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Abstract

This report documents CURRENT, a computer code for modeling two-dimensional,
chemically reacting, low Mach number flows including the effects of surface chemistry.
CURRENT is a finite volume code based on the SIMPLER algorithm. Additional
convergence acceleration for low Peclet number flows is provided using improved
boundary condition coupling and preconditioned gradient methods. Gas-phase and
surface chemistry is modeled using the CHEMKIN software libraries. The CURRENT
user-interface has been designed to be compatible with the Sandia-developed mesh
generator and post processor ANTIPASTO and the post processor TECPLOT. This
report describes the theory behind the code and also serves as a user’s manual.
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1 Nomenclature

Dkm =

~ik =

D: =

M=

ik?k =

P=

R=

T=

u=

v=

Xk =

y,, =

Cp =

Cpk =

f=

&=

!7=

h=

hk =

7; =

z’ =

k=

L 1!
mk =

1.If
m~ =

——

multicomponent diffusion coefficient defined in Section 3 by (8);

mixture average diffusion coefficient defined in Section 3 by (9)

binary diffusion coefficient

multicomponent thermal diffusion coefficient

molecular weight of mixture

molecular weight of species k

pressure

universal gas constant

temperature

contravariant component of velocity normal to surface of colnstant ~

contravariant component of velocity normal to surface of constant q

mole fraction of species k

mass fraction of species k

constant pressure specific heat per unit mass of the mixture

constant pressure specific heat per unit mass of species k

circumferential component of velocity divided by T (f s w/r)

jacobian of coordinate transformation defined in Section 3 t

gravitational vector

enthalpy per unit mass of the mixture

enthalpy per unit mass of species k

diffusion mass flux vector of species k due to concentration gradients

diffusion mass flux vector of species k due to temperature gradients

mixture thermal conductivity

mass flux of species k

mixture mass flux at surface
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Ii= outward normal vector from surface

?iCv = outward normal vector from control volume surface

Pm = motion pressure (in momentum equation)

c= diffusive energy flux vector

<end = conduction energy flux vector defined in Section 3 by (7)

&tdif = species interdiffusion energy flux vector defined in Section 3 by (7)

?-= radial coordinate

rk = net mass production rate of species k due to homogeneous chemical reaction

t = time

u= z component of velocity

v= r (or y) component of velocity

ii= mass average velocity of mixture

?& = velocity of species k

w= @ component of velocity

x= axial coordinate

Y = lateral coordinate

Greek symbols

P= mixture density

P= mixture viscosity

~k~ = net stoichiometric coefficient for species k in surface reaction a defined in Section 3 by (36)

@ = dependent variable

e = curvilinear coordinate

v= curvilinear coordinate

6’ = circumferential coordinate

;= stress tensor



2 Introduction
.

Sandia has a long history in modeling steady and unsteady, multidimensional, low Mach number fluid flow

and heat transfer, see e.g. reference [1]. This modeling has been expanded to include multicomponent gas-
*

phase and surface chemistry with an eye toward analyzing flows in thermal-chemical reactors [2]-[3]. Such

reactors are widely used by the microelectronics industry for chemical vapor deposition (CVD), etching,

cleaning and other processes. Sandia’s more recent experience in modeling thermal-chemical processes has

led to the development of the computer code CURRENT which is used to model two-dimensional, transient

and steady-state, low Mach number flow and heat transfer, including multi-species transport, gas-phase

chemistry, and surface chemistry using the CHEMKIN software libraries.

The computational “engine” for CURRENT is based on the well-known SIMPLER algorithm [4].

This algorithm provides a foundation for solving the low Mach number fluid flow conservation equations using

a control volume formulation (finite volume technique) on a single logically rectangular grid or domain. In

CURRENT, this method is extended to include multiple logically rectangular, but not necessarily orthogonal,

domains making it possible to model flows in any two-dimensional planar or axisymmetric geometry. A more

detailed discussion of this modeling technique is presented in Section 3.

