponential factors consistent with moles-cm-sec-K. The
program converts the user input activation energies in an obvious way. However, it is worthwhile to state
explicitly the conversion for the Arrhenius pre-exponential constant. In converting from “molecules” to

“moles”
A (moles) = A (molecules) x (N, )" (77)

where Nj is Avogadro's number, and

K'ngl's)
n= Ui (78)
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Note that the vy are the stoichiometric coefficients for the gas-phase and surface reactant species (not

product species or bulk-phase species).

555 ERROR CHECKS

The Interpreter checks each input line for proper syntax and writes self-explanatory diagnostic messages
on the interpreter output file if errors are encountered. If an error occurs, the Interpreter continues to read
and diagnose the input, but an error flag is written to the Linking file and Surface Library subroutine
SKINIT will not initialize the work arrays. Therefore, the input must be error free before any of the

SURFACE CHEMKIN subroutines can be called in an application program.

Possibilities for an error condition are as follows:

Site and Bulk Species Data

* A duplicated species symbol (name) is not considered a fatal error, but is eliminated from
consideration and a warning diagnostic message is printed.

* No site density is found for a declared site, or the site density is negative.

*  No thermodynamic data are found for a declared species.

*  There are more species than the Interpreter is dimensioned for

*  Asite or bulk phase name duplicates another phase name (gas surface site, or bulk phase name).
* A phase or species name contains an illegal character.

*  Site occupancy number is negative.

*  Bulk density for a bulk species is negative.

Thermodynamic Data

* Thermodynamic data are format sensitive and therefore provide possibilities for error if not
formatted exactly as described by Table 3.

* An element in the thermodynamic data for a declared species is not included in the CHEMKIN
Interpreter input element data.

*  With the THERMO ALL option, line 2 (of Table 3) is not found.

Reaction Data

* A delimiter =>, <=>, or = between the reactants and the products is not found.

* This error should not occur with the standard CHEMKIN distribution; it may occur only when a Fortran 77 driver is
used to build the SURFACE CHEMKIN Interpreter and, in this case, may be changed by a simple modification of a
parameter statement in the driver program.
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*  Three Arrhenius parameters are not found.

*  Reactants and/or products species names are not properly delineated by a plus sign (+).
* A species listed as a reactant or product is not declared in the species data.

* A reaction does not satisfy elemental balance.

¢ The number of sites in a reaction does not balance and the word NONCON was not included on
the first REACTIONS line.

*  The charge of the reaction does not balance.
* Areaction is a duplicate not declared by the auxiliary data keyword DUP.
*  There are more reactions than the Interpreter is dimensioned for.

*  There are more than six reactants or six products in a reaction.

Surface Reaction Auxiliary Data

*  Anunknown or misspelled keyword occurs.

* Parameters for a keyword are not enclosed in slashes.

*  There are the wrong number of parameters for a keyword.
* REV is declared for an irreversible reaction.

* Pre-exponential factor for a sticking coefficient is negative.

» For a sticking-coefficient reaction, there is more than one gas-phase species, or the stoichiometric
coefficient for the gas-phase species is not 1.

*  More than one BOHM declaration appeared for a given reaction.
* BOHM keyword is given for a reversible reaction.

* A positive ionic species did not appear as a reactant or its stoichiometric coefficient was not 1 in a
BOHM reaction.

*  More than 1 positive ionic species was a reactant in a BOHM reaction.

*  The electron species was not declared in the list of species in the CHEMKIN Interpreter input.
» Invalid string given with the UNITS auxiliary keyword.

*  More than one ENRGDEP declaration appeared for a given reaction.

* A positive ionic species did not appear as a reactant or its stoichiometric coefficient was not 1 in a
ENRGDEP reaction.

*  Wrong number of ENRGDEP parameters given.
* Invalid species name given for FORD or RORD keyword.
* A reaction order value was not found with the FORD or RORD keyword.

*  RORD given for an irreversible reaction.
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More than MAXORD changes in reaction order declared for a given reaction. (Should this error
occur, the user can change a parameter statement in the SURFACE CHEMKIN Interpreter to
increase MAXORD.)

No species coefficients were demarked with a # symbol for a YIELD reaction.
YIELD keyword given for a reversible reaction.

A positive ionic species did not appear as a reactant or its stoichiometric coefficient was not 1 in a
YIELD reaction.

Wrong number of YIELD parameters given.

More than 1 positive ionic species was a reactant in a YIELD reaction.
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6. DATA STRUCTURES IN SURFACE CHEMKIN

Reaction mechanisms have to consider species that may be in the gas phase, on various surface sites, or in
various bulk phases, and the number of species, surface sites, and bulk mixtures change from problem to
problem. Furthermore, with the concept of multiple materials, all of these quantities as a group can be
specified independently for as many different materials as desired. For users writing their own
applications, they may want to refer to a species by an integer species index (such as in a FORTRAN DO
loop) or refer to a species by a character string (such as in an input/output routine). Furthermore, in some
circumstances it may be convenient to refer to a species in a long list of all species, and in other cases it
may be convenient to refer only to those species in a particular phase. Thus it is important to have a data
structure that is flexible enough to capture the required generality, yet sufficiently “friendly” to make it
easy to use. In this chapter we use specific examples to illustrate the data structures and how to use them

in an application program.

Consider a system involving Gallium Arsenide depositionl*:I where an example gas-phase reaction
mechanism is shown in Fig. 12 and a surface mechanism is shown in Fig. 13. The gas-phase mechanism
includes fourteen species, even though only eleven of them appear directly in the gas-phase reaction
mechanism. Arsine (ASH3 in our notation) is typically a reactant gas in a Gallium Arsenide deposition
process. Monatomic arsenic (AS) and the arsenic dimer (AS2) have been included because the surface
reaction mechanism includes desorption reactions, which introduce them into the gas. Therefore, because
all gas-phase species are handled by CHEMKIN, these extra three species must be included as input to the
CHEMKIN Interpreter. Of course, the gas-phase and surface-reaction mechanisms should not be
considered entirely independently. If the surface mechanism generates a gas-phase species, then it is
probably reasonable to ask if there are plausible gas-phase reactions that can consume it. For example,

perhaps a gas-phase recombination reaction could be included to form an arsenic dimer.

The surface mechanism in the example has two surface sites, called “PLANE” and “LEDGE.” There are
five bulk “mixtures” (phases) although three of them are not actually mixtures, but pure compounds. The
first three bulk mixtures have been assigned the names “GA-RICH,” “GA-POOR,” and “GA-STOICH,”

whereas the remaining two have not been given any specific names.

* The mechanisms have been contrived to illustrate a variety of points about the data structures and should not be
taken as a source of data for Gallium Arsenide deposition processes.
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ELEMENTS GA AS H C END
SPECI ES

ASH3 AS2 GAME3 GAME2 GAME GA CH3 CH4 H C2H6 C2H5 C2H4 H2

AS
END
REACTI ONS

2CH3(+M <=>C2H6( +M 0.

LOW 3.18E41 -7.03 2762./
TROE/ .6041 6927. 132./
H2/ 2/

CH3+H( +M <=>CH4( +M 0.

LOW 8. 0E26 -3. 0.0/
H2/ 2/
CH4+H<=>CH3+H2
C2H6+CH3<=>C2H5+CH4
C2H6+H<=>C2H5+H2
H+C2HA( +M) <=>C2H5( +M)
LOW 3.47E-12 2.76 2120./
H2/ 2/
C2H5+H<=>CH3+CH3
H+H+Mk=>H2+M
HtHHH2<=>H2 +H2
GAMVE3<=>GAME2+CH3
GAVE2<=>GANME+CH3
END

[eoleolole)

OOO0OOor

Figure 12. Sample Gas-Phase Reaction Mechanism

NPHASE( 1) =KKGAS

SI TE/ PLANE/ SDEN 1. OE- 09/
ASH3(P) ASH(P)  AS(P)
SI TE/ LEDGE/ SDEN/ 1. OE- 13/

GA(CH3) 3(L)  GA(G3) 2(L)  GA(GHB) (L)

END
BULK/ GA_RI CH

GA2AS(1)/3.00/  GA3AS(1)/3.00/
OPTI ONAL

903E+17 -1.18 654.
600E+17 -1.0 0.
.220E+05 3.0 8750. ! CLARK&DOVE
.550E+00 4.0  8300.
.540E+03 3.5 5210. ! CLARK&DOVE
.221E+14 0.0 2066. ! M CHAEL, GLAN&TROE
.0E+14 0.0 0.
.100E+19 -1.0 0.
.920E+17 -0.6 0.
.347E+16 0.0 59500. ! JACKO AND PRI CE
.871E+08 0.0  35410.

| IPHASE = 1 IS THE GAS,

| | PHASE = 2, NPHASE(2) = 3

| | PHASE = 3, NPHASE(3) = 4

GA(L)

| PHASE = 4, NPHASE(4) 2
THE DENSI TY OF THE SPECI ES IS

BULK/ GA_POOR/  GAAS2(2)/3.15/  GAAS3(2)/3.15/ GAASA(2)/3.15/ END

BULK/ GA_STO CH
GAAS(3)/5. 24/

SPECI ES

BULK GA(B)/2.5581/

BULK AS(B)/2.7489/

REACTI ONS
ASH3 + AS(P) <=> ASH3(P)
GAME3 + GA(L) <=> GA(CH3)3(L)
GA(CH3) 3(L) + GA2AS(1l) <=> AS

GA(CH3) 3(L) + GA3AS(1) <=> AS

+

AS( B)
GA(B)

+ +

+

+

DUPL| CATE
GA(CH3) 3(L) + GA3AS(1) <=> AS
DUPLI CATE

GA2AS(1) <=> GA(B) + GAAS(3)

GAAS2(2) <=> AS(B) + GAAS(3)

GAAS3(2) <=> AS2 + GAAS(3)

GAASA(2) <=> AS(B) + AS2 + GAAS(3)
END

Figure 13. Sample Surface-Reaction Mechanism

GA(CH3) (L) + 2 GAME
REV

GA(L) + 3GAME

GA(L) + 3GAME

| PHASE = 5, NPHASE(5)

=3
| PHASE = 6, NPHASE(6) = 1
A BULK PHASE CAN HAVE JUST ONE
| PHASE = 7, NPHASE(7) = 1
| PHASE = 8, NPHASE(8) = 1
4.0E11 0 O.
1.0E11 0 O.
1.0E13 0 40000
/1.0E11 0  25000./
1.0E13 0 40000
1. 0E12 0.5 30000
1.0E13 0 40000
1.0E13 0 40000
1.0E13 0 40000
1.0E13 0 40000
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The data structure is illustrated in Fig. 14, where each column represents a “phase.” The gas phase is
always the first phase; the surface site phases are stored next, followed by the bulk phases. The species are
stored sequentially beginning with the first gas-phase species and ending with the last bulk species. The
gas-phase species are listed in the same order as they were presented to the CHEMKIN Interpreter. The
species in the surface and bulk phases are in the same order as they appear in the Surface Interpreter

input.

Gas Phase Surface Species Bulk Solids

_ASH3 [15.ASH3(P) 18.GA(CH3)3(L) | 22.GA2AS(1) 24.GAAS2(2) 27.GAAS(3) 28.GA(B) 29.AS(B)
AS 16. ASH(P)  19. GA(CH3)2(L) | 23.GA3AS(1) 25.GAAS3(2)

GAMES3 [17. AS(P) 20. GA(CH3)(L) 26. GAAS4(2)

GAME2 21. GA(L)
GAME
GA
CH3
CH4
H
10. C2H6
11. C2H5
12. C2H4
13. H2
14.AS

©CONOOAWNE

Figure 14. Schematic Diagram of the Phase and Species Data Structure

There are several indices and arrays of indices that are quite useful in referencing particular species and
phases. They are returned from two subroutines, SKINDX and SKPKK, described in the following:

SUBROUTI NE SKI NDX (|1 SKWRK, NELEM KKGAS, KKSUR, KKBULK, KKTOT, NNPHAS,
NNSURF, NFSURF, NLSURF, NNBULK, NFBULK, NLBULK, || SUR)
SUBROUTI NE SKPKK (| SKWRK, KKPHAS, KFI RST, KLAST)

The input to SKINDX and SKPKK is the integer work space ISKWRK. On output all the indices will have
values that pertain to the particular reaction mechanisms. For the example we are considering here, the

indices have the following values:

NELEM, Number of elementst] Here, NELEM=4. As presented on the first line of input to the CHEMKIN
interpreter, the four elements are GA, AS, H, C.

KKGAS, Number of gas-phase speciesl] Here KKGAS=14
KKSUR, Number of surface speciesl] There are seven surface species in this problem and they exist on
two sites. Thus, KKSUR=7.
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KKBULK, Total number of bulk speciest There are eight bulk species that are arranged in five bulk
phases. Thus, KKBULK=8.

KKTOT, Total number of speciesl] KKTOT=KKGAS+KKSUR+KKBULK, so in this example KKTOT=29.

NNPHAS, Number of phases (gas + sites + bulk)d Here there are eight phases, NNPHAS=8. The first is
the gas phase, the second two are surface phases, and the final five are bulk phases.

NNSURF, Number of surface phasesl Here there are two surface phases, NNSURF=2.

NFSURF, Pointer to the first surface phasel The first surface phase is the second phase overall, i.e.,
NFSURF=2. (Since the gas phase is always the first phase, the first surface phase will always be
the second phase overall. However, there can be problems in which there are no surface phases,
only bulk phases. In that case NFSURF=0.)

NLSUREF, Pointer to the last surface phasel] Here the last surface phase is the third phase overall. Thus
NLSURF=3. (If a problem should have no surface phases then NLSURF=0.)

NNBULK, Number of bulk phasesO Here there are five bulk phase, i.e., NNBULK=5.

NFBULK, Pointer to the first bulk phasel Here the first bulk phase is the fourth phase overall, i.e.,
NFBULK=4. (In a problem that has no bulk phases NFBULK=0.)

NLBULK, Pointer to the last bulk phasel In this problem, NLBULK=8. (In a problem that has no bulk
phases, NLBULK=0.)

IISUR, Number of surface reaction] Here there are nine surface reactions, so IISUR=9.

KKPHAS, Array of total number of species in each phasell In this example KKPHAS is an array of
length 8, the total number of phases. The values of each element in the array indicate the
number of species in the corresponding phase. Here, KKPHAS(1,...,8)=(14, 3, 4, 2, 3, 1, 1, 1)),
which shows that the gas phase has 14 species, the first surface phase has 3, the second surface
phase has 4, and so on.

KFIRST, Array of starting species numbers of the phasest In this example KFIRST is an array of length
8, the total number of phases. The values of each element in the array indicate the species
number of the first species in the corresponding phase. Here, KFIRST(1,...,8) = (1, 15, 18, 22, 24,
27, 28, 29), which shows that in a complete list of species, the first gas-phase species is number
1, the first species in the first surface phase is number 15, the first species in the second surface
phase is number 18, and so on.

KLAST, Ending species numbers for the phases[ In this example KLAST is an array of length 8, the
total number of phases. The values of each element in the array indicate the species number of
the last species in the corresponding phase. Here, KLAST(1,...,8)=(14, 17, 21, 23, 26, 27, 28, 29),
which shows that in a complete list of species, the last gas-phase species number is 14, the last
species in the first surface phase is number 17, the last species in the second surface phase is

number 21, and so on.

74



Thermodynamic properties, molecular weights, and reaction rates, for example, have values for all
species regardless of the phase in which they exist. In these cases the values are stored in long arrays that
correspond to the data structure shown in Fig. 14. Other sets of variables or parameters do not exist for all
species. For example, we may need the mass densities for the bulk species, but mass density makes no
sense for surface species. Nevertheless, we maintain the same data structure. For example, the mass

densities for all species can be retrieved by calling

SUBROUTI NE SKDEN (P, T, ACT, SDEN, |SKWRK, RSKWRK, DEN).

Here, the input is the gas-phase pressure, the temperature, and the species activities (mole fractions for
the gas phase, site fractions for the surface species, and activities for the bulk species) and the site
densities of each site phase. The first segment of output array DEN contains the gas-phase species
densities (in grams of species k per cm3). The array elements corresponding to the surface species have no
physical meaning and are set to the species molar densities (in moles/cm?). The final elements of the DEN
array contain the mass densities of the bulk species (in grams of species k per cm3). If the user does not

specify a mass density as input to the Surface Interpreter, then these are given a value of -1.

All the species can be identified by a character-string name, and the user can also optionally specify
character-string names for the phases (and each “material”). The species names are those that were given
as input to the Interpreters, and the application program can retrieve the names by calling the following

subroutine:

SUBROUTI NE SKSYMs (| SKWRK, CSKWRK, LOUT, KNAME, KERR)

The input is the integer and character working space ISKWRK and CSKWRK and LOUT (a file number on
which to write diagnostic messages). The output is an array of character names KNAME and a logical
error flag KERR. In the example we are considering here, the species names are shown in Fig. 14. As

concrete illustrations,

KNAME(1) = “ASH3”,
KNAME(KLAST(NLSURF)) = “GA(L)”, or
KNAME(KFIRST(7)) = “GA(B)".

The phase names are optional and can be specified in the SURFACE CHEMKIN Interpreter input. The

names can be retrieved from an application program by the following subroutine call:

SUBROUTI NE SKSYMP (| SKWRK, CSKWRK, LOQUT, PNAM KERR)

Here the output consists of character-string names for the phases. The first phase is always the gas and its
name is PNAM(1) = “GAS”. In the present example, PNAME(2) = “PLANE”, PNAME(NFBULK) = “GA-
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RICH”, and so on. If the user does not specify phase names, default names are supplied. Thus in this
example, PNAME(8) = “BULK5”.

6.1 Mechanisms with Multiple Materials

In some reacting flow simulations there may be different types of solid surfaces at which very distinct
heterogeneous chemistry takes place. For example, in a plasma etching reactor there might be a wafer
composed of silicon and reactor side-walls composed of aluminum. Although the main purpose of the
simulation might be to understand the etching chemistry at the wafer, reactions at the walls also serve to
create and destroy species. Because chemical reaction mechanisms occurring at the surfaces can be quite
different, SURFACE CHEMKIN allows the use of “multiple materials” in Interpreter input files. This
essentially allows the user to specify several different and complete surface reaction mechanisms, one
after another (separated by a MATERIAL line). An example of such an Interpreter input file is shown in
Fig. 157

It should be pointed out that the numbering of surface and bulk species, phases, etc. proceeds
independently for each material. This is best illustrated using the example mechanism in Fig. 15. In the

spirit of the previous section, we list some of the relevant indices and counters for this input file.

For material 1:

Material name=MATNAM(1)='WAFER," NELEM(1)=4, KKGAS(1)=6, KKSUR(1)=4, KKBULK(1)=1,
KKTOT(1)=11, NNPHAS(1)=3, NNSURF(1)=1, NFSURF(1)=2, NLSURF(1)=2, NNBULK(1)=1,
NFBULK(1)=3, NLBULK(1)=3, IISUR(1)=4, KKPHAS(*1)=(6,4,1), KFIRST(*,1)=(1,7,11),
KLAST(*,1)=(6,10,11), KNAME(*,1)=(E,CL2+,CL+,SICL4,SICL2,CL,SI(S),SICL(S),SICL2(S),SICL3(S),
SI(B)), PNAM(*1)=(GAS,POLY,BULK1)

For material 2:

Material name=MATNAM(2)='WALL,’ NELEM(2)=4, KKGAS(2)=6, KKSUR(2)=2, KKBULK(2)=0,
KKTOT(2)=8, NNPHAS(2)=2, NNSURF(2)=1, NFSURF(2)=2, NLSURF(2)=2, NNBULK(2)=0,
NFBULK(2)=0, NLBULK(2)=0, IISUR(2)=2, KKPHAS(*2)=(6,2), KFIRST(*,2)=(1,7), KLAST(*2)=(6,8),
KNAME(*,2)=(E,CL2+,CL+,SICL4,SICL2,CL,AL(S),ALCL(S)), PNAM(*,2)=(GAS, METAL)

A number of changes must be made in an application program to accommodate multiple materials. For
example, instead of storing a simple integer KKSUREF for the number of surface species, the program must
store an integer array KKSURF(NMAT) dimensioned at least the number of materials specified in the
input file. An array like KFIRST(N) becomes a two-dimensional array KFIRST(N,NMAT) with the first

* The mechanism has been contrived to illustrate a variety of points about the data structures and should not be taken
as a source of data for silicon or aluminum processes.
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dimension large enough to hold the maximum number of phases in a given material, and the second

dimension large enough to hold the number of materials input to the problem.

Sample logic that might appear in an application program to handle multiple materials is given in Fig. 16.
Typically the application program would store the data space needed for all of the different materials in
three long real, integer, and character arrays, with pointers to the starting locations of the work space
particular to each material (e.g., the arrays IMRSK(N), IMISK(N), and IMCSK(N) point to the starting
locations for material N in the example shown in Fig. 16). After such information is set up, calls to most
SURFACE CHEMKIN subroutines look like before, but use off-sets into the work arrays for the material of
interest. For example to get an array of the molecular weights of all species in the mechanism for material
NMAT, the call would look like

CALL SKWT (1 (1M SK(NMAT)), R(INMRSK(NVAT)), WI(1, NMAT) ).
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ELEMENTS SI CL E AL
SPECIES E CL2+ CL+ SICL4 SICL2 CL

MATERI AL WAFER

SI TE/ POLY/ SDEN 2. 25e- 9/

SI(S) SICL(S) SICL2(S) SICL3(S)
END

BULK SI (B)/ 2. 33/

REACTI ONS  MAOFF

CL + SI(S) => S| CL(S) 1.0 0.0 0.0
STI CK

E + CL2+ + 2SI(S) => 2SI CL(9) 0.4 0.0 0.0
BOHM

E + CL+ + SICL3(S) + SI(B) => SICL4 + SI(S) 0.50 0.0 0.0
BOHM

ENRGDEP/ 1. 0.5 1.0/ UNITS/ EVOLT/
E + CL+ + #SICL3(S) + #SI(B) + SICL(S) &
=> SICL2(S) + #SICL2 + #SICL(S) 0.50 0.0 0.0

BOHM

YIELD/0.0712 1.21 0.5 1.0/ UNTS/ EVOLT/
! /A Eth[eV] a b/ for #=A(Ei “a- Et h"a)"b
END
MATERI AL WALL
S| TE/ METAL/ SDEN 2. 25E-9/
AL(S) ALCL(S)
END

REACTI ONS  MAOFF

CL+ + E => CL 0.6 0.0 0.0
BOHM

CL + AL(S) => ALCL(S) 1.0 0.0 0.0
STI CK

END
Figure 15. Interpreter Input File using Multiple Materials
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[eNeNe]

O000

o0

10

PROGRAM RDLI NK

I MPLI CI T DOUBLE PRECI SION (A-H, O-Z), |NTEGER(I-N)

PARAMETER (LI NKCK=25, LI NKSK=26, LOUT=6, MAXMAT=10,
1 LENI WK=10000, LENRWK=10000, LENCWK=500)

1(*), R(*), and C(*) are integer, real, and character

wor kspace arrays, respectively

DI MENSI ON | (LENI WK), R( LENRWK)

CHARACTER* 16 C( LENCVKK)

Di mension arrays specific to each materi al

DI MENSI ON NPHASE( MAXVAT) , | | SUR( MAXVAT) ,
KKSURF( MAXMVAT) , KKBULK( MAXVAT) , KK( MAXNMAT) ,
NNSURF( MAXMAT) ,  NFSURF( MAXVAT) ,  NLSURF( MAXMAT) ,
NNBULK( MAXMVAT) ,  NFBULK( MAXVAT), NLBULK( MAXNMAT) ,
I M SK( MAXMAT) , | MRSK( MAXMAT) , | MCSK( MAXMAT)

A wWDN PR

OPEN (LI NKCK, FORME' FORVATTED , STATUS=" UNKNOWN |,

1 FI LE=' ./ chem asc')
OPEN (LI NKSK, FORME' FORVATTED , STATUS=" UNKNOWN ,
1 FILE='./surf.asc')

CHEMKI N gas- phase wor kspace required
CALL CKLEN (LI NKCK, LOUJT, LENI CK, LENRCK, LENCCK, |FLAG
IF (I FLAG . GT. 0) THEN
VWRI TE (LOUT, *) 'ERROR I NTI ALI ZI NG GAS PHASE LI NK FI LE
STOP
ENDI F

I TOT = LENI CK
NTOT = LENRCK
I CTOT = LENCCK

Set up counter and |loop over nultiple materials in
SURFACE CHEMKIN link file

NVAT = 1
CONTI NUE

SURFACE CHEMKI N wor kspace required for this material
CALL SKLEN (LI NKSK, LOQUT, LENI SK, LENRSK, LENCSK, |FLAG
IF (I FLAG . GI. 0) THEN
VRI TE (LOUT, *)
1 ' ERROR I NI TI ALI ZI NG SURFACE DATA FOR MATERI AL ', NVAT
STOP
ENDI F

Total workspace required so far

I TOT = I TOT + LEN SK

NTOT = NTOT + LENRSK

I CTOT = I CTOT + LENCSK

I'F (I TOT. GT. LENIWK . OR. NTOT. GT. LENRWK . OR.