While the SIMPLER algorithm has proven to be a reliable solution method, it sometimes leads to

unacceptably slow convergence rates, particularly for low Peclet number problems frequently encountered in

low pressure CVD modeling. Convergence rates can also be slowed due to complex boundary conditions (e.g.

strong diffusion at in-flow boundaries, solid boundaries with surface chemistry, e{~c.). In order to overcome.

these difficulties, CURRENT utilizes the General hlinimal Residual algorithm (GMRES) in conduction

with improved boundary condition coupling to accelerate the convergence of SIMPLER iterations. This

acceleration method and its implementation into CURRENT are discussed in Section 4.

Section 5 contains a detailed discussion on how to use CURRENT. Included is an overview of,

the CURRENT “modeling philosophy.” An example problem, designed to demonstrate most of the code’s

documented capabilities, is presented and the reader is taken through the step by-step procedure of pre-

processing (mesh generation), code execution, and post processing. CURRENT’s user interface has been

designed to work with the Sandia-developed finite element pre- and post-processor ANTIPASTO [5]. A

brief discussion of how CURRENT interfaces with ANTIPASTO (AP) is also prc:sented. A complete list of

CURRENT input commands and their usage can be found in Appendix A.

The source code for CURRENT, CHEMKIN, SURFACE CHEMKIN and a set of makefiles and run

scripts is available in the form of a single “tar” file. CURRENT will run on motjt UNIX workstations and

. mainframes. Section 6 contains a description of how to set up a computing environment from the tar file

and size the code for a particular problem. Proper code installation may be verl.fied by running the above

mentioned “example problem.” Input files for the example problem are distributed as part of the CURRENT.

tar file.

As of this writing, all thermodynamic properties, transport properties, and gas-phase and surface

9



chemical kinetics information required by CURRENT are obtained from subroutine calls to CHEMKIN [6],

SURFACE CHEMKIN [7], and the CHEMKIN gas phase transport software package [8]. Since the CHEMKIN

family of codes is well documented, this report will not attempt to provide detailed discussions on the theory

or use of CHEMKIN, SURFACE CHEMKIN or the gas phase transport package.



3 Theoretical Background

This section describes the mathematical model (equations and boundary con ditions)

CURRENT. The numerical implementation and solution strategy are also discussed.

that is solved in

3.1 General Code Description

The CURRENT computer code solves the two-dimensional, transient or steady, low Mach number, variable

property Navier-Stokes, energy, and species conservation equations including rotating surfaces in general

non-orthogonal curvilinear coordinates. The base geometry may be either planar or cylindrical. Three

components of momentum are solved for axisymmetric problems with rotation and two components of

momentum for planar problems. Complex geometry is handled using multiple non-overlapping mesh regions

(cf. Figures 3, 16). The code is coupled to the CHEMKIN [6] software librariw, providing generality for

treating chemically reacting mixtures of gases including multicomponent diffusioil and thermal diffusion [8].

Surface chemistry is coupled into the code via SURFACE CHEMKIN [7].

The numerical method consists of a control volume formulation [4]with staggered control volumes (cf.

Figure 2) used for the discretization of the conservation equations of momentum, mass, energy, and chemical

species. The differential equations are first transformed from either a cylindril:al or a planar coordinate

system to a general non-orthogonal curvilinear coordinate system [9],[10] (cf. Figure 1); the equations are

then integrated over the control volumes. The remaining spatial derivatives are iiscretized with either first

or second-order schemes (user selectable). The time derivatives are discretized with a first-order backward
.

Euler difference.

The solution of the coupled nonlinear equations is iterative and requires a modest amount of memory;

it consists of a reliable implicit line relaxation method involving multiple sweel]s across mesh lines, mesh

directions, and mesh blocks, solving for each variable in a sequential fashion. For some problems, convergence

is accelerated by using this solution scheme as a preconditioned to a gradient algorithm. This acceleration

technique is discussed in Section 4. Additional features of CURRENT, which will not be discussed further

since they are not yet supported in the user interface, include (1) source terms for mass, momentum, and

energy (allowing CVD problems with makeup injection of reactants and two plmse flow problems such as

fiber drying and gas/particle flows to be solved), (2) surface energy balances (enabling the solution of the

conjugate problem of chemically reacting gas flow coupled with conduction in solid materials), and (3) user

specified material types (i.e., other than CHEMKIN) and properties. Applications of CURRENT have been

in chemical vapor deposition (CVD) transport processes ([2], [3],[11]), mixed convection flows and buoyant

instabilities ([1],[12]), fiber drying [13] and fiber CVD [14], and two phase gas-particle flows [15].

11



3.2 Transport Equations

The governing equations (in vector form) for the transport of a variable property, low Mach number mixture

of chemical species are:
L?p
~+v. (pti)=o (1)

%+v”(~’’++)=-vf’~+~~

~ (Pn) +V

at ( ). pvTk+&+j’: =T-~, k=l,..., Kl–l

(2)

(3)

(4)

In the above equations, gravity is assumed to be the only external force acting on the chemical species. In

the species conservation equations (3), Tk is the net mass production rate per unit volume of species k by

homogeneous chemical reactions; ~~ is the diffusive mass flux of species k caused by concentration gradients

(5)

i#k

~~ is the diffusive mass flux of species k caused by temperature gradients (thermal diffusion):

Mass transport by pressure diffusion is neglected. The energy equation (4) is given in terms of enthalpy

where h = ~f~l hkyk. Viscous dissipation and the diffusion-thermo energy flux (the Dufour effect) are

neglected; the diffusive energy flux vector, ~, is given by:

The summation term in the above equation is the energy flux by species interdiffusion in a multicomponent

mixture. The multicomponent diffusion coefficients in (5) are given by:

Dkm =

where ~ak are the binary diffusion coefficients.

(8)
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If the mixture averaged approximation to diffusion is made (an option in the cc

Dkm =
I–yj

z~~~ xif~ik

and the summation term in (5) is dropped. The thermal diffusion coefficients D:

coefficients ~ak in (8), and the viscosities and thermal conductivities of the

obtained from kinetic theory (see [8] and [16]) using the Lennard-Jones (6-12) i

The energy equation in the form of Equation (4) does not explicitly con

due to homogeneous reactions and may be convenient to use for some probler

since the problems typically solved with CURRENT involve the specification oft

of temperature, the energy equation is rewritten as:

The density p of the mixture is determined from the ideal gas equation of state

PM

‘“m”

:), then

(9)

n (6), the binary diffusion

Iividual gas species k are

i Stockmayer potentials.

in the energy release rates

(phase change); however,

mdary conditions in terms

)1
;,T . (lo)

(11)

The viscosity p and thermal conductivity k of the mixture are determined from mixture averaging rules (see

[8]). The specific heat of the mixture CPis determined from

* (12)
k=l

with the specific heats of the individual species cPk determined from polynomial fits over specified temper-

ature ranges in CHEMKIN. The stress tensor, ~, in Equation (2) is for a Newtonian fluid with the bulk

viscosity set equal to zero [17]. Note that the pressure gradient, Vpm, in Equation (2) involves the variable

pm which is different from the pressure, P, in the equation of state (11); this app~oximation to the equations

of motion in which P is constant or at most a function of time only and pm vai:ies spatially to satisfy the

continuity equation (1) everywhere has been shown [18] to be valid for low Mach number flow.

Dimensional equations have been shown in this section to simplify the lmesentation. However, the

equations are implemented in CURRENT in a dimensionless form [2], allowing the user to solve either a

dimensional or a dimensionless problem. Since solving a dimensionless problem requires knowledge of the

scales used in the nondimensionalization (which are not presented here), the default of solving dimensional

equations is assumed throughout this document. For more information on this topic, contact the second

author.

3.3 General Curvilinear Coordinate Transformation
.

Complex geometry can be an important consideration in transport processes. In the case of chemical vapor

deposition (CVD), gases flow from small diameter piping into larger reactor {chambers (usually through

13
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\ \

\ I

I

I

x

(a)

(b)

Figure 1: General curvilinear coordinate transformation: (a) physical and (b) computational planes.

various types of manifolds); it is desirable to avoid recirculation regionsin the reactor. Reactor side walls

are sometimes angled to allow transitions from one flow region to another. It is sometimes important to

accelerate the flow as it passes over the deposition zone; this is accomplished by tilting the susceptor or

angling the opposite wall of the reactor.