1 | CTOT. GT. LENCVK) THEN
WRI TE (LOUJT, *)

1 " NOT' ENOUGH WORK SPACE FOR MATERI AL ', NVAT
STOP

ENDI F
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[eNeNe]

O000

I F (NMAT .EQ 1) THEN
Store CHEMKI N gas- phase data, common to all materials,
starting at 1(1), R(1), and C(1)

CALL CKINIT (LEN CK, LENRCK, LENCCK, LI NKCK, LOUT,

1 I, R C |FLAG

IF (I FLAG . GT. 0) THEN
WRI TE (LOUT, *) ' ERROR | NI TIALI ZI NG GAS PHASE DATA'
STOP

ENDI F

CALL CKINDX (I, R MV KKGAS, 11, NFIT)

KKTOT = KKGAS

I M SK(NMAT) = LENICK + 1

| MRSK( NMAT) = LENRCK + 1
| MCSK( NMAT) = LENCCK + 1
ENDI F

Store SURFACE CHEMKIN data for this naterial,
starting at | (1M SK(NVAT)), R(INMRSK(NVAT)), and C(1 MCSK( NVAT))

INI = | M SK(NVAT)
INR = | MRSK( NVAT)

INC = | MCSK( NVAT)

CALL SKINIT (LENISK, LENRSK, LENCSK, LINKSK, LOUT,

1 I(IND), ROIINR), O(INC), |FLAG
CALL SKINDX (1(IN), MM KKGAS, KKSURF(NVAT), KKBULK(NVAT),

1 KK( NMAT), NPHASE( NMAT), NNSURF( NMAT), NFSURF( NVAT) ,
2 NLSURF( NMAT),  NNBULK( NVAT),  NFBULK( NMAT) ,

3 NLBULK( NMAT), | | SUR( NMAT) )

KKTOT = KKTOT + KKSURF(NMAT) + KKBULK( NVAT)

MORE = | (I TOT)
The last integer entry for a material wll be non-zero
if there are nore materials
IF (MORE .EQ 1) THEN
NVAT = NMVAT + 1
I M SK(NVAT) = ITOT + 1

| MRSK( NMAT) = NTOT + 1
I MCSK(NMAT) = | CTOT + 1
GO TO 10

ENDI F

END
Figure 16. Sample Program to Handle Multiple Materials
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7. QUICK REFERENCE TO THE SURFACE SUBROUTINE LIBRARY

This (:hapteli:I is arranged by topical area to provide a quick reference to each of the Surface Library

Subroutines.” In addition to the subroutine call list itself, the purpose of the subroutine is briefly
described.

7.1 Mnemonics

There are some rules of thumb for explaining the subroutine naming conventions. All subroutine names
begin with the letters SK so that SURFACE CHEMKIN Subroutines are easily recognized and so that they
are likely different from any user subroutine names. The four remaining letters generally identify the

purpose of the subroutine.

Thermodynamic properties are referred to by CP (specific heat), H (enthalpy), S (entropy), U (internal
energy), G (Gibbs free energy), and A (Helmholtz free energy). The thermodynamic property subroutines
may be called to return properties in mass units, denoted by MS or S as the last letter(s), or in molar units,
denoted by ML or L as the last letter(s).

The mnemonics for the variable names in the subroutine call lists are roughly the same as for the
subroutine names. However, because six letters can be used (only four are available in the subroutine

names because SK occupies two), the mnemonics can be more explicit.

7.2 Initialization

SUBROUTINE SKINDX (ISKWRK, NELM, KKGAS, KKSUR, KKBULK, KKTOT,
NNPHAS, NNSURF, NFSURF, NLSURF, NNBULK, NFBULK,
NLBULK, IISUR)

Returns a group of indices defining the size of the surface

reaction mechanism.

* In the following list, subroutines whose arguments lists have changed from previous versions of SURFACE CHEMKIN
are underlined.
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SUBROUTINE SKINIT (LENISK, LENRSK, LENCSK, LINSK, LOUT,
ISKWRK, RSKWRK, CSKWRK, IFLAG)

Reads the surface linkfile and creates internal work arrays ISKWRK,

RSKWRK, and CSKWRK. SKINIT must be called before any other SURFACE

CHEMKIN subroutine can be used, as the work arrays must be available

as their input.

SUBROUTINE SKLEN (LINSK, LOUT, LENI, LENR, LENC, IFLAG)
Reads the first record of the linkfile to return the lengths

required for the integer, real, and character work arrays.

SUBROUTINE SKLEN2 (LINSK, LOUT, LENI, LENR, LENC,
NELEM, NKKGAS, NKKSUR, NKKBLK, NKKTOT, NPHASE,
NNSUR, NNBLK, NIISUR, NIICON, MORE, IFLAG)

Reads the first record of the linkfile to return the lengths

required for the integer, real, and character work arrays,

as well as other size information needed for memory allocation.

The routine also advances to the end of the first material.

7.3 Information about Elements
SUBROUTINE SKSYME (ISKWRK, CSKWRK, LOUT, ENAM, KERR)

Returns a character string array of element names.

7.4  Information about Species

SUBROUTINE SKATCZ (P, T, ACT, SDEN, ISKWRK, RSKWRK, CZ)
Returns the concentrations of the species, given the pressure,

temperature and activities.

SUBROUTINE SKCHRG (ISKWRK, RSKWRK, KCHARG)

Returns an array containing electronic charges of the species.

SUBROUTINE SKCOV (ISKWRK, KOCC)

Returns an array of site occupancy numbers for the species.

SUBROUTINE SKCZTA (T, CZ, SDEN, ISKWRK, RSKWRK, ACT)
Returns the activities of the species, given the pressure,

temperature and concentrations.
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SUBROUTINE SKDEN (P, T, ACT, SDEN, ISKWRK, RSKWRK, DEN)

Returns a real array of species densities.

SUBROUTINE SKKTFL (ISKWRK, KTFL)
Allows the user to assign a location in the temperature array

to use for the gas-phase species.

SUBROUTINE SKNCF (NELDIM, ISKWRK, NEL)

Returns the elemental composition of the species.

SUBROUTINE SKSYMS (ISKWRK, CSKWRK, LOUT, KNAM, KERR)

Returns a character array of species names.

SUBROUTINE SKWT (ISKWRK, RSKWRK, WT)

Returns the molecular weights of the species.

7.5 Information about Phases and Materials

SUBROUTINE SKPKK (ISKWRK, KKPHAS, KFIRST, KLAST)

Returns arrays of species pointers for the phases.

SUBROUTINE SKSDEN (ISKWRK, RSKWRK, SDENO)
Returns a real array of standard-state phase densities as given

on input to the interpreter.

SUBROUTINE SKSYMM (ISKWRK, CSKWRK, LOUT, MATNAM, KERR)

Returns the character string name of a material.

SUBROUTINE SKSYMP (ISKWRK, CSKWRK, LOUT, PNAM, KERR)

Returns a character string array of phase names.

7.6 Information about Surface Reactions

SUBROUTINE SKABE (ISKWRK, RSKWRK, RA, RB, RE, ISTFL)
Returns the Arrhenius coefficients or the sticking coefficients of the

surface reactions, and integer flags to indicate the type of the coefficients.

SUBROUTINE SKFLGS (IR, ISKWRK, NRPP, IREV, ISTFL, ICOV, IMOTZ,
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IEDP, IBHM, IORD, IYLD)

Returns several integer flags describing surface reaction IR.

SUBROUTINE SKIBHM (IR, ISKWRK, IBMFL)
Returns an integer flag to indicate whether reaction IR uses
BOHM sticking coefficients.

SUBROUTINE SKICOV (IR, NDIM, ISKWRK, RSKWRK, NCOVI, KCOVI, CPARI)
Returns the coverage species index numbers and their coverage

parameters for reaction IR.

SUBROUTINE SKIENR (IR, ISKWRK, SKWRK, IENRFL, IEION, PEDEP)
Returns an integer flag to indicate if reaction IR is ion-energy-

dependent, and if so, formulation-specific parameters.

SUBROUTINE SKINU (IS, NDIM, ISKWRK, RSKWRK, NSPEC, KI, NU)
Returns the number of species in a surface reaction, and the

species indices and stoichiometric coefficients.

SUBROUTINE SKIORD (IDIM, KDIM, ISKWRK, RSKWRK, NFORD, IFORD, FORD,
NRORD, IRORD, RORD)

Returns the number and indices of surface reactions with modified

species orders, and the order values for the species in the

surface mechanism.

SUBROUTINE SKIREV (IR, ISKWRK, RSKWRK, IREV, RAR, RBR, RER)
Returns an integer flag to indicate whether reaction IR has an

explicitly assigned reverse rate constant. It also returns the

reverse Arrhenius expression values for surface reaction IR,

if it was explicitly assigned in the SURFACE CHEMKIN interpreter.

If reverse Arrhenius values were not explicitly assigned,

RAR, RBR and RER will be zero.

SUBROUTINE SKIRNU (IDIM, NDIM, ISKWRK, RSKWRK, NIRNU, IRNU, NSPEC,
KI, RNU)

Returns the number and indices of surface reactions with real

stoichiometric coefficients, number of species in the reactions,

and the species indices and coefficients;
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SUBROUTINE SKISTK (IR, ISKWRK, ISTFL)
Returns an integer flag to indicate whether reaction IR uses

sticking coefficients.

SUBROUTINE SKIYLD (IR, ISKWRK, RSKWRK, IYLD, IYION, KYLD, PYLD)
Returns an integer flag to indicate whether reaction IR has yield-

modified species, the species index of its ion, yield-modify flags

for its reactants and products, and parameters for the yield

expression.

SUBROUTINE SKKION (ISKWRK, KELECT, KKION, KION)
Returns the species number of the electron, the number of positive ions in

the gas phase, and an array of species number for each positive ion

SUBROUTINE SKNCON (ISKWRK, RSKWRK, NCON)
Returns the total number of surface reactions which do not conserve

sites of the phases.

SUBROUTINE SKNU (IDIM, ISKWRK, RSKWRK, KSTOIC, NSTOIC)
Returns the stoichiometric coefficients of the species and the net

change in phases for all of the surface reactions in a mechanism.

SUBROUTINE SKNUF (IDIM, ISKWRK, KSTOIF)
Returns the stoichiometric coefficients of the species
for all reactants in all surface reactions in a mechanism.

(note - reactants only! - they will all be negative)

SUBROUTINE SKRAEX (IR, ISKWRK, RSKWRK, RA)
Returns the Pre-exponential rate constant
(or sticking coefficient) of the IRth reaction, or changes its

value, depending on the sign of IR.

SUBROUTINE SKRDEX (IR, ISKWRK, RSKWRK, RD)
Returns the perturbation factor of the IRth reaction,

or changes its value, depending on the sign of IR.

SUBROUTINE SKRPAR (ISKWRK, RSKWRK, ENRGI)
Allows the user to input auxiliary reaction-rate parameters for
special types of reactions. The first parameter is the species (ion)

directed energy for ion-energy-dependent reactions.
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SUBROUTINE SKSYMR (IR, LOUT, ISKWRK, RSKWRK, CSKWRK, LT, RNAM, KERR)

Returns the character string representation of reaction IR.

7.7 Gas Constants and Units

SUBROUTINE SKRP (ISKWRK, RSKWRK, RU, RUC, PATM)
Returns universal gas constants and the pressure of one standard

atmosphere.

7.8 Thermodynamic Properties (Non dimensional)

SUBROUTINE SKATHM (MDIM, NDIM1, NDIM2, ISKWRK, RSKWRK, NT, TMP, A)
Returns the polynomial coefficients of the fits for

thermodynamic properties of all of the species.

SUBROUTINE SKCPOR (T, ISKWRK, RSKWRK, CPOR)
Returns an array of the non dimensional specific heats at constant

pressure.

SUBROUTINE SKHORT (T, ISKWRK, RSKWRK, HORT)

Returns an array of the non dimensional enthalpies.

SUBROUTINE SKMXTP (ISKWRK, MXTP)
Returns the maximum number of temperatures used in

fitting the thermodynamic properties of the species.

SUBROUTINE SKRHEX (K, ISKWRK, RSKWRK, A6)
Returns an array of the sixth thermodynamic polynomial
coefficients for a species, or changes their value,

depending on the sign of K.

SUBROUTINE SKSOR (T, ISKWRK, RSKWRK, SOR)

Returns an array of the non dimensional entropies.

7.9 Thermodynamic Properties (Mass Units)
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SUBROUTINE SKAMS (T, ISKWRK, RSKWRK, AMS)
Returns an array of the standard state Helmholtz free energies

in mass units.

SUBROUTINE SKCPMS (T, ISKWRK, RSKWRK, CPMS)
Returns an array of the specific heats at constant pressure

in mass units.

SUBROUTINE SKGMS (T, ISKWRK, RSKWRK, GMS)
Returns an array of the standard state Gibbs free energies

in mass units.

SUBROUTINE SKHMS (T, ISKWRK, RSKWRK, HMS)

Returns an array of the enthalpies in mass units.

SUBROUTINE SKSMS (T, ISKWRK, RSKWRK, SMS)

Returns an array of the standard state entropies in mass units.

SUBROUTINE SKUMS (T, ISKWRK, RSKWRK, UMS)

Returns an array of the internal energies in mass units.

7.10 Thermodynamic Properties (Molar Units)

SUBROUTINE SKAML (T, ISKWRK, RSKWRK, AML)
Returns an array of the standard state Helmholtz free energies

in molar units.

SUBROUTINE SKCPML (T, ISKWRK, RSKWRK, CPML)
Returns an array of the specific heats at constant pressure

in molar units.

SUBROUTINE SKGML (T, ISKWRK, RSKWRK, GML)
Returns an array of the standard state Gibbs free energies

in molar units.

SUBROUTINE SKHML (T, ISKWRK, RSKWRK, HML)

Returns an array of the enthalpies in molar units.
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SUBROUTINE SKSML (T, ISKWRK, RSKWRK, SML)

Returns an array of the standard state entropies in molar units.

SUBROUTINE SKUML (T, ISKWRK, RSKWRK, UML)

Returns an array of the internal energies in molar units.

7.11 Chemical Production Rates

SUBROUTINE SKCONT (KSPEC, ROP, ISKWRK, RSKWRK, CIK)
Returns the contributions of the surface reactions to the molar

production rate of species KSPEC.

SUBROUTINE SKDRDA (IR, P, T, ACT, SDEN, ISKWRK, RSKWRK, DKDAI)
Returns the partial of the rates of production of the species with

respect to the pre-exponential constant of surface reaction IR.

SUBROUTINE SKDRDC (KSPEC, P, T, ACT, SDEN, ISKWRK, RSKWRK, DKDC)
Returns the partial derivative of the production rates of the

species with respect to the concentration of species KSPEC.

SUBROUTINE SKDSDC (P, T, X, ACT, SDEN, ISKWRK, RSKWRK, DSDC, KKTOT,
SDOT, SITDOT)

Returns the partial derivative of the production rates of the

species with respect to the concentration of each species.

It also returns the matching production rates.

SUBROUTINE SKDSDX (P, T, X, ACT, SDEN, ISKWRK, RSKWRK, DSDX, KKTOT,
SDOT, SITDOT)

Returns the partial derivative of the production rates of the

species with respect to the activity for each species.

It also returns the matching production rates.

SUBROUTINE SKRAT (P, T, ACT, SDEN, ISKWRK, RSKWRK, SDOT, SITDOT)

Returns production rates for the species and sites.

SUBROUTINE SKRATI (IR, ROP, ISKWRK, RSKWRK, SDOTI, SITDTI)

Returns rates of production of the species by surface reaction IR.
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7.12 Equilibrium Constants and Rate-of-Progress Variables

SUBROUTINE SKEQ (P, T, ACT, SDEN, ISKWRK, RSKWRK, EQKC)
Returns the equilibrium constants for the surface reactions given

pressure, temperature, species activities, and the site densities.

SUBROUTINE SKROP (P, T, ACT, SDEN, ISKWRK, RSKWRK, ROP)

Returns rates of progress for the surface reactions.

7.13 Utilities

SUBROUTINE SKCOMP (ISTR, IRAY, NN, IND, NT)
Search for the occurrence of character string ISTR, in the NN
character strings of array IRAY;
IND is the first location in IRAY of ISTR if found, or 0 if not
found, and NT is the total number of times it occurs.
Consider the following example,
IRAY = {“BOOK”,"BLUE","BEAR","BOOK"}
NN=4.
If ISTR="BLUE" then IND=2 and NT=1;
if ISTR="RED" then IND=0 and NT=0; and
if ISTR="BOOK",then IND=1 and NT=2.
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SUBROUTINE SKPCMP (ISTR, IRAY, NN, SETS, NSETS, ISET, IND, NT)
This subroutine can do everything that the subroutine SKCOMP can do,
and additionally, has the capabilities of separating the elements of
IRAY into categories and then search IRAY by element and category.
The categories that each element of IRAY will be assigned to are
specified by the input character string vector SETS of vector length
NSETS. Elements of each category in IRAY must be grouped congruously.
The number of elements in each category within IRAY is specified by
the input integer vector ISET. To search for the existence of an
element within category ISTR may additionally be composed of two
substrings, ISTR="ELEMENT_NAME/CATEGORY_NAME/", where CATEGORY_NAME
is one of the categories specified in SETS. In this case, IND will
return the first position in IRAY where ELEMENT_NAME occurred within
the category CATEGORY_NAME. NT will return the total number of
times ELEMENT_NAME occurred within the category CATEGORY_NAME.
If ELEMENT_NAME is not found within the specified category, IND and
NT are returned with a value of zero. If no category is specified
within ISTR, IND and NT return with the same values as they would
from subroutine SKCOMP.
Consider the following example,

IRAY = {"RED", "BLUE", "JADE", "RUBY", "TOPAZ", "JADE"}

NN =6

SETS = {"COLORS", "STONES'"},

NSETS =2

ISET = {4, 2}.
This assumes that the elements of IRAY were grouped into two
sets, consisting of 4 and 2 elements, respectively, and the
following names

"COLORS" ={"RED", "BLUE", "JADE", "RUBY"}, and

"STONES" = {"TOPAZ", "JADE"}.
If ISTR="BLUE" then IND=2 and NT=1;
if ISTR="PINK" then IND=0 and NT=0; and
if ISTR="JADE", then IND=3 and NT=2.
If ISTR="BLUE/COLORS/" then IND=2 and NT=1;
if ISTR="BLUE/STONES/" then IND=0 and NT=0;
if ISTR="JADE/GEMS/" then IND=0 and NT=0; and
if ISTR="JADE/STONES/",then IND=6 and NT=1.
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SUBROUTINE SKPNT (LSAVE, LOUT, VERS, PREC, LENI, LENR, LENC, IERR)
Reads from a file information about a SURFACE CHEMKIN linkfile,
pointers for the SURFACE CHEMKIN Library, and returns lengths

of work arrays.

SUBROUTINE SKSNUM (LINE, NEXP, LOUT, KNAM, KKTOT, PNAM, NNPHAS,
KKPHAS, KNUM, NT, NVAL, RVAL, KERR)

This subroutine is used to read a format-free input line of

combined alphanumeric data. It can be used to parse an input

character string, LINE, which may be composed of several blank-

delimited substrings. This subroutine assumes that the first

substring in LINE is the name of a species in the SURFACE CHEMKIN

mechanism. If the species name is not unique within the Surface

CHEMKIN mechanism, the phase of the species should be input

immediately after the species name, delimited by slashes.

Upon return from the subroutine, KNUM returns the index position

of the species within the SURFACE CHEMKIN linkfile. If the

species name is not unique, KNUM returns the first position and

NT returns the number of the times the species occurs within the

linkfile. If the species name is not found, or there is a

syntax error, on return, KNUM=0, NT=0, and KERR=TRUE.

The substrings in LINE following the first are expected to

represent numbers. They are converted into floating point

values and stored in the output vector, RVAL(*). Upon input,

NEXP is equal to the number of values expected to be found.

If NEXP numbers are not found, KERR will be set to . TRUE. on

return from the subroutine.

Example input:

LINE =GA(S)/BULK1/ 1.2
NEXP =1, the number of values expected
LOUT = 6, a logical unit number on which to write diagnostic messages

KNAM(*) = Array of character species names

KKTOT = Total number of species

PNAM(*) = Array of character phase names

NNPHAS = Total number of phases

KKPHAS(*)= Index array of the number of species in the phases
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Output:
KNUM = The index number of the species which
has the name "GA(S)" and resides in phase "BULK1"
NT =1, if there is only one species GA(S) in phase BULK1
NVAL =1, the number of values found in LINE following the species name
RVAL(1) =1.200E+00, the substring converted to a real number
KERR = .FALSE.

SUBROUTINE SKSAVE (LOUT, LSAVE, ISKWRK, RSKWRK, CSKWRK)
Writes to a binary file information about a SURFACE CHEMKIN

linkfile, pointers for the SURFACE CHEMKIN Library, and

SURFACE CHEMKIN work arrays.
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8. ALPHABETICAL LISTING OF THE SURFACE SUBROUTINE LIBRARY WITH
DETAILED DESCRIPTIONS OF THE CALL LISTS

Each subroutine in the Surface Subroutine Library is described in this chapter, together with a detailed
description of the variables in the call lists. For all arrays, information is given on the required

dimensioning in the calling program. For all variables having units, the cgs units are stated.

SKABE SKABE SKABE SKABE SKABE SKABE SKABE

EE R R I I I I I I I I R I R I I I I R S I R
kkhkkkkhkhkkhkkhhkkkhhkxkkhkhhkkkhhkxkhhk*k*%
* Kk kkk*k

SUBROUTI NE SKABE (| SKWRK, RSKWRK, RA, RB, RE, |STFL)

Returns the Arrhenius coefficients or the sticking coefficients
of the surface reactions, and integer flags to indicate the type
of the coefficients.

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real workspace array; di mensi on at | east LENRSK.

QUTPUT

RA( *) - Real array, pre-exponential constants for reactions;
dimension at least IISUR, the total surface reaction
count.

cgs units, mole-cmsec-K

RB( *) - Real array, tenperature dependence exponents for
reactions;

di nension at least II1SUR the total surface reaction
count .

RE( *) - Real array, activation energies for reactions;
dimension at least IISUR, the total surface reaction
count.

cgs units, K
| STFL(*) - Integer array, sticking reaction information;

di mrension at least |IISUR the total surface reaction
count .

=1, a reaction uses sticking coefficients.

=0, a rection does not.
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SKAML SKAML SKAML SKAML SKAML SKAML SKAML

LR R I I I I I I I I I R I R I I R I R
kkhkkkkhkkhkkkhkkhhkkkhhkkkhkhhkkkhhkxkhkhkk*%
* kkkk*k

SUBROUTI NE SKAML (T, | SKWRK, RSKWRK, AM.)
Returns an array of the standard state Hel nholtz free energies
in molar units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
AM_(*) - Real array, standard state Helmholtz free energies
for species;
di rensi on at | east KKTOT, the total species count.
cgs units, ergs/nmole
SKAMS SKAMS SKAMS SKAMS SKAMS SKANMS SKANMS

EE R R I I I I I I I I R I R I I I R I R
kkhkkkkhkkhkkhkkhhkkkhhkkhkhhkkkhhkxkhkhkk*
* kkkk*k

SUBROUTI NE SKAMS (T, | SKWRK, RSKWRK, AMS)
Returns an array of the standard state Hel nholtz free energies
in mas units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
ANMS(*) - Real array, standard state Helmholtz free energies

for species;
di mensi on at | east KKTOT, the total species count.
cgs units, ergs/gm
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SKATCZ SKATCZ SKATCZ SKATCZ SKATCZ SKATCZ SKATCZ

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBRQUTI NE SKATCZ (P, T, ACT, SDEN, |SKWRK, RSKWRK, C2)
Returns the concentrations of the species, given the pressure,
tenperature and activities.

| NPUT
P - Real scal ar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
ACT(*) - Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density nornmalized by the site density;
surface concentration in nmoles/cnt*2 is
ACT(K)*SI TE DENSITY / # sites per species), and
the next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each
phase.
SDEN( *) - Real array, site densities for the site types;
di rensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
oUTPUT
CzZ(*) - Real array, gas-phase and surface species concentrations,

and bul k species activities;

di mensi on at | east KKTOT, the total species count.

The first KKGAS gas-phase concentrations are nol es/cnr*3,
the next KKSURF site concentrations are noles/cnf*2, and
the final KKBULK entries are bul k species activities.
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SKATHM SKATHM SKATHM SKATHM SKATHM SKATHM SKATHM

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKATHM (MDIM NDI ML, NDI M2, | SKWRK, RSKWRK, NT, TMP
A

Returns the polynom al coefficients of the fits for
t her rodynamni c properties of all of the species.

| NPUT

VDI M - Integer scalar, first dinmension of an array of
tenperatures used in thernodynamic fits for species;
MDI M nust be at | east MAXTP, the maxi mum nunber of
tenperatures used to fit the thernodynam cs.

NDI ML - Integer scalar, first dinmension of A the three-
di mensi onal array of thernodynamc fit coefficients;
NDI ML nmust be at | east NPCP2, the total nunber of
coefficients for one tenperature range.

NDI M2 - Integer scalar, second dinension of A ND M2 rnust be

at least MAXTP-1, the total nunber of tenperature ranges.
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT

Where NT(K) is the number of tenperatures used in fitting the

t her rodynami ¢ properties of species K, TMP(N) is the Nth
tenmperature, NT(K)-1 is the nunber of tenperature ranges for

whi ch the polynom al coefficients are valid, then

A (L, N, K) is the Lth polynonial coefficient, for the Nth
tenperature range, and the Kth species; i.e.

< N=1 > <N=2> . .< N=NT - 1>

—r>—Z20Z<roQmdo
ZO0TuvwunmxuoXm

TMP(1) TMP(2) TMP(3) . . . . . TMP(NT-1) TMP(NT)
NT(*) - Integer array, total nunber of tenperatures used in
fitting coefficients of thernodynam c properties for
t he speci es;
di mensi on at | east KKTOT, the total species count.
TMP(*,*) - Real matrix, tenperatures for dividing the
t hernodynanmic fits for species; dinmension at |east
MAXTP for the first, and at |east KKTOT for the second,
the total species count.
cgs units, K
A(*,*,*) - Real three-dinensioned array of fit coefficients to the
t her rodynani ¢ data for species;
di mensi on exactly NPCP2 for the first, exactly MAXTP-1
for the second, and at |east KKTOT for the third, the
total species count.
The indicies in A(NL, K mean-
N = 1, NN represent polynomi al coefficients in CP/R
CP/R(K)=A(1,L,K) + A(2,L,K)*T + A(3,L,K)*T**2 + ...

N =N\l is for the formation enthal pies, i.e.
HO R = A(NN+1, L, K)
N = N\W2 is for the formation entropies, i.e.

SO R = A(NN+2, L, K)
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for tenperature <= TMP(2, K)
for TMP(2,K) < tenperature <= TMP(3)

(NTMP-1) is for TMP(NTMP-1) <= tenperature;
is the species index

r Y -
1

SKCHRG SKCHRG SKCHRG SKCHRG SKCHRG SKCHRG SKCHRG

LR R I O I I I I I R I R I I R R
kkhkkkkhkkhkkhkkhhkkkhhkxkhkhhkkkhhxkhkhk*x*%
*kkkk*k

SUBROUTI NE SKCHRG (| SKWRK, RSKWRK, KCHARG)
Returns an array containing electronic charges of the species.

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT

KCHARG(*) - Integer array, electronic charges of the species;

di mensi on at | east KKTOT, the total species count.
KCHARG(K) =-2 indicates that the species K has two excess
el ectrons.

SKCOWP SKCOWP SKCOWP SKCOWP SKCOWP SKCOWP SKCOwP

khkkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhhkhhhkhdhhkhkhkrkkhkhkk*x*x
kkkkhkkkhkkhkkkhkkhkkkhkhkkkhkkhkkkhkkkkhkkkk*x%x
*kkkkhk*k

SUBRQUTI NE SKCOWP (I STR, | RAY, NN, | ND, NT)
Search for the occurrence of character string ISTR, in the NN
character strings of array |RAY;
INDis the first location in IRAY of ISTRif found, or 0 if not
found, and NT is the total nunber of tines it occurs.
Consi der the follow ng exanple,
| RAY = {"BOX", "BLUE", "BEAR', " BOOXK"}
NN=4.
If I STR="BLUE" then IND=2 and NT=1
if ISTR="RED' then IND=0 and NT=0; and
if | STR="BOOK", then I ND=1 and NT=2.

| NPUT

| STR - Character string.

| RAY(*) - Character string array.

NN - Integer scalar, length of IRAY(*).

QUTPUT

| ND - Integer scalar, location in I RAY of the character string
ISTR, or O if |ISTR does not appear in |RAY.

NT - Integer scalar, total nunmber of times |ISTR occurs
i

n
n | RAY.
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SKCONT SKCONT SKCONT SKCONT SKCONT SKCONT SKCONT

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKCONT ( KSPEC, ROP, | SKWRK, RSKWRK, ClK)
Returns the contributions of the surface reactions to the nol ar
production rate of species KSPEC.

| NPUT
KSPEC - Integer scalar, species index.
ROP(*) - Real array, rates of progress for the surface reactions;
di mension at least IISUR the total surface reaction
count .
cgs units, nmoles/(cnm*2*sec)
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
OUTPUT
ClK(*) - Real array, contributions of the surface reactions to the
production rate of species KSPEC,
di mrension at least II1SUR the total surface reaction
count.
cgs units, nole/(cn*2*sec)
SKCov SKCov SKCov SKCov SKCov SKCov SKCov

khkkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhhhkhhhkhkhhkhkhkhkrkhkrkk**x
kkkkhkkhkkhkkhkkhkkhkkhkkkhkkhkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKCOV (| SKWRK, KOCC)
Returns an array of site occupancy nunbers for the species.

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
QUTPUT

KOCC( *) - Integer array, site occupancy nunbers for the species;

di rensi on at | east KKTOT, the total species count.
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SKCPML SKCPML SKCPML SKCPML SKCPML SKCPML SKCPML

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBRQUTI NE SKCPML (T, |SKWRK, RSKWRK, CPM.)
Returns an array of the specific heats at constant pressure
in nolar units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT
CPM_(*) - Real array, specific heats at constant pressure for the

speci es;
di rensi on at | east KKTOT, the total species count.
cgs units, ergs/(nole*K)

SKCPMS SKCPMS SKCPMS SKCPMS SKCPMS SKCPMS SKCPMS

khkkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhhkhhhkhkhhkhkhkhkrkhkrkkx**x
kkkkhkkhkkhkkhkkhkkkhkkhkkkhkkhkkkhkkkkhkkkkhk*x%x
*kkkkk*k

SUBRQUTI NE SKCPMS (T, | SKWRK, RSKWRK, CPMS)
Returns an array of the specific heats at constant pressure
in mass units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
CPMS(*) - Real array, specific heats at constant pressure for the

speci es;
di rensi on at | east KKTOT, the total species count.
cgs units, ergs/(gntK)
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SKCPOR SKCPOR SKCPOR SKCPCOR SKCPOR SKCPCOR SKCPOR

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKCPOR (T, | SKWRK, RSKWRK, CPOR)
Returns an array of the nondi nensional specific heats at constant
pressure.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT
CPOR(*) - Real array, nondi nmensional specific heats at constant

pressure for the species;
di mensi on at | east KKTOT, the total species count.

SKCZTA SKCZTA SKCZTA SKCZTA SKCZTA SKCZTA SKCZTA

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhhhkhhkhkhhkhrkhkrkhkrkkx**x
kkkkhkkkhkkhkkkkhkkkhkhkkkhkkhkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBRQUTI NE SKCZTA (T, CZ, SDEN, | SKWRK, RSKWRK, ACT)
Returns the activities of the species, given the pressure,
tenperature and concentrations.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
SDEN( *) - Real array, site densities for the site types;
di rensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,

| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
CZ(*) - Real array, gas-phase and surface species concentrations,
and bul k species activities;
di mensi on at | east KKTOT, the total species count.
The first KKGAS gas-phase concentrations are nol es/cnr*3,
the next KKSURF site concentrations are noles/cnf*2, and
the final KKBULK entries are bul k species activities.
QUTPUT
ACT(*) - Real array, activities of the species;

di mensi on at | east KKTOT, the total species count.

The first KKGAS activities are nole fractions,

the next KKSURF activities are site fractions
(species density normalized by the site density;
surface concentration in noles/cnt*2 is
ACT(K)*SI TE_DENSI TY / # sites per species), and

the next KKBULK activities for bul k phase species

should be fromO to 1, and should sumto 1 for each

phase.
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SKDEN SKDEN SKDEN SKDEN SKDEN SKDEN SKDEN

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKDEN (P, T, ACT, SDEN, |SKWRK, RSKWRK, DEN)
Returns a real array of species densities.

| NPUT
P - Real scalar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density normalized by the site density;
surface concentration in nmoles/cnf*2 is
ACT(K)*SI TE_DENSI TY / # sites per species), and
the next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each
phase.
Real array, site densities for the site types;
di mrensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.

ACT(*)

SDEN( *)

QUTPUT
DEN( *) - Real array, densities for the species;
di rensi on at | east KKTOT, the total species count.
cgmunits, gnicnt*3 for gas-phase species
bm cm*2 for surface species
gmcnt*3 for bul k species
NOTE: rmass densities are not required to be input to
the Interpreter for bul k-phase speci es.
If they are input, they are returned by this
subroutine. If not, DEN = -1.0 for the bulk
speci es
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SKDRDA

SKDRDA

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x

SKDRDA SKDRDA SKDRDA SKDRDA SKDRDA

LR R I I I R I I
*kkkk*k

SUBROUTI NE SKDRDA (IR, P, T, ACT, SDEN, |SKWRK, RSKWRK, DKDAI)
Returns the parti al
with respect to the pre-exponential constant of surface reaction IR

I NPUT
IR
p

T(*)

ACT(*)

SDEN( *)

| SKVRK( *)
RSKVIRK( *)

OUTPUT
DKDAI ( *)

I nt eger

derivative of the rates of production of the species

scal ar, surface reaction index.

Real scal ar, pressure
cgs units, dynes/cnt*2
Real array, tenmperature(s); dinmension is determnined by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,

t he next

KKSURF activities are site fractions

(species density normalized by the site density;
surface concentration in nmoles/cnf*2 is
ACT(K)*SI TE_DENSI TY / # sites per species), and

t he next

KKBULK activities for bul k phase species

should be fromO to 1, and should sumto 1 for each

phase.

Real array, site densities for the site types;
di mensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.

cgs units, noles/cnt*2,

I nt eger
Real

wor kspace array; dinmension at |east LEN SK
wor kspace array; dinmension at |east LENRSK

Real array, partials derivative of production rates

of the species with respect to the pre-exponenti al

constant for surface reaction IR

di rensi on at | east KKTOT, the total species count.
cgs units, moles/(cm*2*sec) / (units of A)

102



SKDRDC SKDRDC SKDRDC SKDRDC SKDRDC SKDRDC SKDRDC

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKDRDC (KSPEC, P, T, ACT, SDEN, |SKWRK, RSKWRK, DKDC)
Returns the partial derivative of the production rates of the
species with respect to the concentration of speci es KSPEC.

| NPUT
KSPEC - Integer scalar, species index
P - Real scalar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dimension is determ ned by

the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
ACT(*) - Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density normalized by the site density;
surface concentration in noles/cnt*2 is
ACT(K)*SI TE_DENSI TY / # sites per species), and
the next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each
phase.
SDEN( *) - Real array, site densities for the site types;
di mensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK

QUTPUT

DKDC( *) - Real array, partial derivative of the production rates of the
species with respect to the concentration of species
KSPEC,

di rensi on at | east KKTOT, the total species count.
cgs units, moles/(cm*2*sec) / (units of KSPEC)
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SKDSDC SKDSDC SKDSDC SKDSDC SKDSDC SKDSDC SKDSDC

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKDSDC (P, T, X, ACT, SDEN, |SKWRK, RSKWRK, DSDC, KKTOT,
SDOT, Sl TDOT)

Returns the partial derivative of the production rates of the

species with respect to the concentrati on of each speci es.

It also returns the matching production rates.

| NPUT
P - Real scalar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
X(*) - Real array, nole fraction (or its equivalent) of the
speci es;
di rensi on at | east KKTOT, the total species count.
The first KKGAS X are nole fractions,
the next KKSURF X are site fractions
(species density nornmalized by the site density;

surface concentration in nmoles/cnt*2 is

X(K)*SI TE_DENSITY / # sites per species),
t he next KKBULK X are bul k species nole fractions.
Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions

(species density nornmalized by the site density;

surface concentration in nmoles/cnt*2 is

ACT(K)*SI TE DENSITY / # sites per species), and
t he next KKBULK activities for bul k phase species

ACT(*)

should be fromO to 1, and should sumto 1 for each phase.

SDEN( *) - Real array, site densities for the site types;
di mensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
KKTOT I nteger scalar, total species count.

QUTPUT
DSDC(*,*) - Real matrix, the partial derivatives of the production
rates of the species with respect to the concentration
of speci es KSPEC,
di mensi on at | east KKTOT, the total species count, for
both the first and second di nensi ons.
cgs units, moles/(cm*2*sec) / (units of KSPEC)
SDOT( *) - Real array, production rates of the species;
di mensi on at | east KKTOT, the total species count.
cgs units, noles/(cm*2*sec)
for 1, KKGAS, the production rates of gas-phase speci es,
for KKGAS+1, KKGAS+KKSUR, the production rates of surface
speci es,
for KKGAS+KKSUR+1, KKTOT, the production rate of bulk
speci es.
Real array, production rates of the surface phases;
di mensi on at | east NPHASE, the total phase count, but
subroutine only calculates entries for site phases.
cgs units, nmoles/(cnm*2*sec)

SI TDOT( *)
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SKDSDX SKDSDX SKDSDX SKDSDX SKDSDX SKDSDX SKDSDX

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKDSDX (P, T, X, ACT, SDEN, |SKWRK, RSKWRK, DSDX, KKTOT,
SDOT, Sl TDOT)

Returns the partial derivative of the production rates of the

species with respect to the activity for each species.

It also returns the matching production rates.

| NPUT
P - Real scalar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
X(*) - Real array, nole fraction (or its equivalent) of the
speci es;
di rensi on at | east KKTOT, the total species count.
The first KKGAS X are nole fractions,
the next KKSURF X are site fractions
(species density nornmalized by the site density;
surface concentration in nmoles/cnt*2 is
X(K)*SI TE_DENSITY / # sites per species),
t he next KKBULK X are bul k species nole fractions.
ACT(*) - Real array, activities of the species;

di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density nornmalized by the site density;
surface concentration in nmoles/cnt*2 is
ACT(K)*SI TE DENSITY / # sites per species), and
t he next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each phase.
SDEN( *) - Real array, site densities for the site types;
di mensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK

KKTOT - Integer scalar, total species count.

QUTPUT

DSDX(*,*) - Real matrix, partial derivatives of the production rates
of the species with respect to the activity of species
KSPEC;,

di mensi on at | east KKTOT, the total species count, for
both the first and second di nensi ons.
cgs units, moles/(cm*2*sec) / (units of KSPEC)
SDOT( *) - Real array, production rates of the species;
di mensi on at | east KKTOT, the total species count.
cgs units, noles/(cm*2*sec)
SDOT(K) is
for 1, KKGAS, the production rate of gas-phase species,
for KKGAS+1, KKGAS+KKSUR, the production rate of surface
speci es,
for KKGAS+KKSUR+1, KKTOT, the production rate of bul k speci es.
Real array, production rates of the surface phases;
di mensi on at | east NPHASE, the total phase count, but
subroutine only calculates entries for site phases.
cgs units, nmoles/(cnm*2*sec)

SI TDOT( *)
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SUBROUTI NE SKEQ (P, T, ACT, SDEN, |SKWRK, RSKWRK, EQKC)
Returns the equilibriumconstants for the surface reactions given
pressure, tenperature, species activities, and the site densities.

| NPUT
P - Real scalar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dimension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
ACT(*) - Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density normalized by the site density;
surface concentration in noles/cnt*2 is
ACT(K)*SI TE_DENSI TY / # sites per species), and
the next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each
phase.
SDEN( *) - Real array, site densities for the site types;
di mensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
EQKC(*) - Real array, equilibriumconstants in concentration units

for the reactions;
di nension at least IISUR the total surface reaction
count .

cgs units, depends on reaction (nmoles, cm
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SUBROUTI NE SKFLGS (IR, | SKWRK, NRPP, |REV, |STFL, |COV, |MOITZ,
| EDP, | BHM |ORD, |YLD)
Returns several integer flags describing surface reaction IR

| NPUT

IR - Integer scalar, surface reaction index.

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

QUTPUT

NRPP - Integer scalar, nunber of species (reactants+products) for

surface reaction IR, conmbined with reversibility flag.
NRPP > 0, NRPP species, reversible surface reaction
< 0, ABS(NRPP) species, irreversible reaction
| REV - Integer scalar, flag for explicit reverse Arrhenius
par anet er s.
=1, reaction has explicit reverse Arrhenius paraneters
=0, no (may or may not be reversible, see NRPP).

| STFL - Integer scalar, flag for sticking coefficients;
=1, reaction does not use sticking coefficients
=0, no

| MOTZ - Integer scalar, flag for Mtz-Wse correction of

sticking coefficients;

=1, sticking reaction with Mdtz-Wse correction

=0, no (may or nmay not be sticking reaction, see |ISTFL)
| COv - Integer scalar, flag to indidicate that reaction has

coverage dependence;

=1, reaction has coverage dependence

=0, no.

| EDP - Integer scalar, flag for energy-dependence;
=1, reaction is energy-dependent,
=0, no.

| BHM - Integer scalar, flag for Bohm correction
=1, Bohmreaction,
=0, no

| ORD - Integer scalar, flag for species order change;
=1, reaction has speci es order change,
=0, no

| YLD - Integer scalar, flag for yield-nodification
=1, yield-nmodification in reaction
=0, no
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SUBROUTI NE SKGML (T, | SKWRK, RSKWRK, GW.)
Returns an array of the standard state G bbs free energies
in nolar units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT
GWL(*) - Real array, standard state G bbs free energies
for the species;
di mensi on KKTOT, the total species count.
cgs units, ergs/nmole
SKGVB SKGVB SKGVB SKGVB SKGVB SKGVB SKGVB
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SUBROUTI NE SKGVB (T, |SKWRK, RSKWRK, GVB)
Returns an array of the standard state G bbs free energies
in mass units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinmension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
GVB( *) - Real array, standard state G bbs free energies

for the species;
di mensi on at | east KKTOT, the total species count.
cgs units, ergs/gm
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SUBROUTI NE SKHML (T, | SKWRK, RSKWRK, HM.)
Returns an array of the enthalpies in nolar units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
HML(*) - Real array, enthal pies for the species;
di mensi on at | east KKTOT, the total species count.
cgs units, ergs/nmole
SKHVS SKHVS SKHVS SKHVS SKHVS SKHVS SKHVS
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SUBROUTI NE SKHMS (T, | SKWRK, RSKWRK, HWVS)
Returns an array of the enthal pies in nmass units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
HVS( *) - Real array, enthal pies for the species;

di mensi on at | east KKTOT, the total species count.
cgs units, ergs/gm
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SUBROUTI NE SKHORT (T, |SKWRK, RSKWRK, HORT)
Returns an array of the nondi nensi onal enthal pi es.

| NPUT
T(*)

| SKVRK( *)
RSKVIRK( *)

OUTPUT
HORT(*)

SKI BHM

- Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.

cgs units, K
I nt eger workspace array; dinmension at |east LEN SK
- Real wor kspace array; dinmension at |east LENRSK

- Real array, nondi mensional enthal pies for the species;
di mensi on at | east KKTOT, the total species count.

SKI BHM SKI BHM SKI BHM SKI BHM SKI BHM SKI BHM
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SUBROUTI NE SKI BHM (IR, | SKWRK, | BMFL)
Returns an integer flag to indicate whether reaction IR uses
BOHM st i cki ng coefficients.

| NPUT
IR
| SKWRK( *)

QUTPUT
| BMFL

- Integer scalar, surface reaction index.
- Integer workspace array; dinmension at |east LEN SK

- Integer scalar, flag for Bohmreactions;
0, reaction IR does not use BOHM sticking coefficients
1, reaction IR does use BOHM sticking coefficients
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SUBROUTI NE SKICOV (IR, NDIM | SKWRK, RSKWRK, NCOVI, KCOVI, CPARI)
Returns the coverage speci es index nunbers and their coverage
paranmeters for reaction IR

| NPUT

IR - Integer scalar, surface reaction index.

NDI M - Integer scalar, first dinmension of array CPAR, the
coverage paraneters; NDI M nust be at |east NSCOV,
the total number of coverage paraneters.

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.

QUTPUT

NCOVI - Integer scalar, total nunber of species that nodify the
rate of reaction IR through coverage dependence.

KCOVI (*) - Integer array, species indices for the NCOVI species that

nodi fy the rate of a coverage dependence reaction
di mensi on at | east KKTOT, the total species count.

CPARI (*,*)- Real matrix, coverage paraneters for the coverage species
of reaction IR
di mension at |east NSCOV for the first, the nunber of
coverage paraneters required, and at |east KKTOT for the
second, the total species count.

SKI ENR SKI ENR SKI ENR SKI ENR SKI ENR SKI ENR SKI ENR
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SUBRQUTI NE SKI ENR (I R, | SKWRK, SKWRK, | ENRFL, |ElIQON, PEDEP)
Returns an integer flag to indicate if reaction IR is ion-energy-
dependent, and if so, fornul ation-specific paraneters.

| NPUT

IR - Integer scalar, reaction index;

| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT

| ENRFL - Integer scalar

0, reaction IR does not have an ion-energy dependence
1, reaction IR does have an ion-energy dependence
| EI ON - Integer scalar, species index of the ion on which reaction
i s dependent
Real array, supplenental paraneters for an
i on- ener gy-dependent reaction rate fornulation
di mensi on at | east NEDPAR, the nunber of suppl enental
rate parameters required.

PEDEP( *)
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SUBROUTI NE SKI NDX (I SKWRK, NELM KKGAS, KKSUR, KKBULK, KKTOT,
NNPHAS, NNSURF, NFSURF, NLSURF, NNBULK, NFBULK
NLBULK, |1 SUR)

Returns a group of indices defining the size of the surface

reacti on nechani sm

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

QUTPU

NELM - Integer scalar, total elenment count.

KKGAS - Integer scalar, total gas-phase species count.

KKSUR - Integer scalar, total surface species count.

KKBULK - Integer scalar, total bulk species count.

KKTOT - Integer scalar, total species count (KKGAS+KKSUR+KKBULK) .
NNPHAS - Integer scalar, total phase count (gas + sites + bul ks).

I
I
I
I
I
I
NNSURF - Integer scalar, total surface phase count.
I
I
I
I
I
I

NFSURF - Integer scalar, phase index of the first surface phase.
NL SURF - Integer scalar, phase index of the |ast surface phase.
NNBULK - Integer scalar, total bulk phase count.

NFBULK - Integer scalar, phase index of the first bul k phase.
NLBULK - Integer scalar, phase index of the last bul k phase.

I 1 SUR - Integer scalar, total surface reaction count.

SKINI'T SKINI'T SKINI'T SKINI'T SKINI'T SKINI'T SKINI'T
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kkhkkkkhkkhkkhkkhhkkkhhkkhkhhkkkhhkxkhkhkk*
* kkkk*k

SUBROUTI NE SKI NI T (LENI SK, LENRSK, LENCSK, LI NSK, LOUT

| SKWRK, RSKWRK, CSKWRK, |FLAG
Reads the surface linkfile and creates internal work arrays | SKWRK
RSKWRK, and CSKWRK. SKINIT rmust be called before any other Surface
CHEMKI N subroutine can be used, as the work arrays nust be avail able
as their input.

| NPUT

LENI SK - Integer scalar, length of the integer array | SKWRK

LENRSK - Integer scalar, length of the real array RSKWRK

LENCSK - Integer scalar, length of the character string array

CSKWRK.

LI NSK - Integer scalar, linkfile input file unit number.

LoUT - Integer scalar, formatted output file unit numnber.

QUTPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK

CSKWRK(*) - Character string workspace array; dinmension at |east
LENCSK.

| FLAG - Integer scalar to indicate successful reading of

linkfile; IFLAGO is an error type.
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SUBROQUTINE SKINU (IS, NDIM |SKWRK, RSKWRK, NSPEC, KI, NU)
Returns the nunber of species in a surface reaction, and the
speci es indices and stoichionmetric coefficients.

| NPUT

IR - Integer scalar, index nunber of a surface reaction
I R nust be greater than O and | ess than or equal to
I SUR, the total surface reaction count.

NDI M - Integer scalar, dinension of the arrays KI and NU
NDI M nmust be at | east MAXSPR, the total nunber of
species allowed in a surface reaction.

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT

NSPEC - Integer scalar, the number of species (reactants +

products) in surface reaction IR

Kl (*) - Integer array, species indices for the species in surface
reaction IR
di mensi on at | east MAXSPR, the total nunber of species
allowed in a surface reaction.

NU( *) - Integer array, stoichionetric coefficients of the

species in surface reaction IR

di rensi on at | east MAXSPR, the total nunber of species
allowed in a surface reaction.

NU is negative if the Nth species is a reactant;

NU is positive if the Nth species is a product.

113



SKI ORD SKI ORD SKI ORD SKI ORD SKI ORD SKI ORD SKI ORD

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTINE SKIORD (IDIM KD M | SKWRK, RSKWRK, NFORD, |FORD, FORD,
NRORD, | RORD, RORD)

Returns the nunmber and indices of surface reactions with nodified

speci es orders, and the order values for the species in the

surface mechani sm

| NPUT
| DI M - Integer scalar, dinension of arrays |IFORD and | RORD;
I DI M nust be at |east NORD, the total nunber of
surface reactions with nodified species orders.
KDI M - Integer scalar, first dinmension of the arrays FORD and
RORD;
KDI M nust be at |east NKK, the total species count.
| SKWRK(*) - Integer workspace array; dinmension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT
NFORD - Integer scalar, total nunber of surface reactions with

nodi fied forward species orders.
| FORD(*) - Integer array, indices of surface reactions with nodified
forward species orders; dinmension at |east NFORD.
FORD(*,*) - Real matrix, the nodified forward species orders for the
NFORD surface reactions;
di mension at | east KKTOT, the total species count, for
the first, and at | east NFORD for the second.
FORD(K,N) is the forward order of species K for the Nth
surface change-order reaction.

NRORD - Integer scalar, total nunber of surface reactions with
nodi fi ed reverse species orders.
I RORD(*) - Integer array, indices of surface reactions with nodified

reverse speci es orders; dinension at |east NRORD.
RORD(*,*) - Real matrix, the nodified reverse species orders for the

NRORD surface reactions;

di mension at | east KKTOT for the first, the total species

count, and at |east NRORD for the second.