In CURRENT, the conservation equations (l-3), (10) are transformed to a general curvilinear

coordinate system to enable accurate representation of geometrically complex flow domains. Starting from

cylindrical coordinates the equations are first transformed (cf. Figure 1) from (x, r, 0, t) to (~, q, 6, t) and

then integrated over control volumes:

Mixture continuity equation:

(13)

14



transformed:

, g + ~{$wg)+-&vg)@ } =0 (14)

integrated:

*
d#+Pugl:+Pvd:=o (15)

Axial component of momentum equation:

=+ H’uu-a+$xr’vu-r’3=-$$+’z@-’r’f)+%r@a(pu)

.

rr~ 2P

[ 1
2

+ —— x~(rv)n – xn(rw)f +
/z3

~p~rvv~ – r~vv
& )}

(17)

integrated:

A(pu) 2 e

&~ ~ /%) ‘= -{v}ucvPrnl:+ {“,}.CVPJ+ (pug” – =/%) + (Pvgu – !.32
JE . s

rrn 2p
[() 1 –Xr.”~-r~”J} ‘+{-’~%”~-r~u.)

r2xv———
03

X6 rv ~ – x~(rv)c –
&

w

Radial component of momentum equation:

%+ a’uv-”3+%”’vv-r8=-*+’-ref)+rp’2

(18)

15



transformed:

(20)

integrated:

Circumferential component of momentum equation:

(22)

transformed:

16



integrated:

*

species k (k = 1, ..., Kg – 1) mass conservation equation:

%#k

transformed:

(24)

(25)

(26)

{#k ,#k

integrated:

A(@’’jj) e

(
r2ql

)1 (

2

&~ + Pugyk – —@k.yk< ‘pDkmyk.)~n=&rk - (~PDkmyk.)le~ ~+ Pvgyk- ~
s w

.

—

17
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energy equation:

transformed:

integrated:

(27)

(28)

(29)

- {T:5cpk[('kzc+'kzT)(r"T`-r`T")+(`kTc+'krT)(’30)
In the integrated equations (15), (18), (21), (24), (27), and (30), the dimensions of the control volumes

in the transformed coordinate system (& q) are taken to be unity (AC = Aq = 1), and the equations are

divided by 27r. The letters n, s, e, and w designate the north, south, east, and west faces of the control

volume, respectively (cf. Figure 2). Subscripts < and q indicate derivatives with respect to those variables,

respectively; subscripts SCV,UCV,and vcv refer to scalar, z component of momentum, and r or y component

18



of momentum control volumes, respectively. The Jacobian of the transformation is given by:

(31)

Other transformation relations are:*

91 = XV2 + rvz

U9 = r(urn – vxn) = Jg U

V~ = r(vz~ – ur~) = Jg V (32)

where U and V are contravariant components of velocity (velocity components normal to surfaces of constant

~ and ~ coordinate values, respectively, [9]). Note that Equations (18) and (21), even though transformed,

are still equations for the z (axial) and r (radial) components of momentum, resl]ectively; thus the z and r

components of velocity (u and v, respectively), shown at the faces of the scalar control volumes in Figures 2a

and 2b, are not normal to those surfaces. In the circumferential component of momentum equation (24), the

circumferential component of velocity has been scaled by the radial coordinate ($ E w/r). These equations

reduce to the two-dimensional planar coordinate equations by setting r=l, replacing derivatives r< and rq

with YCand Yq, eliminating the terms (with the exception of the gravitational telrm) on the right hand side*

of Equation (21) that are evaluated over the control volume (those terms that are enclosed in brackets with

the vcv subscript), and deleting the circumferential momentum equation (solving a 2D planar problem is an

option in the code).