RORD(K, N) is the reverse order of species Kfor the Nth

surface change-order reaction.
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SUBROQUTI NE SKI REV (I R, | SKWRK, RSKWRK, |REV, RAR, RBR, RER)
Returns an integer flag to indicate whether reaction IR has an
explicitly assigned reverse rate constant. It also returns the
reverse Arrhenius expression values for surface reaction IR

if it was explicitly assigned in the SURFACE CHEMKIN i nterpreter.
If reverse Arrhenius values were not explicitly assigned,

RAR, RBR and RER will be zero.

| NPUT
IR - Integer scalar, surface reaction index.
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
| REV - Integer scalar,
1, reaction IR has explicit reverse rate paraneters
0, no.
RAR - Real scalar, explicit pre-exponential constants
for reaction IR
cgs units, mole-cmsec-K
RBR - Real scalar, explicit tenperature dependence exponents
for reaction IR
RER - Real scalar, explicit activation energy for reaction IR

cgs units, Kelvins
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SUBROUTINE SKIRNU (IDIM NDIM | SKWRK, RSKWRK, NI RNU, |RNU, NSPEC,
K, RNU)

Ret urns the number and indices of surface reactions with real

stoichionetric coefficients, nunber of species in the reactions,

and the species indices and coefficients;

| NPUT

| DI M - Integer scalar, dinension of the arrays | RNU and NSPEC,
and the second di mension of matrices Kl and RNU,;
I DI M nust be at |east NIRNU, the nunber of surface
reactions with real stoichionetric coefficients.

NDI M - Integer scalar, first dinmension of matrices KI and RNY;
NDI M nust be at | east MAXSPR, the nmxi mum nunber of
species allowed in a surface reaction.

| SKWRK(*) - Integer workspace array; dinmension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK

QUTPUT

NI RNU - Integer scalar, total nunmber of surface reactions with
real stoichionmetric coefficients.

I RNU( *) - Integer array, indices of surface reactions with real
stoi chiometric coefficients; dinension at |east N RNU.

NSPEC(*) - Integer array, total number of species in a surface
reaction;
di mensi on at | east N RNU.

KI(*,*) - Integer matrix, species indices for species in a surface
reaction;

di nension at |east MAXSPR for the first, and at |east
NI RNU for the second.
KI(MN) is the species index of the Mh species in the
Nt h real coefficient surface reaction.

RNU(*,*) - Real mmtrix, stoichionetric coefficients for species
in the NIRNU reactions; dinmension at |east MAXSPR for
the first, and at least NIRNU for the second.
RNU(MN) is the stoichionetric coefficient of the Mh
species in the Nth real coefficient surface reaction, and
RNUM*) <0 if the Mh species is a reactant;

RNUM*) >0 if the Mh species is a product.
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SUBROUTI NE SKI STK (I R, | SKWRK, | STFL)
Returns an integer flag to indicate whether reaction IR uses
sticking coefficients.

| NPUT

IR - Integer scalar, index of a surface reaction.

| SKWNRK(*) - Integer workspace array; dinmension at |east LEN SK
QUTPUT

| STFL - Integer scalar,

0, reaction IR does not use sticking coefficients
1, reaction IR does use sticking coefficients
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SUBRQUTI NE SKI YLD (I R, | SKWRK, RSKWRK, |YLD, |YIQN, KYLD, PYLD)
Returns an integer flag to indicate whether reaction IR has yield-
nodi fi ed species, the species index of its ion, yield-nodify flags
for its reactants and products, and paraneters for the yield

expr essi on.

| NPUT
IR - Integer scalar, surface reaction index.
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
| YLD - Integer scalar, flag for yield-nodify reactions;
1, reaction IR uses yield-nodification
0, no
I YI ON - Integer scalar, species index of the ion in a yield-
nodi fy reaction
KYLD( *) - Integer array, yield flags for the species in a yield-
nodi fy reaction
di mensi on at | east MAXSPR, the maxi mum nunber of species
allowed in a surface reaction.
1, species is yield-nodified
0, no
PYLD( *) - Real array, paranmeters for the yield-expression in

a yield-nodify reaction
di mensi on at | east NYPAR, the number of paraneters
required.
If 1YLD=1, and KYLD of the Nth species in the reaction
is 1, the stoichionetric coefficient NU of the species is
scaled by the results of the expression

PYLD(1) * [Ei **PYL(3) - PYLD(2)**PYLD(3)] **PYLD( 4)
where Ei is the ion energy of species |YH ON

SKKI ON SKKI ON SKKI ON SKKI ON SKKI ON SKKI ON SKKI ON
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SUBROUTI NE SKKI ON (| SKWRK, KKELECT, KKION, Kl ON)

Returns the species nunber of the el ectron, the nunber of positive
ions in the gas phase, and an array of species nunber for each
positive ion

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
QUTPUT

KELECT - Integer scalar, species index of the electron species.

KKI ON - Integer scalar, total gas-phase positive ion count.

Kl ON - Integer array, species indices for the gas-phase positive

i ons;
di mensi on at | east NKKGAS, the gas-phase species count.
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SUBROUTI NE SKKTFL (| SKWRK, KTFL)
Allows the user to assign a location in the tenperature array
to use for the gas-phase species.

| NPUT
| SKANRK(*) - Integer workspace array; dinension at |east LEN SK
KTFL(*) - Integer array, indices into the tenperature(s) for
gas- phase speci es;
di mensi on at | east KKGAS, the total gas-phase species
count .
Default value stored in ISKWRK is set to 1 in SKINIT.
SKLEN SKLEN SKLEN SKLEN SKLEN SKLEN SKLEN
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SUBROUTI NE SKLEN (LI NSK, LOUT, LENI, LENR, LENC, |FLAG
Reads the first record of the linkfile to return the Iengths
required for the integer, real, and character work arrays.

| NPUT
LI NSK - Integer scalar, input unit number assigned to linkfile.
LoUT - Integer scalar, formatted output unit file nunber.
QUTPUT
LENI - Integer scalar, dinension required for integer work
array, | SKWRK
LENR - Integer scalar, dinension required for real work
array, RSKVWRK.
LENC - Integer scalar, dinension required for character work

array, CSKVWRK.
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SUBROUTI NE SKLEN2 (LINSK, LOUT, LENI, LENR, LENC
NELEM NKKGAS, NKKSUR, NKKBLK, NKKTOT, NPHASE,
NNSUR, NNBLK, NI ISUR NI CON, MORE, |FLAQ
Reads the first record of the linkfile to return the Iengths
required for the integer, real, and character work arrays,
as well as other size information needed for menory all ocation
The routine al so advances to the end of the first material

| NPUT

LI NSK - Integer scalar, input unit nunmber assigned to linkfile.

LoUT - Integer scalar, formatted output unit file nunber.

QUTPUT

LENI - Integer scalar, dinension required for integer work
array, | SKVWRK

LENR - Integer scalar, dinension required for real work
array, RSKVWRK.

LENC - Integer scalar, dinension required for character work
array, CSKVWRK.

NELEM - Integer scalar, nunber of elenents

NKKGAS - Integer scalar, nunber of gas-phase species

NKKSUR - Integer scalar, nunber of surface site species

NKKBLK - Integer scalar, nunber of bulk species

NKKTOT - Integer scalar, total nunmber of species

NPHASE - Integer scalar, total nunber of phases

NNSUR - Integer scalar, nunber of surface phases

NNBLK - Integer scalar, nunber of bul k phases

NI | SUR - Nunber of surface reactions

NI | CON - Number of reactions for which sites are not conserved.

MORE - Integer scalar, flag if > 0 indicates another materi al

follows this one in the linking file.
| FLAG - Integer scalar, flag if > 0 indicates an error occurred

during reading of the linking file.

SKMXTP SKMXTP SKMXTP SKMXTP SKMXTP SKMXTP SKMXTP
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SUBROUTI NE SKMXTP (| SKWRK, MXTP)
Ret urns the maxi num nunber of tenperatures used in
fitting the thernodynanic properties of the species.

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
QUTPUT

MXTP - Integer scalar, maxi num nunber of tenperatures used in

I
fitting the thernodynanic properties of the species.

119



SKNCF SKNCF SKNCF SKNCF SKNCF SKNCF SKNCF

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKNCF (NELDI M | SKWRK, NEL)
Returns the el emental conposition of the species.

| NPUT

NELDI M - Integer scalar, first dinmension of the matrix NEL;
nust be at |east NELEM the total elenment count.

| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK

QUTPUT

NEL(*,*) - Integer matrix, elenental conpositions of the species;

di rension at | east NELEM for the first, the total

el ement count, and at | east KKTOT for the second, the
total species count.

NEL(M K) is the quantity of elenment Min species K

SKNCON SKNCON SKNCON SKNCON SKNCON SKNCON SKNCON
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SUBROUTI NE SKNCON (| SKWRK, RSKWRK, NCON)
Returns the total nunber of surface reacti ons which do not conserve
sites of the phases.

| NPUT

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
QUTPUT

NCON( *) - Integer array, count of surface reactions which do not

conserve sites in the phases;
di mrensi on at | east NPHASE, the total phase count.
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SUBROUTI NE SKNU (IDIM | SKWRK, RSKWRK, KSTO C, NSTA C)
Returns the stoichionetric coefficients of the species and the net
change in phases for all of the surface reactions in a mechani sm

| NPUT
| DI M - Integer scalar, first dinension of the array NSTO C;

must be at least I1SUR the total surface reaction count.
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT

KSTO C(*,*)-Integer matrix, stoichiometric coefficients for the
species in the surface reactions;
the first dinmension nmust be at least II1SUR the tota
surface reaction count, and at |east KKTOT for the
second, the total species count.

NSTO C(*,*)-Integer matrix, net change of the phases for the surface
reactions;
the first dinension nust be at least IISUR the total
surface reaction count, and at |east NPHASE for the
second the total phase count.

SKNUF SKNUF SKNUF SKNUF SKNUF SKNUF SKNUF
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SUBROUTI NE SKNUF (IDIM | SKWRK, KSTO F)
Returns the stoichionmetric coefficients of the species
for all reactants in all surface reactions in a nechani sm

(note - reactants only! - they will all be negative)

| NPUT

| DI M - Integer scalar, first dinmension of the array NSTO C;
nust be at least ISUR the total surface reaction count.

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

QUTPUT

KSTO F(*,*)-Integer matrix, stoichionmetric coefficients for the
reactants in the surface reactions;
dinension at least IISUR for the first, the total surface
reaction count, and at | east KKTOT for the second, the
total species count.
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SUBRQUTI NE SKPCWP (I STR, | RAY, NN, SETS, NSETS, |SET, IND, NT)
This subroutine can do everything that the subrouti ne SKCOW can do,
and additionally, has the capabilities of separating the el ements of
| RAY into categories and then search I RAY by el enment and category.
The categories that each element of IRAY will be assigned to are
specified by the input character string vector SETS of vector |ength
NSETS. Elenents of each category in | RAY nust be grouped congrously.
The nunber of elements in each category within IRAY is specified by
the input integer vector |ISET. To search for the existence of an
el ement within acategory | STR nay additionally be conposed of two
substrings, | STR="ELEMENT_NAME/ CATEGORY_NAME/ ", where CATEGORY_NAME
is one of the categories specified in SETS. In this case, IND w |l
return the first position in | RAY where ELEMENT_NAME occurred within
the category CATEGORY NAME. NT will return the total nunber of
ti mes ELEMENT_NAME occurred within the category CATEGORY_NAME.
I f ELEMENT _NAME is not found within the specified category, IND and
NT are returned with a value of zero. |If no category is specified
within I STR, IND and NT return with the sane val ues as they woul d
from subrouti ne SKCOWP.
Consi der the follow ng exanple,

| RAY = {"RED", "BLUE", "JADE", "RUBY", "TOPAZ", "JADE"}

NN = 6

SETS = {"COLORS"', "STONES'},
NSETS = 2

| SET = {4, 2}.

This assunes that the elements of | RAY were grouped into two

sets, consisting of 4 and 2 elenents, respectively, and the

fol |l owi ng names
" COLORS"
" STONES"

{"RED', "BLUE", "JADE", "RUBY"}, and
{"TOPAZ", "JADE"}.

If | STR="BLUE" then IND=2 and NT=1;

if ISTR="PINK" then IND=0 and NT=0; and

if | STR="JADE", t hen | ND=3 and NT=2.

I f | STR="BLUE/ COLORS/ " then IND=2 and NT=1;

i f | STR="BLUE/ STONES/" then I ND=0 and NT=0;

if | STR="JADE/ CGEMS/ " then IND=0 and NT=0; and

if | STR="JADE/ STONES/ ", then I ND=6 and NT=1.

| NPUT

| STR - Character string, which may or nay not end with a
sl ash-delimted substring.

| RAY(*) - Character string array;
di mensi on at |east NN

NN - Integer scalar, nunber of entries in | RAY(*).

SETS(*) - Character string array, cross-reference set to relate
with el enents of |RAY;
di mensi on at | east NSETS.

NSETS - Integer scalar, nunber of entries in SETS(*)

| SET(*) - Integer array, total nunber of entries in a subset of
| RAY; dinension at | east NSETS.

QUTPUT

| ND - teger scalar, index of ISTR in | RAY(*).

In
If ISTRis not in IRAY(*), IND = 0.
If the slash-delinmted substring of ISTR is not
in SETS(*), IND = 0.

f the slash-delimted substring of ISTRis in
SETS(N), but the substring before the slash is

I
not a menber of the subset associated with SETS(N),
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IND = 0, whether or not the substring is in | RAY(*).
NT - Integer scalar, total occurrence of ISTR in |IRAY(*),

or total nunber of times | STR occurs in a subset

of | RAY(*).

SKPKK SKPKK SKPKK SKPKK SKPKK SKPKK SKPKK
EE R S 2k S S S Sk I I S kS Sk S kS I
kkhkhkkhkhkkhkkhkhkdhkkkhkhkkhkhkkhkhkkhkhkhkhkkhxk*x*k
*kkkk*k

SUBROUTI NE SKPKK (I SKWRK, KKPHAS, KFI RST, KLAST)
Returns arrays of species pointers for the phases.
| NPUT
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
QUTPUT
KKPHAS(*) - Integer array, the total species counts for phases;
di rensi on at | east NPHASE, the total phase count.
KFI RST(*) - Integer array, species indices for the first species of
t he phases;
di mensi on at | east NPHASE, the total phase count.
KLAST(*) - Integer array, species indices for the |ast species of
t he phases;
di rensi on at | east NPHASE, the total phase count.
SKPNT SKPNT SKPNT SKPNT SKPNT SKPNT SKPNT
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SUBRQUTI NE SKPNT (LSAVE, LOUT, VERS, PREC, LENI, LENR, LENC, |ERR)
Reads froma file informati on about a SURFACE CHEMKIN | i nkfil e,
pointers for the SURFACE CHEMKIN Li brary, and returns |engths

of work arrays.

| NPUT

LSAVE - Integer scalar, input unit for binary data file.

LouUT - Integer scalar, formatted output file unit nunber.

QUTPUT

VERS - Real scalar, version nunber of the SURFACE CHEMKI N
linkfile.

PREC - Character string, machine precision of the linkfile.

LENI - Integer scalar, length required for integer work array.

LENR - Integer scalar, length required for real work array.

LENC - Integer scalar, length required for character work array.

KERR - Logical, error flag.
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| SKWRK, RSKWRK, RA)

Returns the Pre-exponenti al

rate constant
(or sticking coefficient) of the IRRh reaction

or changes its

val ue, depending on the sign of IR
| NPUT
IR - Integer scalar, reaction index;
IR> 0 gets RA(I) from RSKWRK
| R< 0 puts RA(l) into RSKWRK
I SKWRK( *) I nt eger workspace array; dinmensi
RSKWRK( *) Real wor kspace array; dinensi
If IR< O:
RA Real scal ar, pre-exponential or
reaction IR
cgs units, mole-cmsec-K for
none for sticking
OUTPUT
If IR0
RA Real scal ar, pre-exponential or
reaction IR
cgs units, mole-cmsec-K for

none for sticking

LENI SK.
LENRSK.

| east
| east

on at
on at

sticking coefficient for

pre- exponenti al
coefficients

sticking coefficient for

pr e- exponenti al
coefficients
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SUBROUTI NE SKRAT (P, T, ACT, SDEN, |SKWRK, RSKWRK, SDOT, Sl TDOT)
Ret urns production rates for the species and sites.

| NPUT
P - Real scal ar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
ACT(*) - Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density nornmalized by the site density;
surface concentration in nmoles/cnt*2 is
ACT(K)*SI TE DENSITY / # sites per species), and
the next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each
phase.
SDEN( *) - Real array, site densities for the site types;
di rensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
ouUTPUT
SDOT( *) - Real array, production rates of the species;
di mensi on at | east KKTOT, the total species count.
cgs units, noles/(cm*2*sec)
for 1, KKGAS, the production rate of gas-phase species,
for KKGAS+1, KKGAS+KKSUR, the production rate of surface
speci es,
for KKGAS+KKSUR+1, KKTOT, the production rate of bulk
speci es.
SITDOT(*) - Real array, production rates of the surface phases;

di mensi on at | east NPHASE, the total phase count, but
subroutine only calculates entries for site phases.
cgs units, nmoles/(cnm*2*sec)
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SUBROUTI NE SKRATI (IR, ROP, |SKWRK, RSKWRK, SDOTI, SITDTI)
Returns rates of production of the species by surface reaction IR

| NPUT

IR - Integer scalar, reaction index;

ROP(*) - Real array, rates of progress for the surface reactions;
di mrension at least II1SUR the total surface reaction
count.

cgs units, noles/(cm*2*sec).

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.

QUTPUT

SDOTI (*) - Real array, production rates of the species by reaction
IR
di mensi on at | east KKTOT, the total species count.

cgs units, noles/(cm*2*sec)
for 1, KKGAS, the production rate of gas-phase species,
for KKGAS+1, KKGAS+KKSUR, the production rate of surface
speci es,
for KKGAS+KKSUR+1, KKTOT, the production rate of bulk
speci es.
SITDTI(*) - Real array, production rates of the surface phases due to

reaction IR

di rensi on at | east NPHASE, the total phase count, but

subroutine calculates entries only for site phases.
cgs units, noles/(cm*2*sec)

SKRDEX SKRDEX SKRDEX SKRDEX SKRDEX SKRDEX SKRDEX
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SUBROUTI NE SKRDEX (I R, | SKWRK, RSKWRK, RD)
Returns the perturbation factor of the IRth reaction
or changes its value, depending on the sign of IR

| NPUT
IR - Integer scalar, reaction index;
IR> 0 gets RD(1) from RSKWRK
IR< 0 puts RD(1) into RSKWRK
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
If IR< O:
RD - Real scalar, perturbation factor for reaction IR
PUT
If IR> O:
RD - Real scalar, perturbation factor for reaction IR
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SUBROUTI NE SKRHEX (K, | SKWRK, RSKWRK, A6)

Returns an array of the sixth thernodynan c pol ynom al
coefficients for a species, or changes their val ue,
dependi ng on the sign of K

SKRHEX

| NPUT

K - Integer scalar, species index;
K > 0 gets A6(*) from RSKWRK
K < 0 puts A6(*) into RSKWRK

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.

If K< O:

AB(*) - Real array, the 6th thernodynam ¢ pol ynomi al
coefficients for species K, over the nunber of
tenperature ranges used in fitting thernmdynanic
properties;

di rensi on at | east MAXTP-1, where MAXTP is the
maxi mum nunber of tenperatures used in fitting the
t her rodynamni ¢ properties of the species.

QUTPUT

If K> 0:

AB(*) - Real array, the 6th thernodynam ¢ pol ynomi al

coefficients for species K, over the nunber of

tenperature ranges used in fitting thernmdynanic

properties;

di rensi on at | east MAXTP-1, where MAXTP is the

maxi mum nunber of tenperatures used in fitting the

t her rodynamni ¢ properties of the species.
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SUBROUTI NE SKROP (P, T, ACT, SDEN, |SKWRK, RSKWRK, RCP)
Returns rates of progress for the surface reactions.

| NPUT
P - Real scalar, pressure.
cgs units, dynes/cnt*2
T(*) - Real array, tenperature(s); dinmension is determ ned by

the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
ACT(*) - Real array, activities of the species;
di mensi on at | east KKTOT, the total species count.
The first KKGAS activities are nole fractions,
the next KKSURF activities are site fractions
(species density normalized by the site density;
surface concentration in noles/cnt*2 is
ACT(K)*SI TE_DENSI TY / # sites per species), and
the next KKBULK activities for bul k phase species
should be fromO to 1, and should sumto 1 for each
phase.
SDEN( *) - Real array, site densities for the site types;
di mrensi on at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.
cgs units, noles/cnt*2,

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.

QUTPUT

ROP(*) - Real array, rates of progress for the surface reactions;
di mrension at least II1SUR the total surface reaction
count.

cgs units, noles/(cm*2*sec).

SKRP SKRP SKRP SKRP SKRP SKRP SKRP
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SUBROQUTI NE SKRP (I SKWRK, RSKWRK, RU, RUC, PATM
Ret urns uni versal gas constants and the pressure of one standard
at nosphere.

| NPUT
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
RU - Real scalar, universal gas constant.

cgs units, 8.314510E7 ergs/(nol e*K)
RUC - Real scalar, universal gas constant used only in

conjuction with activation energy.
preferred units, RU/ 4.184 cal/(nol e*K)
PA - Real scalar, pressure of one standard at nosphere.
cgs units, 1.01325E6 dynes/cnt*2
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SUBROUTI NE SKRPAR (| SKWRK, RSKWRK, ENRJ )

Allows the user to input auxiliary reaction-rate paraneters for
special types of reactions. The first paraneter is the species (ion)
directed energy for ion-energy-dependent reactions.

| NPUT
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
ENRG (*) - Real array, species ion energies used in the N I|EDP
reactions;
di mensi on at | east KKGAS, the total gas-phase species
count .

Default value stored in RSKWRK is set to 0.0 in SKINT.

SKSAVE SKSAVE SKSAVE SKSAVE SKSAVE SKSAVE SKSAVE
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SUBROUTI NE SKSAVE (LQUT, LSAVE, | SKWRK, RSKWRK, CSKWRK)
Wites to a binary file infornmation about a SURFACE CHEMKI N
linkfile, pointers for the SURFACE CHEMKIN Li brary, and
SURFACE CHEMKI N wor k arrays.

| NPUT

LoUT - Integer scalar, formatted output file unit numnber.
LSAVE - Integer scalar, unformatted output file unit nunber.
| SKANRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
CSKWRK(*) - Character string workspace array; dimension at |east

LENCSK.

SKSDEN SKSDEN SKSDEN SKSDEN SKSDEN SKSDEN SKSDEN
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SUBROUTI NE SKSDEN (| SKWRK, RSKWRK, SDENO)
Returns a real array of standard-state phase densities as given
on input to the interpreter

| NPUT

RSKWRK(*) - Real workspace array; dimension at |east LENRSK
QUTPUT

SDENO(*) - Real array; standard-state densities for the

site types, AS READ BY THE | NTERPRETER,
di mrension at | east NPHASE, the total phase count,
but the subroutine only uses site phase entries,
NFSURF <= N <= NLSURF.

cgs units, noles/cnt*2.
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SKSIVH SKSIVH SKSIVH SKSIVH SKSIVH SKSIVH SKSIVH

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKSMH (T, | SKWRK, RSKWRK, SMH)
Returns the array of dinensionless entropies mnus enthal pi es

for the species. It is normally not called directly by the user
| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by

the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT

SVH( *) - Real array, dinensionless entropies mnus enthal pies

for the species;
di mensi on at | east KKTOT, the total species count.
SMH(K) = S(K)/R - H(K)/RT.

SKSML SKSML SKSML SKSML SKSML SKSML SKSML

LR R I I I I I I I I R I R I I I R I R
kkhkkkkhkkhkkhkhhkkkhhkkhkhhkkkhhkxkhkhkk*
* kkkk*k

SUBROUTI NE SKSML (T, | SKWRK, RSKWRK, SM.)
Returns an array of the standard state entropies in nolar units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKARK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
SM_(*) - Real array, standard state entropies for the species;

di mensi on at | east KKTOT, the total species count.
cgs units, ergs/(nole*K)
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SKSMS SKSMS SKSMS SKSMS SKSMS SKSMS SKSMS

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKSM5 (T, |SKWRK, RSKWRK, SMS)
Returns an array of the standard state entropies in mass units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
SM5( *) - Real array, standard state entropies for the species;

di mensi on at | east KKTOT, the total species count.
cgs units, ergs/(gnrK)
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SKSNUM SKSNUM SKSNUM SKSNUM SKSNUM SKSNUM SKSNUM

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKSNUM (LI NE, NEXP, LOUT, KNAM KKTOT, PNAM NNPHAS
KKPHAS, KNUM NT, NVAL, RVAL, KERR)

This subroutine is used to read a format-free input line of
conbi ned al phanunerical data. It can be used to parse an input
character string, LINE, which nmay be conposed of several bl ank-
delimted substrings. This subroutine assunes that the first
substring in LINE is the nane of a species in the SURFACE CHEMKI N
mechanism |f the species name is not unique within the SURFACE
CHEMKI N mechani sm the phase of the species should be input
i mediately after the species nane, delinmted by slashes.
Upon return fromthe subroutine, KNUMreturns the index position
of the species within the SURFACE CHEMKIN | inkfile. If the
speci es nanme is not unique, KNUMreturns the first position and
NT returns the nunber of the tines the species occurs within the
linkfile. |If the species nane is not found, or there is a
syntax error, on return, KNUM=O, NT=0, and KERR=. TRUE
The substrings in LINE following the first are expected to
represent nunbers. They are converted into floating point
val ues and stored in the output vector, RVAL(*). Upon input,
NEXP i s equal to the nunber of val ues expected to be found.
I f NEXP nunmbers are not found, KERR will be set to .TRUE. on
return fromthe subroutine.

Exanpl e input:

LI NE = GA(S)/BULK1l/ 1.2
NEXP = 1, the number of val ues expected
LoUT = 6, a logical unit nunber on which to wite
di agnosti c messages
KNAM *) = Array of character species names
KKTOT = Total nunber of species
PNAM *) = Array of character phase names
NNPHAS = Total nunber of phases
KKPHAS(*) = I ndex array of the nunber of species in the
phases
CQut put :
KNUM = The index nunber of the species which
has the nane "GA(S)" and resides in phase
" BULK1"
NT =1, if there is only one species GA(S)
i n phase BULK1
NVAL = 1, the nunber of values found in LINE
foll owi ng the speci es nane
RVAL(1) = 1.200E+00, the substring converted to a
real nunber
KERR = . FALSE
| NPUT
LI NE - Character string; length depends on calling routine.
NEXP - Integer scalar, nunber of values to be found in LINE
If NEXP < 0, then | ABS(NEXP) val ues are expected, but
it is not an error condition if |ess values are found.
LoUT - Integer scalar, formatted output file unit numnber.
KNAM *) - Character string array, species nanes;
di mensi on at | east KKTOT, the total species count.
KKTOT - Integer scalar, the total species count.
PNAM *) - Character string array, phase nanes;
di mensi on at | east NNPHAS, the total phase count.
NNPHAS - Integer scalar, the total phase count.
KKPHAS(*) - Integer array, total species counts for the phases;

di mensi on at | east NNPHAS, the total phase count.
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QUTPUT

KNUM - Integer scalar, species index if the species name appears
in LINE

NT - Integer scalar, nunber of tines the species name occurs
in the linkfile.

NVAL - Integer scalar, nunber of value character strings found
in LINE

RVAL(*) - Real array, real values for their character strings in
LI NE;
di mensi on at | east NEXP, the nunber of val ues expected.

KERR - Logical, syntax or dinensioning error flag;

SKSOR SKSOR SKSOR SKSOR SKSOR SKSOR SKSOR

khkkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhhkhhhkhkhhkhkhkhkrkhkrkk**x
kkkkhkkkhkkhkkkhkkhkkkhkkhkkkhkkhkkkhkkkkhkkkk*x%x
*kkkkk*k

SUBROUTI NE SKSOR (T, |SKWRK, RSKWRK, SOR)
Returns an array of the nondi nensi onal entropies.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
SOR(*) - Real array, nondi mensional entropies for the species;

di mensi on at | east KKTOT, the total species count.

SKSYME SKSYME SKSYME SKSYME SKSYME SKSYME SKSYME

EE R R I I I I I I I R I R I I I R I R
kkhkkkkhkhkkhkhhkkkhhkkhkhhkkkhh ki kk*%
* kkkk*k

SUBROUTI NE SKSYME (| SKWRK, CSKWRK, LOQUT, ENAM KERR)
Returns a character string array of el ement names.

| NPUT
CSKWRK(*) - Character string workspace array; dinmension at |east
LENCSK.
LoUT - Integer scalar, formatted output file unit nunber.
QUTPUT
ENAM *) - Character string array, element names;
di nension at |east NELEM the total elenent count.
KERR - Logical, character length error flag.
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SKSYWM SKSYWMM SKSYWMM SKSYWMM SKSYWMM SKSYWMM SKSYWMM

LR R I I I I I I I I I R I R I I R I R
kkhkkkkhkkhkkkhkkhhkkkhhkkkhkhhkkkhhkxkhkhkk*%
* kkkk*k

SUBROUTI NE SKSYMM (| SKWRK, CSKWRK, LOUT, MATNAM KERR)
Returns the character string name of a materi al

| NPUT

| SKMRK(*) - Integer workspace array; dinension at |east LEN SK

CSKWRK(*) - Character string workspace array; dinmension at |east
LENCSK.

LoUT - Integer scalar, formatted output file unit numnber.

QUTPUT

MATNAM - Character string, material nane.

KERR - Logical, character length error flag.

SKSYMP SKSYMP SKSYMP SKSYMP SKSYMP SKSYMP SKSYMP

EE R I I I I I I I I I I R I R I I R S I R
kkhkkkkhkhkkkhkkhhkkkhhkxkhkhhkkkhhkxkhkhkk*
* kkkk*k

SUBROUTI NE SKSYMP (| SKWRK, CSKWRK, LOUT, PNAM KERR)
Returns a character string array of phase nanes.

| NPUT
CSKWRK(*) - Character string workspace array; dinmension at |east
LENCSK.
LouUT - Integer scalar, formatted output file unit nunber.
QUTPUT
PNAM *) - Character string array, phase nanes;
di mensi on at | east NNPHAS, the total phase count.
KERR - Logical, character length error flag.

SKSYMR SKSYMR SKSYMR SKSYMR SKSYMR SKSYMR SKSYMR

khkkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhhhkhhhkhkhkhkhkhkrkhkhkk*x*x
kkkkhkkkhkkhkkkhkkhkkkhkkhkkkhkkhkkkhkkkkhkkkk*x%x
*kkkkk*k

SUBROUTI NE SKSYMR (IR, LOUT, |SKWRK, RSKWRK, CSKWRK, LT, RNAM
KERR)
Returns the character string representation of reaction IR

| NPUT

IR - Integer scalar, reaction index.

LoUT - Integer scalar, formatted output file unit numnber.

| SKWRK(*) - Integer workspace array; dinension at |east LEN SK

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK

CSKWRK(*) - Character string workspace array; dinmension at |east
LENCSK.

QUTPUT

LT - Integer scalar, nunber of non-blank characters in the
reaction string.

RNAM - Character string, representation of reaction

KERR - Logical, character length error flag.

134



SKSYMS SKSYMS SKSYMS SKSYMS SKSYMS SKSYMS SKSYMS

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKSYMS (| SKWRK, CSKWRK, LOUT, KNAM KERR)
Returns a character array of speci es nanes.

| NPUT
CSKWRK(*) - Character string workspace array; dimension at |east
LENCSK.
LouUT - Integer scalar, formatted output file unit numnber.
QUTPUT
KNAM *) - Character string array, species nanes;
di mensi on at | east KKTOT, the total species count.
KERR - Logical, character length error flag.
SKUML SKUML SKUML SKUML SKUML SKUML SKUML

EE R I I I I I I I I I I R I R I I R S I R
kkhkkkkhkhkkkhkkhhkkkhhkxkhkhhkkkhhkxkhkhkk*
* kkkk*k

SUBROUTI NE SKUML (T, | SKWRK, RSKWRK, UM.)
Returns an array of the internal energies in nmolar units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
species tenperatures, nomnally 1.
cgs units, K
| SKWRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
UML(*) - Real array, internal energies of the species;
di rensi on at | east KKTOT, the total species count.
cgs units, ergs/nmole
SKUVS SKUVS SKUVS SKUVS SKUVS SKUVS SKUVS

khkkhkkhkhkhkhkhhhkhhhkhhhkhkhhhhhkhhhkhhhkhkhhkhkhkhkrkhkhkk**x
kkkkhkkhkkhkkhkkhkkkhkkhkkkhkkhkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKUMS (T, |SKWRK, RSKWRK, UNS)
Returns an array of the internal energies in nass units.

| NPUT
T(*) - Real array, tenperature(s); dinmension is determ ned by
the application programto be the total nunber of
speci es tenperatures, nomnally 1.
cgs units, K
| SKWNRK(*) - Integer workspace array; dinension at |east LEN SK
RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK
QUTPUT
UMS( *) - Real array, internal energies of the species;

di mensi on at | east KKTOT, the total species count.
cgs units, ergs/gm
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SKWI' SKWI' SKWI SKWI' SKWI' SKWI' SKWI'

khkkhkkhkkhkhkhkhhhkhhhkhhhkhhhhhhhkhhkhhkhkhkhrkhkrkhkrkk*x*x
kkkkhkkhkkhkkkhkkhkkkhkhkkkhkkkkhkkkkhkkkkh*x%x
*kkkkk*k

SUBROUTI NE SKWI' (| SKWRK, RSKWRK, W)
Returns the nol ecul ar wei ghts of the species.

| NPUT

RSKWRK(*) - Real wor kspace array; dinmension at |east LENRSK.
QUTPUT

WI(*) - Real array, nolecular masses for the species;

di rensi on at | east KKTOT, the total species count.
cgs units, gninmole
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9. SAMPLE PROBLEM

The problem that we have chosen for an example involves the time-dependent deposition of a solid film
on the surfaces of a fixed-volume, fixed-temperature container that was initially filled with a gas mixture.
As with any new application for the SURFACE CHEMKIN package, one of the first tasks is to derive a
system of equations that describes the process to be simulated. Here, the first equation involves the

conservation of mass in the container:

I v+ AW, (k=1 Kg) (79)

where t is time, my is the mass of gas-phase species k in the container, V is the container volume, @y is the
molar production (destruction) rate of gas-phase species by gas-phase chemical reactions, W are the
species molecular weights, A is the container-wall surface area, and § is the molar production rate of
gas-phase species by surface reactions. After introducing the gas-phase mass density p=m/V (where mis
the total gas-phase mass) and the gas-phase species mass fractions Yy =m,/m, some manipulation leads

to the following equation:

dYk ka,O+CokVVk+1A
—t == W, k=1..,K 80
dt o dt 0 ,OVSk Kk k=1, g) (80)

The total mass in the gas phase depends on the production (destruction) of gas-phase species by surface

reaction, as stated by

dm g
o= 2 AW (81)
k=1

We rewrite this equation slightly to make p a dependent variable and use the area-to-volume A/V as a

parameter:
K
do _JA.
—= 2 W (82)

On the surface, the number of moles of species k is given by

N = Z (M Aoy (), (83)
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where Z,(n) is the site fraction of species k on surface site n (fraction of sites occupied by species k in
phase n), T is the density of sites in phase n (in moles/cm?), and gy (n) is the number of sites that
species k occupies. The molar production (destruction) rate of surface species k by surface reaction is

stated as

dNy

= As k=KJ ...kl (84)

In terms of site fractions Z,(n), the equation governing the surface species is given as

dZy (n) _ 0k (n) _ Zy(n) dry

. (85)
dt M Mo dt

where the last term can be dropped if the number of surface sites if fixed. When surface reactions create

or destroy sites, then a conservation equation is included for the site densities of each phase n:

dr,, _ -
—a =T 86
dt n ( )

However, our sample mechanism conserves sites, so the time derivative in Eq. (86) is trivially zero.

The governing system of ordinary differential equations and accompanying initial conditions form an
initial value problem. The equations will be solved using the software VODE.? We find this software to be

highly reliable for the solution of a wide range of stiff initial-value problems.

The FORTRAN code for solution of the sample problem is given in Section 7 below. After initializing the
gas-phase CHEMKIN Library and the SURFACE CHEMKIN Library, the program reads the initial nonzero
moles from input. It then repeatedly calls subroutine VODE to obtain the solution at uniform print
intervals. The governing equation formulation is found in SUBROUTINE FUN, which is called by VODE.

The sections below present a Unix shell script for the sample problem, CHEMKIN Interpreter input and
output, SURFACE CHEMKIN Interpreter input and output, the input to the sample problem, FORTRAN
code for the sample problem, and output for the sample program. The last section describes how to use
VODE.

138



9.1 Discussion of Sample Problem

We illustrate the input and output of the various Interpreters and the example problem with an analysis
of the deposition of Si3N4. The gas-phase reaction mechanism contains a detailed description of NH3
decomposition (about which there is much published information), two reactions describing SiF4
decomposition, and three cross-reactions. At the low pressures we consider, the gas-phase decomposition
of reactants is slow. The surface reaction mechanism contains six steps describing the overall conversion
of 3 SiF4 and 4 NH3 molecules to 3 Si(d) and 4 N(d) and 12 HF. (Note that the surface reaction mechanism
is from a preliminary analysis at one temperature, and thus we have not supplied any activation energies.
Also, the thermodynamic data in the mechanism is contrived and should not be used in other contexts. As
such, this mechanism should only be considered as illustrative and not as a source of kinetic data on the

SizNy system.)

The input to the sample problem gives the initial pressure as 2.63x103 atm (2 Torr) and temperature 1713
K. In this problem the temperature is fixed, but the pressure will increase as 12 moles of HF are produced
for every 7 moles of reactant destroyed. The input gas-phase mole fractions represent a 6:1 ratio of NH3 to
SiF4. Initial site fractions of the surface species came from a steady-state analysis of the system (not
discussed here). The initial activities of the two bulk species are set to 1. The area to volume ratio is 6 (a

cubic box).

The print-out from the sample problem shows the initial conditions followed by print-outs of the
concentrations at subsequent states of the deposition. The reactants SiF4 and NH3 are seen to be depleted
and the product HF forms. In this fixed-volume system the pressure rises (discussed above). There is a net

decrease in the gas density as the heavy Si and N atoms are lost from the gas into the bulk.
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9.2 Input to CHEMKIN Interpreter

ELEMENTS HN SI F
END
SPECI ES

H2 H N2 N NH NH2 NNH N2H2 N2H3 N2H4
HF F SIF4 SIF3 SIHF3 SI F3NH2 NH3

END

REACTI ONS
H+H+MH2+M
H2/ 0. 0/
H+H+H2=H2+H2
NH+N=N2 +H
NH+H=N+H2
NH2 + H=NH+H2
NH3+H=NH2+H2
NNH=N2+H
NNH+H=N2+H2
NNH+NH2=N2+NH3
NNH+NH=N2 +NH2
NH2 +NH=N2H2 +H
NH+NH=N2+H+H
NH2 +N=N2+H+H
N2 H2 +M=NNH+H+M
N2/ 2/ H2/ 2/
N2 H2 +H=NNH+H2
N2 H2 + NH=NNH+NH2
N2 H2 +NH2=NH3+NNH
NH2 +NH2=N2H2 +H2
NH3+M=NH2 +H+M
N2 H3+H=NH2 +NH2
N2 H3+M=N2H2 +H+M
N2 H3+NH=NH2 +N2 H2
NH2 +NH2 +M=N2HA +M
H+N2H4=H2+N2H3
NH2+N2 HA=NH3+N2 H3
NH+H+MENH2+M
NH2 +NH2 =NH3+NH
F+NH3=NH2+HF
S| F4=S| F3+F
H+SI F4=HF+SI F3

NH2+SI F4=S| F3NH2+F
NH3+SI F3=SI F3NH2+H
NH3+SI F3=SI HF3+NH2

END

PRPRRPRPORAONWOFRPRONWROOOO0OO O000000000O00CO0O O

. 100E+19

. 920E+17
. 300E+14
. 100E+15
. 692E+14
. 636E+06
. 100E+05
. 100E+15
. 500E+14
. 500E+14
. 500E+14
. 254E+14
. 720E+14
. 500E+17

. 500E+14
. 100E+14
. 100E+14
. 500E+12
. 140E+17
. 60E+12
. 50E+16
. 00E+13
. 00E+20
. 30E+13
. 90E+12
. 00E+16
. 00E+12
. 27E+11
. 00E+12
. 00E+13
. 00E+11
. 00E+11
. 00E+11

-1.
-0

CO00000000ORO0000000 O000000ONO00

QOO0 O0OUIOUIOOCOOOO

000

. 600
. 000
. 000
. 000
. 390
000
000
. 000
. 000
. 000
. 000
000
000

. 000
. 000
. 000
000
000

50000.

1000.
1000.
1000.
0.
90600.
0.
46000.
0.

0.
2500.
1500.
0.
10000.
800.
147170.
50000.
40950.
5000.
10000.

000

000
000
000

. 000
. 000

000
000
000
000
000
000
000
000

000
000
000
000
000

[eleojeolojololololololololole)

D-L

JAM
NH3 CST

M CHAEL
JAM
JAM
JAM
JAM
NH3CST
NH3 CST
PG
NH3 CST

NH3 CST
NH3 CST
NH3 CST
NH3  CST
MEGK
MBCK
MEGK
MBCK
MEGK
MBCK
MBGK
MBCK
MEGK
KONDRATI EV
PHO&VEC
PHOSMEC
GUESS
GUESS
PHO&MVEC
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9.3  Output from CHEMKIN Interpreter

CHEMKI N GAS- PHASE MECHANI SM | NTERPRETER

DOUBLE PRECI SI ON Vers. 6.24 2000/ 06/ 18

Copyright 1995, Sandia Corporation.

The U.S. CGovernnent retains a limted license in this software.

ELEMENTS ATOM C
CONSI DERED ~ VAEI GHT

1. H 1. 00797
2. N 14.0067
3. Sl 28. 0860
4. F 18.9984

c

P H

H A

A R

SPECI ES S G MOLECULAR TEMPERATURE ELEMENT COUNT

CONSI DERED E E VEIGHT LOW HGH H N Sl F
1. H G 0 2.01594 300 5000 2 0 0 0
2. H G 0 1.00797 300 5000 1 0 O O
3. N G 0 2801340 300 5000 0 2 0 O
4. N G 0 14.00670 300 5000 0 1 0 O
5. NH G 0 1501467 300 5000 1 1 0 0
6. NH2 G 0 16.02264 300 5000 2 1 0 O
7. NNH G 0 29.02137 250 4000 1 2 0 0
8. N2H2 G 0 30.02934 300 5000 2 2 0 O
9. N2H3 G 0 31.03731 300 5000 3 2 0 0
10. N2H4 G 0 32.04528 300 5000 4 2 0 0
11. HF G 0 20.00637 300 5000 1 0 0 1
12. F G 0 18.99840 300 4000 O 0 0 1
13. SIF4 G 0 104.07960 300 2000 0 O 1 4
14. SIF3 G 0 8508120 300 3000 O O 1 3
15. S| HF3 G 0 86.08917 300 3000 1 0 1 3
16. S| F3NH2 G 0 101.10384 300 3000 2 1 1 3
17. NH3 G 0 17.03061 300 5000 3 1 0 0
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(k = AT**b exp(-E/RT))

REACTI ONS CONSI DERED A b E
1. H+H+MEH2+M 1.00E+18 -1.0 0
H2 Enhanced by 0. 000E+00
2. H+H+H2=H2+H2 9. 20E+16 -0.6 0.
3. NH+N=N2+H 3. 00E+13 0.0 0.
4. NHHH=N+H2 1. 00E+14 0.0 0.
5. NH2+H=NHH+H2 6. 92E+13 0.0 3650.
6. NH3+H=NH2+H2 6. 36E+05 2.4 10171.
7. NNH=N2+H 1. 00E+04 0.0 0.
8. NNH+H=N2+H2 1. 00E+14 0.0 0.
9. NNH+NH2=N2+NH3 5. 00E+13 0.0 0.
10. NNH+NH=N2+NH2 5. 00E+13 0.0 0.
11. NH2+NH=N2H2+H 5. 00E+13 0.0 0.
12. NH+NH=EN2+H+H 2. 54E+13 0.0 0.
13. NH2+N=N2+H+H 7.20E+13 0.0 0.
14. N2H2+NM=ENNH+H+M 5. 00E+16 0.0 50000.
N2 Enhanced by 2. 000E+00
H2 Enhanced by 2. 000E+00
15. N2H2+H=NNH+H2 5. 00E+13 0.0 1000.
16. N2H2+NH=NNH+NH2 1. 00E+13 0.0 1000.
17. N2H2+NH2=NH3+NNH 1. 00E+13 0.0 1000.
18. NH2+NH2=N2H2+H2 5. 00E+11 0.0 0.
19. NH3+M=NH2+H+M 1. 40E+16 0.0 90600.
20. N2H3+H=NH2+NH2 1. 60E+12 0.0 0.
21. N2H3+M=EN2H2+H+M 3. 50E+16 0.0 46000.
22. N2H3+NH=NH2+N2H2 2. 00E+13 0.0 0.
23. NH2+NH2+M=N2H4+M 3. 00E+20 -1.0 0.
24, H-N2HA=H2+N2H3 1. 30E+13 0.0 2500
25. NH2+N2H4=NH3+N2H3 3. 90E+12 0.0 1500.
26. NHHH+M=ENH2+M 2.00E+16 -0.5 0.
27. NH2+NH2=NH3+NH 5. 00E+12 0.0 10000.
28. F+NH3=NH2+HF 4. 27E+11 0.5 800.
29. S| F4=SI F3+F 3. 00E+12 0.0 147170.
30. H+SI F4=HF+SI F3 1. 00E+13 0.0 50000.
31. NH2+SI F4=S| F3NH2+F 1. 00E+11 0.0 40950.
32. NH3+SI F3=S| F3NH2+H 1. 00E+11 0.0 5000.
33. NH3+SI F3=SI HF3+NH2 1. 00E+11 0.0 10000.

[eNeNeoNeoNoNoNoNoNoNoNolNoNoNoNoNolNoNolNol

NOTE: A units nole-cmsec-K, E units cal/nole

NO ERRCRS FOUND ON | NPUT:
ASCI|I Vers. 1.1 CHEMKIN linkfile chemasc witten.

VORKI NG SPACE REQUI REMENTS ARE

I NTECER: 1086
REAL: 723
CHARACTER: 21

Total CPUtinme (sec): 0.15625
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9.4

SI TE/ SI 3N4/
NHSI F(S) / 2/

SI F3NH2( S) / 2/
SIF2NH(S) / 2/
NH2SI FNH( S) / 2/

NHSI FNHSI FNH( S) / 4/

NHNH2( S) / 2/
END

BULK Sl (D)/ 2. 066/
BULK N(D) /1.374/

END

THERMD ALL
300.

NHSI F( S)

600.

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

NHNH2( S)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

SI F3NH2( S)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

SI F2NH( S)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

NH2SI FNH( S)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

NHSI FNHSI FNH( S)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

Sl (D)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

N( D)

0. 24753989E 01 0.
-0. 81255620E 03-0.
0. 97593603E- 08- 0.

END

REACTI ONS
NH3
Sl F4
SI F3NH2( S)
NH3
NH2SI FNH( S)

NHSI FNHSI FNH( S)

END

+ +

+ +

1685.
J 3/67N

J 3/67N

J 3/67N

J 3/67N

J 3/67N

J 3/67N

J 3/67Sl

J 3/67N

NHSI F( S)
NHNH2( S)

SI F2NH( S)
SI F2NH( S)
SI F2NH( S)

SDEN 4. 1683e- 9/

1H
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
2H
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
1H
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
1H
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
2H
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
3H
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
100
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.
100
88112187E-03-0.
12188747E 02 0.
27279380E-11-0.

=>
=>
=>
=>
=>
=>

Input to SURFACE CHEMKIN Interpreter

sl 1F 1S

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
3l OF 0S

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
28l 1F 3S

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
sl 1F 2S

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
3sl 1F 1S

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
3sl 2F 2S

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
000 000 OS

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
000 000 OS

20939481E-06 0.
84197538E 00 0.
52486288E 03-0.

NHNH2(S)  + SI(D) + HF 7.5620E08 0.5 O.
SIF3NH2(S) + N(D) + HF  3.0967E08 0.5 O.
SI F2NH( S) + HF 1.0000E05 0.0 O.
NH2SI FNH( S) + HF 7.5620E08 0.5 0.
NHSI FNHSI FNH( S) + HF 1.0000E15 0.0 O.
3NHSIF(S) + N(D) + HF  1.0000E15 0.0 O.

300. 000 1685. 000
42757187E-11 0. 16006564E-13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E-13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E- 13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E- 13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E-13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E- 13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E- 13
83710416E- 02- 0. 13077030E- 04
45272678E 01

300. 000 1685. 000
42757187E-11 0. 16006564E-13
83710416E- 02- 0. 13077030E- 04
45272678E 01

[eNeNeNoNeNe]

AOWONRFEPPAPONPRAONPEPAONEPEPRARONPDAMONPEPRAMONERARONEPRE
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9.5 Output from SURFACE CHEMKIN Interpreter

CHEMKI N SURFACE MECHANI SM | NTERPRETER:

DOUBLE PRECI SION Vers. 7.20 2000/06/18

Copyri ght 1995, Sandia Corporation

The U.S. Governnent retains a linmted license in this software.

CKLI B: CHEMKI N GAS- PHASE CHEM CAL KI NETI CS LI BRARY

DOUBLE PRECI SI ON Vers. 5.28 2000/ 08/ 05

Copyri ght 1995, Sandia Corporation

The U.S. Governnent retains a linmted license in this software.