The integrated equations (18), (21), (24), (27), and (30) are solved in CURRENT. The mixture

continuity equation (15) is not solved directly as written; instead the SIMPLER. method [4] is used where

Equations (18) and (21) are recast into expressions for u and v, which are subiitituted into (15) resulting

in a Poisson equation for the pressure, pm, which is then solved. A velocity correction is also part of the

SIMPLER method; it consists of solving a Poisson equation for pressure correction and using the pressure

corrections to update the velocity components to satisfy Equation (15). The procedure used to obtain the

pressure correction equation is very similar to the one outlined here for pressure (see [4]).

A scalar control volume (SCV)is shown in Figure 2a with a representative dependent variable, @

(pressure pm, temperature T, or mass fraction Y~), located at its center. The velocity components are located

at the midpoints of the sides of the SCV;the coordinates of these dependent variables (the computer code

variables for the coordinates are shown in Figure 2a) are obtained by linear interpolation of the coordinates

of the corners of the scv which are determined in the mesh generation code AP (see Section 5). The control.

volumes for the axial and radial components of momentum (UCVand VCV) are staggered from the scalar

control volume (SCV)as shown in Figure 2b to avoid oscillations in the pressure iield [4].
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Figure 2: Control volumes for dependent variables: (a) scalar control volume
control volumes for scalar, x component of momentum, and r (or g) component

coordinates; (b) staggered
of momentum variables.
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Centered finite-differences are applied to discretize the remaining derivatives on the right hand sides

. of Equations (18), (21), (24), (27), and (30). For the convective-diffusive terms 011the left hand sides of the

equations, either the hybrid scheme [4], central differences, or the QUICK scheme [19] is used (user selectable).

* For cell Reynolds numbers (ReC,ll) with absolute values greater than two, the hybrid scheme results in a

first-order upwind difference of the convective term and the diffusive term is deleted; for [Rec,u I <2, the

hybrid scheme results in central differences for both the convective and diffusive terms.

3.4 Domain Decomposition

The CURRENT code is designed to solve problems with complex geometry and conlplex boundary conditions.

This is accomplished by decomposing the problem into contiguous and non-overlilpping regions as shown in

the example problem (cf. Figure 16) and by applying the generalized coordinate transformation. The rules

that apply to regions are summarized here (cf. Figure 3).

The n,s,e,w compass applies to regions as well as to individual control vo [umes. Only south faces of

regions can be designated as symmetry boundaries (e.g., S1 in Figure 3). Interpolation of variables between

regions is not required. There must be a one-to-one correspondence between c~mtrol volumes that are in

adjacent regions and that lie along the common side of the two regions. For exalnple, in Figure 3 the east

side of region 2 is connected to the west side of region 3; the number of control volumes along the east side of

region 2 matches the number on the west side of region 3, and the nodes of the east faces of control volumes

in region 2 that lie along the line segment p4pg connecting regions 2 and 3 match the corresponding nodes

. of the west faces of control volumes in region 3 (line segment P4Pfj is called an internal boundary). For any

side of a region, there is only one type of boundary condition allowed (e.g., S2 of region 1 is a surface where

deposition occurs, and S8 is an inflow boundary).

Each region has a row of ghost-point control volumes surrounding it fclr the purpose of applying

boundary conditions. The coordinates of the ghost-point control volumes that lie outside the computational

domain are obtained by extrapolation from the control volume nodal values assigned in the mesh generation

program AP. The dependent variable values at the ghost-point control volumes that are outside the com-

putational domain are determined by linear extrapolation of the dependent vari:lble value at the boundary

and at the interior control volume adj scent to the boundary ( cj. Figure 4). Tl~e application of boundary

conditions is discussed in the next section.

The relationships between dependent variables at internal boundaries of regions is shown in Figure

3 for the case of a north-south boundary for scalar variables, 0, and the y (or r) component of velocity,

v. The three indices (n, i, j) of variables @ and v are the region number n and the i and j grid values.

Variable 0(1, i, jmax) in region 1 has a ghost-point value, 0(1, i, jmax+l), whi{:h is the variable 0(2, i, 2)

in region 2. Similarly, 0(1, i, jmax) is the ghost-point value for variable @(>!, i, 2) in region 2, where

* 0(2, i, 1)=@(l, i, jmax). The y-component of velocity is located on the interface: in region 1, it is designated

v(1, i, jmax+l) and in region 2 it is v(2, i, 2). The coordinate system, (z, r or y), is global with the x axis
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Figure 3: Dependent variable relationships at interfaces between regions in CURRENT,

along the e-w compass directions, and the r or y axis along the n-s directions.