SPECI ES MOLECULAR ELEMENT COUNT
CONSI DERED VEI GHT Density Nsi tes H N SI F
Gas phase speci es:
1. H2 2. 01594 2 0 0 O
2. H 1.00797 1 0 0 O
3. N2 28. 01340 0 2 0 O
4. N 14. 00670 0 1 0 O
5. NH 15. 01467 1 1 0 O
6. NH2 16. 02264 2 1 0 O
7. NNH 29. 02137 1 2 0 O
8. N2H2 30. 02934 2 2 0 O
9. N2H3 31. 03731 3 2 0 O
10. N2H4 32. 04528 4 2 0 O
11. HF 20. 00637 1 0 0 1
12. F 18. 99840 0 0 0 1
13. SIF4 104. 07960 0 0 1 4
14. SIF3 85. 08120 0 0 1 3
15. SI HF3 86. 08917 1 0 1 3
16. SI F3NH2 101. 10384 2 1 1 3
17. NH3 17. 03061 31 0 O
SI TE: SI3N4 0. 417E-08 nol es/cnt*2
18. NHSI F(S) 62. 09907 2 1 1 1 1
19. SIF3NH2('S) 101. 10384 2 2 1 1 3
20. SIF2NH(S) 81. 09747 2 1 1 1 2
21. NH2SI FNH( S) 78.12171 2 3 2 1 1
22. NHSI FNHSI FNH( S) 139. 21281 4 3 3 2 2
23. NHNH2('S) 31. 03731 2 3 2 0 O
BULK: BULK1
24. SI(D 28. 08600 0.207E+01 g/cnr*3 0 0 1 0O
BULK: BULK2
25. N(D) 14. 00670 0. 137E+01 g/cnt*3 0 1 0 O
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SURFACE REACTI ONS CONSI DERED

NH3+NHSI F( S) =>NHNH2( S) +SI ( D) +HF

SI F4+NHNH2('S) =>SI F3NH2( S) +N( D) +HF
SI F3NH2( S) =>SI F2NH( S) +HF

NH3+SI F2NH( S) =>NH2SI FNH( S) +HF
NH2SI FNH( S) +SI F2NH( S)

=>NHS| FNHSI FNH( S) +HF

NHSI FNHSI FNH( S) +SI F2NH( S)

=>3NHSI F( S) +N( D) +HF

o ghrwNE
P RPNRPWN

NOTE: A units nole-cmsec-K, E units cal/nple

NO ERRORS FOUND ON | NPUT:
ASClI| Version 1.1 surface linkfile surf.asc witten.

WORKI NG SPACE REQUI REMENTS ARE

| NTECER: 481
REAL: 642
CHARACTER: 34

Total CPUtine (sec): 0.03125

9.6 Sample Problem Input

2.63e-3 1713

Sl F4 0. 14286
NH3 0.85714
NHSI F( S) 6. 251E- 2
NHNH2( S) 0.91587
SI F3NH2( S) 2.354E- 4
SI F2NH( S) 2. 0837E- 2
NH2SI FNH( S) 1. 806E- 4
NHSI FNHSI FNH(S) 3. 6127E- 4
N( D) 1.0

Sl (D) 1.0

END

6.0

5.0E-2 5. 0E-3

(k = A T**b exp(- E/RT))
A b E

. 56E+08
. 10E+08
. 00E+05
. 56E+08
. 00E+15

. 00E+15

© 00000
o owuouiul

© 00000
©o ocoocoo
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9.7 Sample FORTRAN Application Program

o]
C
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
Cc
o]
Cc
Cc

PROGRAM SDRI V
TEELTTEL L i
This is the driver routine for SKSAVPLE, the exanple code for
Sur f ace Chenki n.
The file is used to nmake 'sksanpl e. exe

The paraneters and unit numbers that may be changed
by the user are described bel ow

uni t nunbers:

LIN user Keyword i nput

LouUT formatted sol ution and diagnostic printing (output)
LI NCK  gas-phase Chenkin Linking File

LINSK  Surface Chenkin Linking File

di nensi ons:

LI WORK nmaxi mum i nt eger wor kspace avail able for SKSAMPLE
LRWORK nmaxi mum real workspace avail able for SKSAMPLE
LCWORK naxi mum charact er workspace avail abl e for SKSAMPLE

nunerical tolerances for solution convergence:

ATOL t he absolute tol erance for solution val ues
RTOL the relative tol erance for solution val ues

FEEEEEEEr bbb bbb r bbb rrrrrrrrrr
| MPLI CI' T DOUBLE PRECI SI ON (A-H O Z), | NTEGER(I-N)

PARAMETER (LI N=5, LOUT=6, LINCK=25, LINSK=26, RTOL=1.0E-6,
1 ATOL=1. OE- 15, LIWORK=4000, LRWORK=4500, LCWORK=200,
2 ZERO=0. 0)

DI MENSI ON | WORK( LI WORK) ,  RWORK( LRWORK)
CHARACTER* 16 COWORK( LOWORK)

EXTERNAL CKTI MVE

TSTART = CKTI ME( ZERO)

OPEN( LI NCK, FORMF' FORVATTED' , STATUS=" UNKNOWN , FI LE=' ./ chem asc')
OPEN( LI NSK, FORME' FORMATTED' , STATUS=" UNKNOWN' , FI LE=" ./ surf. asc')

CALL SKSAMP (LI'N, LQUT, LINCK, LINSK, ATOL, RTOL, LIWORK, |WORK,
1 LRWORK, RWORK, LCWORK, CWORK)

TEND = CKTI ME ( TSTART)
IF (TEND . GT. 60.) THEN
WRI TE (LOUT, ' (A 1PE15.2)') ' Total CPUtime (min): ', TEND 60.

ELSE
WRI TE (LOUT, ' (A 1PE15.2)') ' Total CPUtine (sec): ', TEND
ENDI F
CLOSE( LI NCK)
CLOSE( LI NSK)
STOP
END
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o)e!

1

WN -

1
1

SUBROUTI NE SKSAMP (LI'N, LOUT, LINCK, LINSK, ATOL, RTOL, LIWORK,
I WVORK, LRWORK, RWORK, LOWORK, CWORK)

| MPLICI' T DOUBLE PRECI SION (A-H O Z), INTEGER(I-N)

PARAVETER (NLMAX=50, |TOL=1, |OPT=0, |TASK=1)

DI MENSI ON | WORK( LI WORK) , RWORK( L RWORK)

COWON / RPAR/ T, AVRAT, RU

COWVON / | PAR/ KKGAS, KKSURF, KKBULK, KKTOT, NFSURF, NLSURF, NFBULK,
NLBULK, NISK, NI PKK, N PKF, NI PKL, NRSK, NSDEN,
NRCOV, NX, NWDOT, NWI, NACT, NSDOT, NSITDT, NNSURF,
NNBUL K

CHARACTER CWORK( LOWORK) *16, LI NE* 80

LOG CAL KERR, |ERR

EXTERNAL FUN

DATA KERR/ . FALSE. /

Find | engths necessary for arrays

CALL CKLEN (LINCK, LOQUT, LENI, LENR, LENC, |FLAGL)
CALL SKLEN (LINSK, LOUT, LENI'S, LENRS, LENCS, |FLA®)
IF (1 FLAGL. GT.0 . OR | FLAR2. GT. 0) RETURN

LITOT = LENl + LENI'S
LRTOT = LENR + LENRS
LCTOT = MAX(LENC, LENCS)
I F (LI WORK. GE. LI TOT . AND. LRWORK. GE. LRTOT . AND. LCWORK. GE. LCTOT)
THEN
CALL CKINIT (LENI, LENR LENC, LINCK, LOUT, |WORK, RWORK,
OWORK, | FLAGL)
NISK = LENI + 1
NRSK = LENR + 1
CALL SKINIT (LENI'S, LENRS, LENCS, LINSK, LOUT, |WORK(N SK),
RWORK( NRSK) ,  CWORK, | FLAGR)
IF (1 FLAGL. GT. 0 .OR | FLAG2. GT.0) RETURN
CALL CKINDX (IWORK, RWORK, MV KKGAS, II, NFIT)
CALL SKI NDX (I WORK(NISK), NELEM KKGAS, KKSUR, KKBULK,
KKTOT, NPHASE, NNSURF, NFSURF, NLSURF,

NNBULK, NFBULK, NLBULK, IISUR)
| KSYM = LCTOT + 1
| PSYM = | KSYM + KKTOT
LCTOT = | PSYM + NPHASE - 1
ENDI F
NIPKK = NISK + LENI'S
NI PKF = NI PKK + NPHASE
NI PKL = NI PKF + NPHASE
NI COV = NI PKL + NPHASE
NEQ = KKTOT + 1 + NNSURF
NI ODE = NI COV + KKTOT
LIW = 30 + NEQ
ITOT = NIODE + LIW- 1
NSDEN = NRSK + LENRS
NRCOV = NSDEN + NPHASE
NX = NRCOV + KKTOT
NZ = NX + KKTOT
NVWDOT = NZ + KKTOT + 1 + NNSURF
NW = NWDOT + KKGAS
NACT = NWI  + KKTOT
NSDOT = NACT  + KKTOT
NSI TDT= NSDOT + KKTOT
NRODE = NSI TDT + NPHASE
LRW = 22 + 9*NEQ + 2*NEQ*2
NTOT = NRODE + LRW- 1
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o)e!

ole!

30

40

IF (LIMORK. LT. I TOT . OR LRWORK. LT. NTOT . OR LCWORK. LT. LCTOT)

1 THEN
IF (LIWORK . LT. ITOT) WRITE (LQUT, *)

1 ' ERROR |WORK nust be at least ', |TOT
IF (LRAWORK . LT. NTOT) WRITE (LQUT, *)

1 ' ERROR. RWORK nust be at |east ', NTOT
IF (LOWORK . LT. LCTOT) WRITE (LOQUT, *)

1 ' ERROR. COWORK nust be at least ', LCTOT
RETURN

ENDI F

CALL SKPKK (I VORK(NISK), |WORK(NI PKK), |WORK(NI PKF),
1 | WORK( NI PKL) )

CALL SKSDEN (I WORK( NI SK), ~ RWORK( NRSK) ,  RWORK( NSDEN) )
CALL SKCOV (I WORK(NI SK), | WORK(NI COV))

DO 30 K = 1, KKTOT
RWORK(NRCOV + K - 1) = | WORK(NICOV + K - 1)
RWORK(NX + K - 1) = 0.0

CONTI NUE

CALL SKSYMB (I WORK(NI SK), CWORK, LOUT, CWORK(1KSYM, I|ERR)
KERR = KERR. OR. | ERR
CALL SKSYMP (IWORK(NI SK), CWORK, LOUT, CWORK(IPSYM, |ERR)
KERR = KERR. OR. | ERR
CALL SKWI (I WORK(NI SK), RWORK(NRSK), RWORK(NWI))
CALL SKRP (I WORK(NI SK), RWORK(NRSK)., RU, RUC, PATM
| F (KERR) THEN
WRI TE (LOUT, *)
1 ' STOP...ERROR | NI TIALI ZI NG CONSTANTS. . .
RETURN
ENDI F

Pressure and tenperature

WRI TE (LOUT, ' (/A)")

1 ' “INPUT | NI TI AL PRESSURE(ATM AND TEMPERATURE(K)'
READ (LIN, *) PA T

WRI TE (LOUT, 7105) PA, T

P = PA*PATM

non-zero nol es

WRI TE (LOUT, '(/A)') ' INPUT INITIAL ACTIVITY OF NEXT SPECI ES
READ (LIN, ' (A)', END=45) LINE

WRI TE (LOUT, ' (1X A)') LINE

ILEN—INDEX(LINE, T

IF (ILEN .EQ 1) GO TO 40

ILEN = ILEN - 1
IF (ILEN .LE. 0) ILEN = LEN(LI NE)
IF (I NDEX(LINE(1:ILEN), "END') .EQ 0) THEN
IF (LINE(1:ILEN) .NE. ' ') THEN
CALL SKSNUM (LINE(1:1LEN), 1, LOUT, CWORK(IKSYM,
1 KKTOT, CWORK(IPSYM, NPHASE, | WORK( NI PKK),
1 KNUM NKF, NVAL, VAL, |ERR)
IF (1ERR) THEN
WRI TE (LOQUT,*) ' Error reading noles...'
KERR = . TRUE.
ELSE
RWORK(NX + KNUM - 1) = VAL
ENDI F
ENDI F
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Oo0o0 Oo0o0

o000

O 000

&0 TO 40
ENDI F

45 CONTI NUE
| F (KERR) THEN
WRI TE (LOUT, *) ' STOP...ERROR | NI TIALI ZI NG USER | NPUT. . ."
RETURN
ENDI F

Surface area to volune ratio

VWRI TE (LOUT, '(/A)"') ' I NPUT SURFACE AREA TO VOLUME RATI O
READ (LIN, *) AVRAT

VWRI TE (LOUT, 7105) AVRAT

Final tinme and print interval

VWRI TE (LQUT, '(/A)') ' INPUT FINAL TI ME AND DT

READ (LIN, *) T2, DT

WRI TE (LQUT, 7105) T2, DT

Nornmal i ze the nmole fractions for each phase

DO 60 N = 1, NPHASE
XTOTl = 0.0
KFI RST = I WORK(NI PKF + N - 1)
KLAST = IWORK(NIPKL + N - 1)

DO 50 K = KFI RST, KLAST
XTOT = XTOT + RWORK(NX + K - 1)
50  CONTI NUE
| F (XTOT .NE. 0.0) THEN
DO 55 K = KFI RST, KLAST
RWORK(NX + K - 1) = RAORK(NX + K - 1) / XTOT
55 CONTI NUE
ELSE
WRI TE (LOUT, *)

1 ' ERROR. .. NO SPECI ES WERE | NPUT FOR PHASE ',
2 OVORK( | PSYM+N- 1)
KERR = . TRUE.
ENDI F
60 CONTI NUE
| F (KERR) THEN
WRI TE (LOUT, *) 'STOP...ERROR I NI TIALI ZI NG SOLUTION. . ."
RETURN
ENDI F

Initial conditions

TT1 = 0.0
Initial gas-phase mass fractions
CALL CKXTY (RWORK(NX), |WORK, RWORK, RWORK(NZ))
I F (NNSURF . GT. 0) THEN
Initial surface site fractions
KFI RST = | WORK( NI PKF + NFSURF - 1)
KLAST = I WORK(NI PKL + NLSURF - 1)
DO 110 K = KFI RST, KLAST
RWORK( NZ+K-1) = RWORK(NX + K - 1)
110 CONTI NUE
ENDI F
I F (NNBULK . GT. 0) THEN
Initial bulk deposit anpunts
KFI RST = | WORK( NI PKF + NFBULK - 1)
KLAST = I WORK(NI PKL + NLBULK - 1)
DO 120 K = KFI RST, KLAST
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RWORK(NZ+K-1) = 0.0
120 CONTI NUE
ENDI F
C Initial gas-phase mass density
CALL CKRHOY (P, T, RWORK(NZ), |WORK, RWORK, RWORK(NZ+KKTOT))
I F (NNSURF . GT. 0) THEN
C Initial surface site densities
DO 130 N = NFSURF, NLSURF
1Z = NZ + KKTOT + 1 + N - NFSURF
RWORK(1 Z) = RAORK(NSDEN + N - 1)

C Z( KKTOT+1+N- NFSURF+1) = RWORK(NSDEN + N - 1)
130 CONTI NUE
ENDI F
C
C Integration control paraneters for LSODE
C
TT2 = TT1
MF = 22
| STATE= 1
C
C Integration | oop
C
250 CONTI NUE
C
C Print the solution
C
CALL CKPY (RWORK(NZ+KKTOT), T, RWORK(NZ), |WORK, RWORK, P)
WRI TE (LOUT, *) ' '
WRITE (LOUT,*) ' TIME ="', TT2
WRI TE (LOUT, 7100) P, T, RWORK(NZ+KKTOT)
WRI TE (LOUT, *) ' GAS-PHASE MOLE FRACTI ONS'
CALL CKYTX (RWORK(NZ), |WORK, RWORK, RWORK(NX))
CALL PRT1 (KKGAS, CWORK(IKSYM, LQUT, RWORK(NX))
C
I F (NNSURF . GT. 0) THEN
DO 190 N = NFSURF, NLSURF
WRI TE (LOUT, *)
1 ' SURFACE SI TE FRACTIONS ON PHASE (SITE) ', N
KKPHAS = | WORK( NI PKK + N - 1)
KFI RST = | WORK(NI PKF + N - 1)
CALL PRT1 (KKPHAS, CWORK(| KSYM+KFI RST-1), LOUT,
1 RWORK( NZ+KFI RST- 1))
C
SUM = 0.0
KFI RST = | WORK( NI PKF + N - 1)
KLAST = IWORK(NIPKL + N - 1)

DO 185 K = KFI RST, KLAST
SUM = SUM + RWORK( NZ+K- 1)
185 CONTI NUE
WRI TE (LOUT, *)" SUM OF SURFACE SI TE FRACTIONS', SUM
IZ = NZ + KKTOT + 1 + N - NFSURF

WRI TE (LOUT, *)' SURFACE SITE DENSITY ', RWORK(IZ)
190  CONTI NUE
ENDI F
C
| F (NNBULK . GT. 0) THEN
DO 195 N = NFBULK, NLBULK
WRI TE (LOUT, *) ' BULK DEPOSI TION (GM CM*2) IN PHASE ', N
KKPHAS = | WORK(NI PKK + N - 1)
KFI RST = | WORK(NI PKF + N - 1)
CALL PRT1 (KKPHAS, CWORK(I KSYM+KFI RST-1), LOUT,
1 RWORK( NZ+KFI RST- 1))
195  CONTI NUE
ENDI F
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IF (TT2 .GE. T2) THEN

WRI TE (LQUT, *) 'STOP...TIME LIMT REACHED. . .'
RETURN
ENDI F
TT2 = MN(TT2 + DT, T2)
C
C Call the differential equation solver
C
350 CONTI NUE
CALL DVODE
* (FUN, NEQ RWORK(Nz), TT1, TT2, ITO,, RTOL, ATCOL,
1 | TASK, | STATE, | OPT, RWORK(NROCDE), LRW
2 | WORK(NI CDE), LIW JAC, M, RWORK, |WORK)
C
| F (1 STATE .LE. -1) THEN
IF (1 STATE . EQ -1) THEN
| STATE = 2
G0 TO 350
ELSE
WRI TE (LOUT, *) ' ERROR, | STATE=', | STATE
RETURN
ENDI F
ENDI F
GO TO 250
C
7003 FORNMAT (1H1)
7100 FORMAT (1H , ' GAS-PHASE STATE , /,
1 ' P=", 1PE12.4, ' T ="', 1PE12.4, ' DENSITY ="', 1PE12. 4)

7105 FORMAT (12E11. 3)
7110 FORMAT (26X, 5(1X, AL0))
7115 FORMAT (22X, 10E11.3)

C
END
C
C
SUBRQUTI NE FUN (NEQ TIME, Z, ZP, RWORK, |WORK)
C
| MPLI CI T DOUBLE PRECI SI ON(A-H, O Z), I NTEGER(I-N)
C
DI MENSI ON Z(NEQ, ZP(NEQ , RWORK(*), |WORK(*)
C
COWON / RPAR/ T, AVRAT, RU
COWON / | PAR/ KKGAS, KKSURF, KKBULK, KKTOT, NFSURF, NLSURF, NFBULK,
1 NLBULK, NI SK, NI PKK, NI PKF, N PKL, NRSK, NSDEN,
2 NRCOV, NX, NWDOT, NWI, NACT, NSDOT, NSITDT, NNSURF,
3 NNBUL K
C
C
C Variables in Z are: Z(K) = Y(K), K=1, KKGAS
C Z(K) = SURFACE SI TE FRACTI ONS,
C K=KFI RST( NFSURF) , KLAST( NLSURF)
C Z(K) = BULK SPECI ES MASS,
C K=KFI RST( NFBULK) , KLAST( NLBULK)
C Z(K) = GAS- PHASE MASS DENSI TY, K=KKTOT+1
C Z(K) = SURFACE SI TE MOLAR DENSI Tl ES,
C K=KKTOT+2, KKTOT+1+NNSURF
C
C Call CHEMKI N and SURFACE CHEMKI N subrouti nes
C
CALL CKPY (Z(KKTOT+1), T, Z(1), |WORK, RWORK, P)
CALL CKWYP (P, T, Z(1), IWORK, RWORK, RWORK(NWDOT))
CALL CKYTX (Z, IVWORK, RWORK, RWORK(NACT))
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| F (NNSURF . GT. 0) THEN
KFI RST = | WORK(NI PKF + NFSURF - 1)
KLAST = | WORK(NI PKL + NLSURF - 1)
DO 100 K = KFIRST, KLAST
RWORK(NACT + K - 1) = Z(K)
100  CONTI NUE

| F (NNBULK . GT. 0) THEN
KFI RST = | WORK(NI PKF + NFBULK - 1)
KLAST = | WORK(NI PKL + NLBULK - 1)
DO 150 K = KFIRST, KLAST
RWORK(NACT + K - 1) = RAORK(NX + K - 1)
150 CONTI NUE

| F (NNSURF . GT. 0) THEN
DO 175 N = NFSURF, NLSURF
RWORK(NSDEN + N - 1) = Z( KKTOT+1+N- NFSURF+1)
175  CONTI NUE

ENDI F
C
CALL SKRAT (P, T, RWORK(NACT), RWORK(NSDEN), |WORK(NI SK),
1 RWORK( NRSK) , RWORK( NSDOT) , RWORK( NSI TDT) )
C
C Form mass density equation
C

SUM = 0.0
DO 200 K = 1, KKGAS
SUM = SUM + AVRAT * RWORK(NSDOT+K- 1) * RWORK( NWI+K- 1)
200 CONTI NUE
ZP(KKTOT+1) = SUM

0O0o0

Form t he gas-phase nmass conservation equation

DO 300 K = 1, KKGAS

VDOT = RWORK(NWDOT + K - 1)
W = RAORK(NWIT + K - 1)
SDOT = RWORK(NSDOT + K - 1)

ZP(K) = ( - Z(K) * ZP(KKTOT+1) + WDOT * WI
+ AVRAT * SDOT * WI' ) / Z(KKTOT+1)
300 CONTI NUE

I F (NNSURF . GT. 0) THEN
C Form the surface mass equati ons
DO 410 N = NFSURF, NLSURF

SI TDOT = RWORK(NSI TDT + N - 1)
SDENO = RWORK(NSDEN + N - 1)
KFI RST = | WORK(NI PKF + N - 1)
KLAST = IWORK(NIPKL + N - 1)
DO 400 K = KFI RST, KLAST

SDOT = RWORK(NSDOT + K - 1)
RCOV = RWORK(NRCOV + K - 1)
ZP(K) = (SDOT*RCOV - Z(K) * SITDOT) / SDENO
400 CONTI NUE
410  CONTI NUE
ENDI F

I F (NNBULK . GT. 0) THEN
Form the bul k mass equati ons
KFI RST = | WORK( NI PKF + NFBULK - 1)
KLAST = I WORK(NI PKL + NLBULK - 1)
DO 500 K = KFI RST, KLAST
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ZP(K) = RWORK(NSDOT + K - 1)*RWORK(NWF + K - 1) * AVRAT
500  CONTI NUE
ENDI F

I F (NNSURF . GT. 0) THEN
Form the surface site nunber-density equations
DO 575 N = NFSURF, NLSURF
ZP( KKTOT+1+N- NFSURF+1) = RWORK(NSI TDT + N - 1)
575 CONTI NUE
ENDI F

RETURN

SUBROUTI NE PRT1 (KK, KSYM LOQUT, X)

C

| MPLI CI T DOUBLE PRECI SION (A-H, O Z), INTEGER (I-N)
C

DI MENSI ON X( KK)

CHARACTER* (*) KSYM KK)
C

DO 10 K = 1, KK, 3

WRI TE (LOUT, 6010) (KSYM L), X(L), L=K, M N(K+2, KK))
10 CONTI NUE

6010 FORMAT (3X, 3(Al2,'=', 1PE10.3, 4X))
C

RETURN

END
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9.8 Output from Sample Application Program

CKLI B: CHEMKI N GAS- PHASE CHEM CAL KI NETI CS LI BRARY,
DOUBLE PRECI SI ON Ver s.
1995, Sandi a Cor porati on.
retains alimted license in this software.

Copyri ght

The U.S. CGover nnent

5.28 2000/ 08/ 05

SKLI B: CHEMKI N SURFACE KI NETI CS LI BRARY,

DOUBLE PRECI SI ON Vers.
1995, Sandi a Corporati on.
retains a limted license in this software.

Copyri ght

The U.S. Governnent

I NPUT I NI TI AL

0.263E-02 O.

I NPUT I NI TI AL
S| F4

I NPUT I NI TI AL
NH3

I NPUT | NI TI AL
NHSI F( S)

I NPUT | NITIAL
NHNH2( S)

I NPUT | NI TI AL
SI F3NH2( S)

I NPUT | NITIAL
SI F2NH( S)

I NPUT | NI TI AL
NH2SI FNH( S)

7.17 2000/ 07/ 02

PRESSURE( ATM) AND TEMPERATURE( K)
171E+04

ACTIVITY OF NEXT
0. 14286

SPECI ES

ACTIVITY OF NEXT
0. 85714

SPECI ES

ACTIVITY OF NEXT
6. 251E-2

SPECI ES

ACTIVITY OF NEXT
0. 91587

SPECI ES

ACTIVITY OF NEXT
2. 354E-4

SPECI ES

ACTIVITY OF NEXT
2. 0837E-2

SPECI ES

ACTIVITY OF NEXT
1. 806E-4

SPECI ES

I'NPUT INITIAL ACTIVITY OF NEXT
NHSI FNHSI FNH(S) 3. 6127E-4

SPECI ES

INPUT | NITIAL ACTIVITY OF NEXT
N( D) 1.0

SPECI ES

INPUT I NITIAL ACTIVITY OF NEXT
Sl (D) 1.0

SPECI ES

I'NPUT I NI TIAL ACTIVITY OF NEXT
END

SPECI ES

I NPUT SURFACE AREA TO VOLUME RATI O

0. 600E+01

I NPUT FI NAL TI ME AND DT
0.500E-01 0.500E-02
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TIME = 0.000000000000000E+000
GAS- PHASE STATE

P = 2.6648E+03 T = 1.7130E+03 DENSITY = 5.5132E-07

GAS- PHASE MOLE FRACTI ONS

H2 = 0.000E+00 H = 0.000E+00 N2

N = 0.000E+00  NH = 0.000E+00  NH2

NNH = 0.000E+00  N2H2 = 0.000E+00  N2H3

N2 H4 = 0.000E+00  HF = 0.000E+00 F

Sl F4 = 1.429E-01  SIF3 = 0.000E+00 Sl HF3

SI F3NH2 = 0.000E+00  NH3 = 8.571E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 6.251E-02  SIF3NH2(S) = 2.354E-04  SIF2NH(S)

NH2SI FNH(S) = 1. 806E- 04 NHSI FNHSI FNH= 3. 613E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTIONS 1. 00000000000000
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 0. 000E+00
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 0. 000E+00
TIME =  5.000000000000000E- 003
GAS- PHASE STATE
P= 3.0065E+03 T = 1.7130E+03 DENSITY = 4. 8817E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 2. 704E- 06 H = 2. 254E- 08 N2
N = 2.284E-14  NH = 3.420E-10  NH2
NNH = 1.422E-11 N2H2 = 3.396E-10  N2H3
N2 H4 = 5.744E- 13 HF = 2.829E-01 F
Sl F4 = 6.035E-02  SIF3 = 8.522E-11  SIHF3
SI F3NH2 = 1.277E-10  NH3 = 6. 568E- 01
SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2
NHSI F( S) = 4.850E-02  SIF3NH2(S) = 1.534E-04  SIF2NH(S)

NH2SI FNH(S) = 2. 084E- 04 NHSI FNHSI FNH= 4. 171E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999993
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 4. 700E- 08
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 2. 659E- 08
TIME =  1.000000000000000E- 002
GAS- PHASE STATE
P= 3.1752E+03 T = 1.7130E+03 DENSITY = 4. 5844E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 5. 055E- 06 H = 2. 264E- 08 N2

N = 2. 490E- 13 NH = 1.807E- 09 NH2

NNH = 7.943E-11 N2H2 = 1.742E-09 N2H3

N2 H4 = 2.231E-12 HF = 4.074E-01 F

SI F4 = 2.667E-02  SIF3 = 5.378E-11 S| HF3

SI F3NH2 = 2.443E-10  NH3 = 5. 659E- 01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 2.927E-02  SIF3NH2(S) = 7.350E-05 S| F2NH(S)

NH2SI FNH(S) = 1. 896E- 04 NHSI FNHSI FNH= 3. 797E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999993
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 7.497E- 08
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 3.963E- 08

[eNeoNeNeNe]

N

N WEF O

[N

AR OOFRLDN

2]

. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00

. 084E-02
. 159E-01

. 863E-10
. 428E- 06
. 230E-11
.559E-11
. 630E-11

. 291E-02
. 378E-01

. 256E-09
. 011E- 05
.209E-11
. 104E- 10
. 881E-11

. 970E-03
. 631E-01
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TIME = 1. 500000000000000E- 002
GAS- PHASE STATE

P = 3.2558E+03 T = 1.7130E+03 DENSITY = 4. 4466E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 7.295E- 06 H = 2.281E- 08 N2

N = 9. 816E- 13 NH = 4. 684E-09 NH2

NNH = 1.978E-10  N2H2 = 4. 189E- 09 N2H3

N2 H4 = 4. 816E- 12 HF = 4.647E-01 F

Sl F4 = 1.193E-02  SIF3 = 2.873E-11  SIHF3

SI F3NH2 = 3.091E-10  NH3 = 5.233E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 1.601E-02  SIF3NH2(S) = 3.431E-05  SIF2NH(S)

NH2SI FNH(S) = 1. 798E- 04 NHSI FNHSI FNH= 3. 600E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999993
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 8. 990E- 08

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4

N( D) = 4. 585E- 08

TIME = 2. 000000000000000E- 002

GAS- PHASE STATE

P= 3.2034E+03 T = 1.7130E+03 DENSITY = 4. 3840E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 9. 524E- 06 H = 2. 306E- 08 N2

N = 2.505E- 12 NH = 9. 016E- 09 NH2

NNH = 3.679E-10  N2H2 = 7.662E-09 N2H3

N2 H4 = 8.295E- 12 HF = 4.914E-01 F

Sl F4 = 5.356E-03  SIF3 = 1.435E-11 S| HF3

SI F3NH2 = 3.429E-10  NH3 = 5.032E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 8.165E-03  SIF3NH2(S) = 1.573E-05 S| F2NH(S)

NH2SI FNH(S) = 1. 749E- 04 NHSI FNHSI FNH= 3. 502E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999993
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 9. 750E- 08
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 4. 874E- 08
TIME = 2. 500000000000000E- 002
GAS- PHASE STATE
P= 3.3106E+03 T = 1.7130E+03 DENSITY = 4. 3558E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 1.178E-05 H = 2.339E-08 N2

N = 5.001E- 12 NH = 1.472E-08 NH2

NNH = 5.909E-10  N2H2 = 1.220E- 08 N2H3

N2 H4 = 1.267E 11 HF = 5. 038E- 01 F

SI F4 = 2.405E-03  SIF3 = 6.877E-12  SIHF3

SI F3NH2 = 3.599E-10  NH3 = 4.937E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 3.963E-03  SIF3NH2(S) = 7.140E-06 S| F2NH(S)

NH2SI FNH(S) = 1. 725E- 04 NHSI FNHSI FNH= 3. 455E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999993
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 1. 012E- 07
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 5. 006E- 08

[ e =o'}

w

ONEFE PN

[N

O W wWwN »

~

. 864E- 09
. 453E- 05
. 147E-10
. 958E- 10
. 054E-11

. 499E- 03
. 799E-01

. 265E-08
. 888E- 05
. 994E- 10
. 798E- 10
.631E-11

. 670E-03
. 896E-01

. 629E-08
. 322E-05
. 066E- 10
. 595E- 10
.908E-11

. 736E- 04
. 947E-01
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TIME = 3.000000000000000E- 002
GAS- PHASE STATE

P = 3.3184E+03 T = 1.7130E+03 DENSITY = 4. 3431E- 07
GAS- PHASE MOLE FRACTI ONS

H2 = 1. 408E- 05 H = 2.380E- 08 N2

N = 8.522E-12 NH = 2.167E-08 NH2

NNH = 8.688E-10  N2H2 = 1.786E- 08 N2H3

N2 H4 = 1.794E- 11 HF = 5. 095E- 01 F

Sl F4 = 1.080E-03  SIF3 = 3.211E-12  SIHF3

SI F3NH2 = 3.683E-10  NH3 = 4. 894E- 01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 1.861E-03  SIF3NH2(S) = 3.222E-06 S| F2NH(S)

NH2SI FNH(S) = 1. 714E-04 NHSI FNHSI FNH= 3. 433E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999992
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 1. 030E- 07
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 5. 066E- 08
TIME =  3.500000000000000E- 002
GAS- PHASE STATE
P= 3.3220E+03 T = 1.7130E+03 DENSITY = 4. 3374E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 1.643E-05 H = 2.429E- 08 N2

N = 1.300E- 11 NH = 2.974E- 08 NH2

NNH = 1.203E- 09 N2H2 = 2. 465E- 08 N2H3

N2 H4 = 2.412E-11 HF = 5.121E-01 F

Sl F4 = 4.849E-04  SIF3 = 1.476E-12 S| HF3

SI F3NH2 = 3.723E-10  NH3 = 4.874E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 8.564E-04  SIF3NH2(S) = 1.450E-06 S| F2NH(S)

NH2SI FNH(S) = 1. 709E- 04 NHSI FNHSI FNH= 3. 422E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999993
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 1. 038E- 07
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 5. 093E- 08

TIME = 4.000000000000000E- 002
GAS- PHASE STATE

P = 3.3236E+03 T = 1. 7130E+03 DENSITY = 4. 3349E-07
GAS- PHASE MOLE FRACTI ONS

H2 = 1.884E- 05 H = 2. 486E- 08 N2

N = 1.831E-11 NH = 3.881E-08 NH2

NNH = 1. 596E- 09 N2H2 = 3.262E-08 N2H3

N2 H4 = 3.121E-11 HF = 5.132E-01 F

SI F4 = 2.177E-04  SIF3 = 6.732E-13  SIHF3

SI F3NH2 = 3.743E-10  NH3 = 4. 865E- 01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 3.895E-04  SIF3NH2(S) = 6.515E-07  SIF2NH(S)

NH2SI FNH(S) = 1. 707E- 04 NHSI FNHSI FNH= 3. 418E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999992
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 1. 041E- 07
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 5. 105E- 08

~N B DN

w

~N 010w

[N

~N O ~NWN

~

. 252E-08
. 756E- 05
. 368E- 10
. 354E- 10
.037E-11

. 526E- 04
. 973E-01

. 342E- 07
. 191E- 05
.901E-10
. 086E- 10
. 096E-11

. 594E- 04
. 985E-01

. 041E- 07
. 625E- 05
. 664E- 10
. 803E-10
.123E-11

. 180E- 05
. 990E-01
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TIME = 4.500000000000000E- 002
GAS- PHASE STATE

P = 3.3243E+03 T = 1.7130E+03 DENSITY = 4. 3337E-07

GAS- PHASE MOLE FRACTI ONS

H2 = 2.131E-05 H = 2.553E-08 N2

N = 2.427E-11 NH = 4.878E- 08 NH2

NNH = 2.047E-09 N2H2 = 4.177E-08 N2H3

N2 H4 = 3.920E- 11 HF = 5.138E-01 F

Sl F4 = 9.773E-05  SIF3 = 3.069E-13 S| HF3

SI F3NH2 = 3.752E-10  NH3 = 4.861E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 1.760E-04  SIF3NH2(S) = 2.926E-07  SIF2NH(S)

NH2SI FNH(S) = 1. 706E- 04 NHSI FNHSI FNH= 3. 416E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999992
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 1. 043E- 07
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 5. 111E- 08
TIME =  5.000000000000000E- 002
GAS- PHASE STATE
P = 3.3246E+03 T = 1.7130E+03 DENSITY = 4. 3332E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 2.386E- 05 H = 2.628E-08 N2

N = 3.071E-11 NH = 5.957E- 08 NH2

NNH = 2.558E-09 N2H2 = 5.211E- 08 N2H3

N2 H4 = 4.810E- 11 HF = 5. 140E- 01 F

Sl F4 = 4.387E-05  SIF3 = 1.412E-13 S| HF3

SI F3NH2 = 3.756E-10  NH3 = 4. 859E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 7.928E-05  SIF3NH2(S) = 1.314E-07  SIF2NH(S)

NH2SI FNH(S) = 1. 705E- 04 NHSI FNHSI FNH= 3. 415E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999992
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPOSI TI ON (GM CMF*2) | N PHASE 3
S (D) = 1. 044E- 07
BULK DEPOSI TI ON (GM CMF*2) | N PHASE 4
N( D) = 5.113E- 08
TIME =  5.000000000000000E- 002
GAS- PHASE STATE
P = 3.3246E+03 T = 1.7130E+03 DENSITY = 4. 3332E- 07

GAS- PHASE MOLE FRACTI ONS

H2 = 2.386E- 05 H = 2.628E-08 N2

N = 3.071E-11 NH = 5.957E- 08 NH2

NNH = 2.558E-09 N2H2 = 5.211E- 08 N2H3

N2 H4 = 4.810E- 11 HF = 5. 140E- 01 F

SI F4 = 4.387E-05  SIF3 = 1.412E-13  SIHF3

SI F3NH2 = 3.756E-10  NH3 = 4. 859E-01

SURFACE S| TE FRACTI ONS ON PHASE (S| TE) 2

NHSI F( S) = 7.928E-05  SIF3NH2(S) = 1.314E-07  SIF2NH(S)

NH2SI FNH(S) = 1. 705E- 04 NHSI FNHSI FNH= 3. 415E- 04 NHNH2 (' S)
SUM OF SURFACE SI TE FRACTI ONS 0. 999999999999992
SURFACE SI TE DENSI TY 4.168300000000000E- 009

BULK DEPGCSI TION (GM Cvr*2) | N PHASE 3
Sl (D) = 1. 044E- 07
BULK DEPCSI TION (GM Cvr*2) | N PHASE 4
N( D) = 5.113E-08
STOP. .. TIME LIMT REACHED. ..
Total CPUtinme (sec): 6. 25E- 02

~No O h~DN

w

INIENEOINN

[N

INIENEOINN

[N

. 953E-07
. 060E- 05
. 658E- 10
.511E- 10
.135E-11

. 228E-05
. 993E-01

. 107E- 07
. 494E- 05
. 188E- 09
. 215E-10
. 140E-11

. 450E- 05
. 994E-01

. 107E- 07
. 494E- 05
. 188E- 09
. 215E-10
. 140E-11

. 450E- 05
. 994E-01
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9.9 VODE Summary

SUBROUTI NE DVODE (F, NEQ Y, T, TQUT, ITO., RTOL, ATOL, | TASK,
1 | STATE, | OPT, RWORK, LRW |IWORK, LIW JAC, M,
2 RPAR, | PAR)
EXTERNAL F, JAC
DOUBLE PRECI SION Y, T, TOUT, RTOL, ATOL, RWORK, RPAR
I NTEGER NEQ | TOL, |TASK, |STATE, |OPT, LRW IWORK, LIW
1 MF, | PAR
DI MENSI ON Y(*), RTOL(*), ATOL(*), RWORK(LRW, |IWORK(LIW,
1 RPAR(*), | PAR(*)
DVODE. . Variabl e-coefficient Ordinary Differential Equation solver,
with fixed-Ieading coefficient inplenmentation.
This version is in double precision.

DVODE sol ves the initial value problemfor stiff or nonstiff
systems of first order ODEs,
dy/dt = f(t,y) , or, in conponent form
dy(i)/dt = f(1) =f(i,t,y(1),y(2),...,y(NEQ) (i =1,...,NEQ.
DVODE i s a package based on the EPI SODE and EPI SODEB packages, and
on the ODEPACK user interface standard, with mnor nodifications.
Revi si on Hi story (YYMVDD)
890615 Date Witten
890922 Added interrupt/restart ability, mnor changes throughout.
910228 Mnor revisions in line format, prologue, etc.
920227 Modifications by D. Pang:
(1) Applied subgennamto get generic intrinsic nanes.
(2) Changed intrinsic nanmes to generic in conmrents.
(3) Added *DECK |ines before each routine.
920721 Names of routines and | abel ed Common bl ocks changed, so as
to be unique in conbined singlel/double precision code (ACH).
920722 Mnor revisions to prol ogue (ACH).
920831 Conversion to doubl e precision done (ACH).
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Package for the Integration of Systens of Ordinary Differential
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Sunmary of usage.

Conmuni cati on between the user and the DVODE package, for normal
situations, is summari zed here. This sumuary describes only a subset
of the full set of options available. See the full description for
details, including optional communication, nonstandard options,

and instructions for special situations. See also the exanmple
problem (with program and output) following this sumary.

A. First provide a subroutine of the form.

SUBROUTINE F (NEQ T, Y, YDOT, RPAR |PAR)
DOUBLE PRECISION' T, Y, YDOT, RPAR
DI MENSI ON Y(NEQ), YDOT(NEQ

whi ch supplies the vector function f by | oading YDOT(i) with f(i).

B. Next determ ne (or guess) whether or not the problemis stiff.
Stiffness occurs when the Jacobian matrix df/dy has an ei genval ue
whose real part is negative and large in magnitude, conpared to the
reci procal of the t span of interest. |If the problemis nonstiff,
use a nethod flag M- = 10. If it is stiff, there are four standard
choices for M (21, 22, 24, 25), and DVODE requires the Jacobi an
matrix in some form |In these cases (MF .gt. 0), DVODE will use a
saved copy of the Jacobian matrix. |If this is undesirable because of
storage limtations, set M- to the correspondi ng negative val ue
(-21, -22, -24, -25). (See full description of M bel ow.)

The Jacobian matrix is regarded either as full (M- = 21 or 22),

or banded (MF = 24 or 25). In the banded case, DVCODE requires two
hal f - bandwi dth paraneters M. and MJ. These are, respectively, the
wi dt hs of the | ower and upper parts of the band, excluding the nmain
di agonal. Thus the band consists of the locations (i,j) with

i-M. .le. j .le. i+MJ, and the full bandwi dth is M.+Mi1

C. If the problemis stiff, you are encouraged to supply the Jacobi an
directly (M- = 21 or 24), but if this is not feasible, DVODE will
conpute it internally by difference quotients (M- = 22 or 25).

If you are supplying the Jacobi an, provide a subroutine of the form.

SUBROUTI NE JAC (NEQ T, Y, M., MJ, PD, NROAPD, RPAR |PAR)
DOUBLE PRECISION T, Y, PD, RPAR
DI MENSI ON Y(NEQ), PD( NROWPD, NEQ)

whi ch supplies df/dy by loading PD as follows..

For a full Jacobian (MF = 21), load PDXi,j) wth df
the partial derivative of f(i) wth respect to y(j). (
M. and MJ argunents in this case.)

For a banded Jacobian (MF = 24), load PD(i-j+MJi1,j) with
df (i)/dy(j), i.e. load the diagonal lines of df/dy into the rows of
PD fromthe top down.

In either case, only nonzero el enents need be | oaded.

(i) 7dy(j),
I gnore the

D. Wite a main program which calls subrouti ne DVODE once for
each point at which answers are desired. This should also provide
for possible use of logical unit 6 for output of error messages
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by DVODE. On the first call to DVODE, supply argunents as follows..

F

NEQ
Y

T

TOUT
| TOL
RTOL
ATOL

| TASK
| STATE
| OPT

RWORK

LRW
I WVORK

LI'W
JAC

Narme of subroutine for right-hand side vector f.
Thi s nanme nust be declared external in calling program
Nurmber of first order ODE-s.
Array of initial values, of |ength NEQ
The initial value of the independent variable.
First point where output is desired (.ne. T).
1 or 2 according as ATOL (below) is a scalar or array.
Rel ati ve tol erance paraneter (scalar).
Absol ute tol erance paranmeter (scalar or array).
The estimated local error in Y(i) will be controlled so as
to be roughly less (in magnitude) than
EWI(i) = RTOL*abs(Y(i)) + ATCQL if 1 TOL 1, or
EWr(i) = RTOL*abs(Y(i)) + ATOL(i) if ITOL = 2.
Thus the local error test passes if, in each conponent,
either the absolute error is less than ATOL (or ATOL(i)),
or the relative error is |less than RTCL.
Use RTOL = 0.0 for pure absolute error control, and
use ATOL = 0.0 (or ATOL(i) = 0.0) for pure relative error
control. Caution.. Actual (global) errors may exceed these
| ocal tol erances, so choose them conservatively.
1 for normal conputation of output values of Y at t = TOUT.
Integer flag (input and output). Set |STATE = 1.
0 to indicate no optional input used.
Real work array of length at |east..

20 + 16*NEQ for MF = 10,
22 + 9*NEQ + 2*NEQ*2 for MF = 21 or 22,
22 + 11*NEQ + (3*M. + 2*MJ)*NEQ for MF = 24 or 25.

Declared |l ength of RWORK (in user's DI MENSION statenent).
Integer work array of length at |east..

30 for MF = 10,

30 + NEQ for MF = 21, 22, 24, or 25
If M- =24 or 25, input in IVWORK(1), | WORK(2) the | ower
and upper hal f-bandw dths M, MJ
Declared Il ength of IWORK (in user's DI MENSI ON).
Name of subroutine for Jacobian matrix (M- = 21 or 24).
If used, this nane nust be declared external in calling
program |If not used, pass a dummy nane.

= Method flag. Standard val ues are.

10 for nonstiff (Adans) method, no Jacobi an used.

21 for stiff (BDF) nethod, user-supplied full Jacobian

22 for stiff method, internally generated full Jacobian
24 for stiff nmethod, user-supplied banded Jacobi an

25 for stiff method, internally generated banded Jacobi an

RPAR, | PAR = user-defined real and integer arrays passed to F and JAC.
Note that the mmin program nmust declare arrays Y, RWORK, |WORK
and possibly ATO., RPAR, and | PAR

E. The
Y
T
| STATE

I mnio

utput fromthe first call (or any call) is.

Array of conputed val ues of y(t) vector

Correspondi ng val ue of independent variable (normally TOUT).
2 if DVODE was successful, negative otherwi se.

-1 means excess work done on this call. (Perhaps wong M.)
nmeans excess accuracy requested. (Tol erances too small.)
means illegal input detected. (See printed nessage.)
nmeans repeated error test failures. (Check all input.)
nmeans repeated convergence failures. (Perhaps bad
Jacobi an supplied or wong choice of MF or tol erances.)
means error wei ght becane zero during problem (Solution
conponent i vani shed, and ATOL or ATOL(i) = 0.)

(o2} GORrWN

F. To continue the integration after a successful return, sinply
reset TOUT and call DVODE again. No other paraneters need be reset.
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APPENDIX A. STORAGE ALLOCATION FOR THE WORK ARRAYS

Work arrays ISKWRK, RSKWRK, and CSKWRK contain information about the elements, species and
reaction in the mechanism; they also contain some work space needed for internal manipulations. A user
wishing to modify a subroutine or to write new routines will probably want to use the work arrays
directly. The pointers described below are starting addresses for information stored in the work arrays,
and are found in the labeled common block COMMON /SKSTRT/, declared by the use of the include file
skstrt.h.

It should be noted that storage in work array ISKWRK serves several purposes, for instance,

1. ISKWRK(N) may be a constant in regards to a surface described
by the mechanism, and is subject to change if there are multiple
surfaces,

2. ISKWRK(N) may be a pointer, where L=ISKWRK(N) is used to locate information specific to a
surface, either in ISKWRK, RSKWRK, or CSKWRK, then

3. ISKWRK(L=ISKWRK(N)) may the first value of an integer array specific to a surface,
RSKWRK(L=ISKWRK(N)) the first of a real array, and CSKWRK(L=ISKWRK(N)) the first of a
character string array

COMMON / SKSTRT/
I nt eger constants

1 MAXSPR, NELEM NKKGAS, NSPAR, NSCOV, NEDPAR, NYPAR, MAXORD,
2 MAXTP, NCP, NCP1, NCP2, NCP2T,
| SKARK pointers to integer variables
3 [iLENI, TiLENR, [IiLENC, 1iKSUR, I|iKBLK, IiKTOT, IiNPHA, IiFSUR
4 i LSUR, IiNSUR, |iFBLK, IiLBLK, IiNBLK, IiNIIS, IiNCOV, |iNREV,
5 i NSTK, i NCON, i NBHM [iNRNU, |iNORD, |iNEDP, |iELEC, i NYLD,
| SKARK pointers to integer arrays
6 i PKST, i PKND, 1iPTOT, |iKPHS, |iKCHG |iKCWP, |iNSCV, |iKNT,
7 i NRPP, i NREA, |iNUNK, IiNU, [iNSUM [lilCOv, liKCov, IlilREV,
8 li1STK, 1iKSTK, i MSTK, lilBHM [iKBHM [ilRNU, 1ilORD, i KORD,
9 i KION, IilONS, IiKTFL, i NEDP, |ilEDP, |iKEDP, IilYLD, IiYlON,
* l'i KYLD,
| SKWRK pointers to real variables

1 I rSKMN, IrPATM IrRU, I r RUC,
| SKARK pointers to real arrays
2 I rSDEN, IrKTMP, IrKTHM IrKDEN, IrAWr, Ir , IrP
3 I rRPAR, |rEQ IrRNU, |IrNCF, |IrKORD, IrKFT, |[IrKRT, |rKT1,
4 IrKT2, IrPT1, IrlIT1, IrlT2, IrlIT3, |IrP I rE
5 | r PYLD, |r YNCF,
| SKARK pointers to character string arrays
6 | cENAM | cKNAM | cMNAM | cPNAM
| NTEGER CONSTANTS:
MAXSPR, Maxi mum nunber of species in any surface reaction.
Unl ess changed in the interpreter MAXSPR=12.
NELEM Total count, elenents in problem
NKKGAS, Total count, gas-phase species in problem
NSPAR, Nunber of paraneters required in the rate expression
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NSCOV,
NEDPAR,
NYPAR,

MAXORD,
MAXTP,

NCP,

NCP1,
NCP2,
NCP2T,

i LENI,
l'i LENR,
I'i LENC,
l'i KSUR,
| i KBLK,
I'i NPHA,
l'i FSUR,
l'i LSUR,
I'i NSUR,
l'i FBLK,
|'i LBLK,
I'i NBLK,
[iNIlS
I'i NCOV,
I'i NREV,
I'i NSTK,
I'i NCON,
I i NBHM
I'i NRNU,

I i NORD,
| i NEDP,
|'i ELEC,
I'i NYLD,

|'i PKST,
I i PKND,

l'i PTOT,

| i KPHS,

for reactions; in the current formnul ati on NSPAR=3,

however, a 4th paraneter can be used for purposes of scaling.

Nurmber of paranmeters required in the rate expression
for a coverage reaction; NSCOvV=3.

Nurmber of paranmeters required in the rate expression
for ion-energy dependence reactions; NEDPAR=3.

Nurmber of paranmeters required in the yield-nodified
reactions; NYPAR=4.

Maxi mum nunber of change-orders allowed in a reaction.
Maxi mum number of tenperatures allowed in fits of

t her rodynami ¢ properties for any species; MXTP=3.
Nurmber of polynom al coefficients to fits of CP/R for

a speci es;

NCP+1.
NCP+2.

NCP=5.

Total nunber of thernmodynamic fit coefficients for
NCP2T = (MAXTP-1)*NCP2 = 14.
| SKWRK PO NTERS TO | NTEGER VARI ABLES:

speci es;

| SKARK(1i LENI') is the total length of | SKWRK required.

| SKANRK(1i LENR) is the total length of RSKWRK required.

| SKARK(1i LENC) is the total length of CSKWRK required.

| SKWNRK(1i KSUR) is the total surface species count.

| SKMRK(|i KTOT) is the total species count (gas+surface+bul k).
| SKWNRK(1i NPHA) is the total phase count.

| SKMRK(1i FSUR) is the phase 1 ndex of the first site.

| SKWNRK(1i LSUR) is the phase index of the last site.

| SKARK(1i NSUR) is the total surface phage count.

| SKANRK(1'i FBLK) is the phase index of the first bulk.

| SKWRK(1'i LBLK) is the phase index of the |ast bulk.

| SKARK(1i NBLK) is the total bulk phase count.

| SKANRK(IiNI'l'S) is the total surface reaction count.

| SKWRK(1i NCOV) is the total coverage reaction count.

| SKARK(1i NREV) is the total count of surface reactions which
use explicit reverse paraneters.

| SKMRK(1i NSTK) is the total count of sticking surface reactions
| SKWRK(1i NCON) is the total count of surface reactions which
do not conserve sites.

| SKANRK(1i NBHM) is the total count of Bohm surface reactions.
| SKARK(1i NRNU) is the total count of surface reactions wth
real stoichionetry coefficients.

| SKARK(1i NORD) is the total count of surface reactions wth
changed- or der speci es.

| SKARK(1i NEDP) 1s the total count of surface reactions wth
i on- ener gy dependence.

| SKARK( i ELEC) is the location in a species array of the

el ectron speci es.

| SKARK(1i NYLD) is the total count of surface reactions wth
yi el d-nodi fi ed speci es.

| SKWRK POl NTERS TO THE START OF | SKWRK ARRAY WORKSPACE:

| SKVRK( |

| SKNRK( i PKST)) starts an array of species indices

for the first species of the phases;

| SKAWRK(I + N - 1) is the index of the first species of
phase N.
| SKWRK(1 = I SKMRK(Ii PKND)) starts an array of species indices

for the | ast species of the phases;

| SKWRK(I + N - 1) is the indes of the final species of
phase N.
| SKWRK(I = | SKMRK(Ii PTOT)) starts an array of total counts

of species

| SKVRK( |
| SKVRK( |

+

phases for

| SKVRK( |

+

in the phases;
N - 1) is the total species count of phase N
| SKWRK(1i KPHS)) starts an array of physica
t he speci es;
K- 1) = -1, species Kis a solid,
= 0, speciies Kis a gas,
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i KCHG,

i KCVP,

i NSCV,

i KNT,

i NRPP,

i NREA,

i NUNK,

i NU,

i NSUM

il Cov,

i KGOV,

i | REV,

i | STK,

i KSTK,

= +1, species Kis a liquid.
| SKWRK(I = I SKMRK(Ii KCHG)) starts an array of electronic
charges for the species;
| SKWRK(I + K - 1) is the charge of species K,
for exanple, a value of -2 indicates two excess el ectrons.
| SKWRK(I = I SKMRK(Ii KCMP)) starts a matrix of el emental
conposition for the species;
| SKWRK(I + (K-1)*NELEM + M- 1) is the quantity of
el ement Min species K
| SKWNRK(1 = I SKMRK(Ii NSCV)) starts an array of site coverage
for the species;
| SKWNRK(I + K - 1) is the site coverage of species K
| SKWRK(I = I SKMRK(Ii KNT)) starts an array of the total
nunber of tenperatures dividing the ranges of thernodynam c
fits of the species.
| SKWRK(I + K - 1) is the nunber of dividing tenperatures
for thernmodynanic fits for species K;
| SKWRK(1 = I SKMRK(Ii NRPP)) starts an array of the total
of participant species for the surface reactions,
and indidates the reversibility of the reactions;
| SKWRK(I + IS - 1) = +N, reaction IS has N partici pant
species (reactants + products),
and reaction | S is reversible,
= -N, N participant species in an
irreversible reaction.
| SKWRK(I = I SKMRK(Ii NREA)) starts an array of the total
count of reactants only for the surface reactions.
| SKARK(lI + N - 1) is the reactant count for the Nth
surface reaction.
| SKWRK(1 = I SKMRK(Ii NUNK)) starts a matrix of indices
for the species in the surface reactions;
| SKWRK(I + (N-1)*MAXSPR + L - 1) is the species index for
Lth species in the Nth surface reaction.
| SKWRK(1 = I SKMRK(I'iNU)) starts a matrix of stoichionetric
coefficients for the species in the surface reactions;
| SKWRK(I + (N-1)*MAXSPR + L - 1) is the stoichionetric
of the Lth species in the Nth surface reaction.
| SKWRK(1 = I SKMRK(Ii NSUM)) starts an array containing sumns
of the stoichiometric coefficients of the (gas-phase only)
species in the surface reactions;
| SKARK(I + N - 1) is the sum of gas-phase species
stoichionmetric coefficients for the Nth surface reaction.
| SKWRK(I = I SKMRK(Ii COV)) starts an array of reaction
i ndi ces for those with coverage paraneters;
| SKARK(I + N - 1) is the reaction index of the Nth reaction
wi th coverage paraneters.
| SKWRK(I = I SKMRK(Ii KCOV)) starts an array of species
i ndi ces for the coverage-dependendent species in
the surface reactions with coverage paraneters;
| SKARK(I + N - 1) is the coverage-dependent species for the
Nth reaction with coverage paraneters.
| SKWRK(I = I SKMRK(Iil REV)) starts an array of reaction
i ndices for those with explicit reverse Arrhenius paraneters;
| SKARK(lI + N - 1) is the reaction index of the Nth reaction
with explicit reverse paraneters.
| SKWRK(T = I SKMRK(Iil STK)) starts an array of reaction
i ndices for those with sticking coefficients;
| SKARK(lI + N - 1) is the reaction index of the Nth sticking
coefficient reaction.
| SKWRK(I = I SKMRK(Ii KSTK)) starts an array of species
i ndi ces of the gas-phase species with order 1 in the
surface reactions with sticking coefficients;
| SKARK(I + N - 1) is the species index of the gas-phase
species with order 1 in the Nth sticking coefficient
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I'i MSTK,

l'i 1 BHM

| i KBHM

i 1 RNU,

l'i 1 ORD,

| i KORD,

il ONS,

|'i KTFL,

l'i | EDP,

| i KEDP,

i 1YLD,

i Yl ON,

I'i KYLD,

reaction.
| SKWRK(I = I SKMRK(Ii MSTK)) starts an array of 0/1 flags
for Motz-Wse rate correction for the surface reactions
with sticking coefficients;
| SKWRK(I + N - 1) =1, use Motz-Wse rate correction for
the Nth sticking reaction.
| SKWRK(I = I SKMRK(IilIBHV)) starts an array of reaction
i ndi ces for the Bohm surface reactions;
| SKARK(I + N - 1) is the reaction index of the Nth Bohm
reaction.
| SKWRK(I = I SKMRK(Ii KBHM)) starts an array of species
i ndi ces used in the Bohm fornul ation
| SKARK(I + N - 1) is the index of the species used for the
Nt h Bohm reaction
| SKWRK(I = I SKMRK(IiIRNU)) starts an array of reaction
i ndices for those with real stoichionetric coefficients;
| SKARK(I + N - 1) is the reaction index of the Nth rea
stoi chionmetry reaction
| SKWRK(I = I SKMRK(IilORD)) starts an array of reaction
i ndi ces for those w th changed-order species;
| SKARK(I + N - 1) is the reaction index of the
Nt h change-order reaction
| SKWRK(I = I SKMRK(Ii KORD)) starts a matrix of changed-
speci es indices for the change-order reactions;
| SKWRK(I + (N-1)*MAXORD + L - 1) is the index of the Lth
changed-order species in the Nth change-order reaction
| SKWRK(I = I SKMRK(IiIONS)) starts an array of species
i ndi ces for the ionic species.
| SKARK(I + N - 1) is the species index of the Nth ionic
speci es.
| SKWRK(I = I SKMRK(Ii KTFL)) starts an array of indices
into a tenperature array for the species;
| SKWNRK(I + K - 1) is the tenperature index for species K
| SKWRK(I = I SKMRK(Ii | EDP)) starts an array of reaction
i ndices for the surface reactions with ion-energy dependence.
| SKANRK(I + N - 1) is the species index of the Nth ion-
- ener gy- dependent reacti on.
| SKWNRK(I = | SKMRK(Ii KEDP)) starts an array of species
i ndi ces for the energy-dependent ions in the
i on- ener gy- dependence reacti ons;
| SKARK(I + N - 1) is the species index of the ion for the Nth
ener gy- dependent reaction.
| SKWRK(I = I SKMRK(IilYLD)) starts an array of reaction
i ndices for those with nodified yield,;
| SKARK(I + N - 1) is the reaction index of the Nth yield-
nodi fi ed reaction.
| SKWRK(I = I SKMRK(Ii YION)) starts an array of species
indices for the ion in a yield-nodified reaction
| SKARK(I + N - 1) is the species index of the ion for the
Nt h yi el d-nodified reaction
| SKWRK(I = I SKMRK(Ii KYLD)) starts a matrix of vyield-
nodi fication flags for species in yield-nodified reactions;
| SKWRK(I + (N-1)*MAXSPR + L - 1)
= 1, the Lth species of the Nth yield-nodify reaction is to
be nodifi ed,
= 0, the species is not nodified.

| SKWRK PO NTERS TO RSKWRK REAL VARI ABLES:

I r SKIMN,
I r PATM
I r RU

I r RUC

RSKWRK(1 = | SKWRK(IrSKMY)) is the m nimum difference

all owed for conservation of mass and site.

RSKWRK(I = I SKMRK(IrPATM) ) is the pressure of one standard
at nosphere (dynes/cnr*2).

RSKWRK(I = I SKMRK(ITrRU)) is the universal gas constant
(ergs/ nol e-K) .

RSKWRK(I = I SKMRK(IrRUC)) is the universal gas constant
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(cal / nol e-K).

I SKWRK PO NTERS TO START OF RSKWRK ARRAY WORKSPACE:

| r SDEN,

I r KTMP,

[ r KTHM

| r KDEN,

I r AWT,
I r KWT,

I r PAR,

I r COV,

I r RPAR,

I rEQ

I r RNU,

I r NCF,

| r KORD,

I r KFT,

RSKWRK(I = I SKMWRK(IrSDEN)) starts an array of phase
densities;

RSKWRK(I + N - 1) is the density of the Nth phase.
RSKWRK(I = | SKMRK(IrKTMP)) starts a matrix of the

dividing tenperatures in the thernodynanmic fits for

t he speci es;

RSKWRK(1 + (K-1)*MAXTP + N - 1) is the Nth tenperature
di vidi ng the ranges of coefficients for species K
RSKWRK(I = I SKMRK(IrKTHM) ) starts a three-di mensiona
array of coefficients for the fits to thernodynamc
properties for the species;

RSKMWRK(| + (L-1)*NCP2 + (K-1)*NCP2T + N - 1) is the Nth
pol ynomi al coefficient A(NL,K) for species K, in the Lth
t enperature range

RSKWRK(I = I SKMRK(IrKDEN)) starts an array of species
densities;

RSKWRK(I + K - 1) is the density of the species K
(gmcnt*3 for gas or bul k species, gnmicnt*2 for surface
speci es).

RSKWRK(1 = I SKMRK(IrAWN)) starts an array of atom c weights;
RSKWRK(I + M- 1) is the atom c weight of element M
RSKWRK(1 = I SKMRK(IrKWI)) starts an array of nol ecul ar

wei ght s;

RSKWRK(I + K - 1) is the nol ecul ar wei ght of species K
RSKWRK(I = I SKMRK(IrPAR)) starts a matrix of Arrhenius

parameters for the surface reactions;

RSKWRK(I + (N-1)*(NSPAR+1) + L - 1) is, if

L=1, the pre-exponential factor (nole-cmsec-K)

L=2, the tenperature exponent

L=3, the activation energy (K)

L=4 is used as a scalar, in sensitivity analysis,

for the Nth surface reaction.

RSKWRK(1 = I SKMRK(IrKCOV)) starts a matrix of coverage
paranmeters for the coverage surface reactions;

RSKWRK(I + (N-1)*NSCOV + L - 1) is the Lth coverage
parameter for the Nth coverage reaction

RSKWRK(I = I SKMRK(IrRPAR)) starts a matrix of reverse
Arrhenius paranmeters for surface reactions which give them
explicitly;

RSKWRK(I + (N-1)*NSPAR + N - 1), for N=1,3, the

reverse paraneters for the Nth reverse-paraneter reaction
and for N=4, a scaling factor

RSKWRK(I = I SKMRK(ITEQ ) starts an array of scalars for

the surface reaction equilibriumconstants;

RSKWRK(I + N - 1) is the scalar for the Nth surface reaction
RSKWRK(1 = I SKMRK(ITrRNU)) starts a matrix of stoichionetric
coefficients for the surface reactions with rea
coefficients;

RSKWRK (I + (N-1)*MAXSPR + L - 1) is the stoichionetric
coefficient for the Lth species in the Nth real -

stoi chionetry reaction.

RSKWRK(I = I SKMRK(IrNCF)) starts a matrix of net site-changes
due to the surface reactions;

RSKWRK(I + (N-1)*NNPHAS + L - 1) is the net change in sites
for phase L due to the Nth surface reaction

RSKWRK(I = I SKMRK(IrKORD)) starts a matrix of species
orders for the surface reactions with speci es change-orders;
RSKWRK(I + (N-1)*MAXORD + L - 1) is the order for the Lth
change-order species in the Nth change-order reaction
RSKWRK(1 = I SKMRK(IrKFT)) starts an array of the tenperature-
dependent portion of forward reaction rates for the surface
reactions;
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RSKWRK(I + N - 1) is the forward tenperature-dependent rate
for the Nth surface reaction.

I rKRT, RSKWRK(lI = ISKWRK(IrKRT)) starts an array of the tenperature-
dependent portion of reverse reaction rates for the surface
reactions;

RSKWRK(I + N - 1) is the reverse tenperature-dependent rate
for the Nth surface reaction.

I rKT1, RSKWRK(I = |ISKWRK(IrKT1l)) starts species scratch space.
IrKT2, RSKWRK(I = |ISKWRK(IrKT2)) starts species scratch space.

I rPT1, RSKWRK(lI = ISKWRK(IrPT1l)) starts phase scratch space.
IrPt2, RSKWRK(I = ISKWRK(IrPT2)) starts phase scratch space.
Ir1T1, RSKWRK(I = ISKWRK(IrlIT1l)) starts reaction scratch space.
IrI T2, RSKWRK(I = ISKWRK(IrlIT2)) starts reaction scratch space.
Ir1 T3, RSKWRK(I = ISKWRK(IrlIT3)) starts reaction scratch space.
| r PEDP, RSKWRK(I = | SKWRK(IrPEDP)) starts a matrix of paraneters

for surface reactions with ion-energy dependence;
RSKWRK(I + (N-1)*NEDPAR + L - 1) is the Lth parameter for
the Nth ion-energy-dependent reaction.

IrENG, RSKWRK(I = ISKWRK(ITENG)) starts an array of ion energies
for the gas-phase species only;
RSKWRK(lI + K - 1) is the ion energy of species K

I rPYLD, RSKWRK(I = | SKWRK(IrPYLD)) starts a matrix of yield
paranmeters for the surface reactions with yield nodification;
RSKWRK(I + (N-1)*NYPAR + L - 1) is the Lth paraneter for
yi el d-nodi fication reaction N

I r YNCF, RSKWRK(I = I SKWRK(IrYNCF)) starts a matrix of net site
changes due to yield changes in the yield-nodified reactions;
RSKWRK(I + (N-1)*NNPHAS + L - 1) is the net change in sites
for phase L due to the Nth yield-nodify reaction.

| SKWRK PO NTERS TO CHARACTER WORKSPACE (for one surface):

| cENAM CSKWRK( | | SKARK(I cENAM)) starts an array of el enent nanes;

CSKWRK(I + M- 1) is the nane of element M

| cKNAM CSKWRK(I = I SKMRK(IcKNAM) ) starts an array of species nanes;
CSKWRK(1 + K - 1) is the nane of species K

| cPNAM CSKWRK(I = | SKWRK(I cPNAM) ) starts an array of phase nanes;
CSKWRK(I + N - 1) is the nane of phase N

STORI NG DATA | NTO THE ARRAYS is usually acconplished by a
CALL SKINI'T, which reads a linkfile generated by the surface
mechani sminterpreter;

the Iinkfile consists of the follow ng records:

Li nkfile information:

1. FILVER, character*16, the linkfile format version

2. PRVERS, character*16, the interpreter program

3. PREC, character*16, the machine precision of the linkfile data
(SI NGLE, DQUBLE)
4. KERR, logical to indicate whether or not an error was found by

the interpreter program
Paraneters and constants:
5. LENI SK, LENRSK, LENCSK, mninmum |l engths required to store linkfile
data into the integer, real, and character workspace arrays
6. MAXSPR, MAXTP, NCP, NSPAR, NSCOV,
NEDPAR, NYPAR, MAXORD
7. NELEM NKKGAS, NKKSUR, NKKBLK, NKKTOT,
NPHASE, NFSUR, NLSUR, NNSUR, NFBLK,
NLBLK, NNBLK, N ISUR, N ICOV, NIREV,
NI I STK, NI1CON, NIIBHM N IRNU, NI | ORD,
NI | EDP, NI |YLD, NKKION, KEL, MORE

8. SKM N
Surface data:
9. CSKWRK( | SKWRK( | cMNAM) ) mat eri al name

El enent dat a:
10. ( CSKMRK(I| SKWRK(IcENAM) + M- 1),
11. ( RSKMRK(I SKWRK(IrAWT) + M- 1),
Speci es dat a:
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12. ( CSKWRK(I SKWRK(IcKNAM + K - 1), K = 1, NKKTOT) nanes
13. ( RSKWRK(I SKMRK(IrKWI) + K- 1), K = 1, NKKTOT) weight
14. ( (I SKMRK( I SKMRK( i KCWP) +(K - 1)*NELEM + M - 1),
M= 1, NELEM, K = 1, NKKTOT) conposition
15. (| SKMRK(I SKMRK(1i KCHG + K - 1), K = 1, NKKTOT) charge
16. ( I SKMRK(I SKWRK(1iKNT) + K- 1), K= 1, NKKTOT) #fit tenp's
17. ( I SKMRK(I SKWRK(1i KPHS) + K - 1), K = 1, NKKTOT) phase
18. ( | SKWRK(I SKMRK(1iNSCV) + K- 1), K =1, NKKTOT) coverage
19. ( RSKWRK(I SKMRK(IrKDEN) + K - 1), K = 1, NKKTOT) density
20. ( ( RSKV\RK( | SKWRK(I rKTMP) +(K - 1)*MAXTP + L - 1), fit tenperatures

L = 1, MAXTP), K = 1, NKKTOT)
21, ((( RSKWRK( | SKWRK( | r KTHV) +( L- 1) * NCP2+( K- 1) * NCP2T + N- 1),

N =1, NCP2), L =1, NIR), K = 1, NKKTQOT) thermo coeff'nts
lon data (if NKKION > 0):
22. NKKI ON
23, ( I SKWRK(I SKWRK(T1i1TONS) + K- 1), K =1, NKKION) species indices
Phase dat a:
24. ( CSKWRK( | SKWRK(IcPNAM + N - 1), N = 1, NPHASE) nanes
25. ( I SKWRK(I SKWRK(1i PKST) + N- 1), N =1, NPHASE) starting species
26. ( I SKMWRK(I SKWRK(1iPKND) + N - 1), N =1, NPHASE) ending species
27. ( I SKWRK(I SKWRK(1i PTOT) + N - 1), N =1, NPHASE) species count
28. ( RSKWRK(ISKWRK(ITSDEN) + N - 1), N =1, NPHASE) density
Reaction data (if NIISUR > 0):
29. ( I SKWRK(I SKWRK(TiNRPP) + I - 1), | =1, NIISUR) species count
30. ( ISKWRK(ISKWRK(IiNREA) + I - 1), I =1, NIISUR) reactant count
31. ( (1 SKMRK(I SKWRK(1i NU) + (I-1)*MAXSPR+ N- 1), st oi chi onetry
I SKWRK( | SKWRK( | i NUNK) +(1-1)*MAXSPR + N - 1), speci es indices
N=1, MAXSPR), | =1, NISUR)
32. ( ISKV\RK( I SKV\RK(I iNSUM + 1 - 1), | =1, NIISUR) stoich. sum
33. ( (RSKWRK( I SKWRK(IrPAR) +(I-1)* (NSPAR+1) +N-1),
N =1, NSPAR), | =1, NISUR Arrh. coeff'nts
34. ( RSKV\RK(ISKV\RK(I reQ +1 - 1), I =1, NISUR equil. factor
35. ( (RSKWRK( I SK\WRK( I rNCF) + (I- 1) * NPHASE+N 1), phase bal ance
N =1, NPHASE), | =1, NISUR

Cover age reaction data (if NIITCOVv > 0):
36. NI I COV, NSCOV

37. (I SKWRK(I SKWRK(TilCOV) + N - 1), N= 1, NIICOV) reaction indices
38. (I SKWRK(I SKWRK(1i KCOV) + N - 1), = 1, NIICOV) species indices
39. ( (RSKWMRK( I SKWRK( I r KCOV) +( N- )*NSCO\/+L 1), par aneters
L =1, NSCOV), N=1, NICOv)
Reverse reaction data (if NIIREV > 0)
40. NI REV
41. ( I SKARK(I SKWRK(ITiITREV) + N- 1), N=1, NIIREV) reaction indices
42. ( (RSKWRK( | SKM\RK( I r PAR) +( N- 1) * ( NSPAR _ 1)+L 1), rev. paraneters
L =1, NSPAR), N=1, NIREV)
Sticking reaction dat a (if NIl STK > 0)

43. NI STK
44, (1 SKWRK(I SKWRK(Ii1STK) + N - 1), N
45, (1 SKWRK( | SKWRK( i KSTK) + N - 1), N
46. ( 1 SKWRK(I SKWRK(Ii MSTK) + N - 1), N
Bohm reaction data (if NIBHM > 0):

47. N | BHM
48. ( 1 SKWRK(I SKWRK(1iBHW + N - 1), N
49. (| SKARK(I SKMRK(1'i KBHM + N - 1), N
Real stoichionetry data (if NIIRNU > 0):
50. NI RNU
51. ( I'SKWRK(ISKWRK(IiRNU) + N - 1), N =1, NIRN) reaction indices
52. ( (RSKWRK(I SKWRK(ITRNU) + (N-1)*MAXSPR + L - 1), real coeff'nts

L =1, MXSPR), N=1, NIRNY
Change-order data (if NIIORD > 0):
53. NI ORD, MAXORD
54, ( I SKWRK(I SKWRK(I1ilORD)+ N - 1), N =1, NIIORD) reaction indices
55. ( (1 SKMRK(I SKWRK(li KORD) +(N-1)*MAXORD + L - 1), species indices

L =1, MAXORD), N =1, NI ORD

1, NIISTK) reaction indices
1, NIISTK) species indices
1, NIISTK) Mtz-wise flag

NI I BHM reaction indices
1, NIBHW

I
-
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56. ( (RSKV\RK(ISKV\RK(IrKCRD)+(N—1) MAXORD + L - 1),
L =1, MAXORD), N = 1, NI | ORD)

Tenper at ur e- dependent reaction data (if NIEDP > 0):

57. N | EDP, NEDPAR

58. ( | SKWRK(I SKWRK(1i1EDP)+ N - 1), N = 1, NI |EDP)

59. ( | SKWRK(I SKWRK(Ii KEDP)+ N - 1), N = 1, NI |EDP)

60. ( ( RSKWRK( | SKWRK( | r PEDP) +(L- 1) *NEDPAR + L - 1),

L = 1, NEDPAR), | = 1, NI |EDP)

Yield-modify data (if NIYLD > 0):

61. N 1YLD, NYPAR

62. ( | SKWRK(I SKWRK(1i1YLD)+ N - 1), N =1, NIYLD)

63. ( | SKWRK(I SKWRK(1i YION)+ N - 1), N =1, NIIVYLD)

64. ( (1 SKWRK( | SKWRK( i KYLD) +(N-1)* MAXSPR + L - 1),
(
(

L =1, MAXSPR), N = 1, N |YLD)

( RSKWRK( | SKWRK( | r PYLD) +( N- 1) *NYPAR + L - 1),
L =1, NYPAR), N = 1, N IYLD)

( RSKVWRY( | SKWRY( | r YNCF) +( N- 1) *NPHASE + L - 1),
L = 1, NPHASE), N = 1, N IYLD)

65.

66.

order val ues

reaction indices
speci es indices
par anet er s

reaction indices
i on indices
yield flags
yi el d paraneters

phase bal ance
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