3.5 Boundary Conditions

As noted previously, for applying the boundary conditions a single layer of ghost-point control volumes

surrounds each of the regions that make up a problem description in CURRENT. Along any one side of a

region only one type of boundary condition specification is allowed. The following boundary condition types

are supported in CURRENT: (1) inflow, (2) outflow, (3) symmetry, (4) surface, and (5) internal. There are

two types of inflow boundary condition: (a) convective and (b) net mass flux. Outflow boundary conditions

are problem dependent; zero gradient conditions are typically specified. A symmetry boundary condition

can be applied on a region’s south side only. There are several types of surface boundary conditions: (a)

rotating or nonrotating, (b) reacting or nonreacting, and (c) specified temperature or heat flux.

If the mass transfer Peclet number (Pecm = Re Sck~, where Re is the Reynolds number and Sckm

is the Schmidt number for species k inmixture m) is small (typically at low pressure), then diffusion can be

significant at the inflow boundary of a chemically reacting flow problem. In this situation the net mass flux

option:

?%: = py~~k = pyj~ + jk , k = l,...,Kg (33)

which maintains the specified mass flow rate of each species by determining the relative contributions of

convection and diffusion to $: across the inflow boundary, is recommended. Using this option, the species
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mass fractions at the ghost-point control volumes upstream of the inflow bounclary and the mass average

. velocity at the faces of the control volumes that form the inflow boundary are dete~mined to satisfy Equations

(33).

. A proper outflow boundary condition is one that does not alter the transport processes within the

computational domain. The effect that a particular outflow boundary condition lms on a numerical solution

is usually determined by either comparing the solution with other solutions (benchmark numerical solutions,

analytical solutions, etc. ) or moving the outflow boundary and running the modified problem to see the

effect on the solution in the region of interest. A recommendation is to place the outflow boundary where

there will be no recirculation regions anticipated and where the flow can develoF into a one-dimensional or

fully developed flow. Then the zero gradient or fully developed flow conditions:

v@li=o (34)

.

.

can be applied at the outflow boundary (by determining the value of the dependent variable @ at the ghost-

point control volume outside the boundary that satisfies (34)) with little or no effect on the transport in the

domain of interest.

The symmetry condition is applied by determining the value of the dependent variable @ at the

ghost-point control volume outside the symmetry axis that satisfies (34).

Surface boundary conditions for velocity and temperature are applied by setting the ghost-point

control volume value equal to a linear extrapolation through the value of the varjable at the control volume

adjacent to the boundary and the specified boundary condition (cf. Figure 4 wh<)rea part of the north side

of region n is shown). For zero slip boundary conditions at nonreacting surfaces, u ~ = v~ = O; if the surface is

not rot sting, f ~ = O. For a rotating surface, the rotation rate, f~ is specified. FOI a north adiabatic surface,

T(n,i,jmax+l) = T(n,i,jmax).

Boundary conditions for the pressure and pressure correction equations are determined as follows:

first the link to the ghost-point control volume outside the computational domain is broken by setting the

appropriate coefficient in the discretised equation (44) equal to zero. This is e~uivalent to setting a zero

gradient condition for the dependent variable at the boundary. For pressure cc rrection the desired result

of no correction of the velocity boundary condition is obtained. For the pressure equation (which is really

the mixture continuity equation (15)), the mass flow rate that enters the control Irolume through the control

volume face adjacent to the boundary is added into the source term, SU, on l;he right hand side of the

discretized pressure equation (44).

At a reacting surface, the boundary conditions for species and veloci~r are coupled as shown in

Figure 5b. For situations where the mass transfer at the surface is due to surface chemistry only, the mass

flux of each gas-phase species k at the surface is related to its production/destruction rate by surface chemical

reactions (cf. Figure 5a):
r
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Figure 4: Ghost-point control volume outside the computational domain showing linear extrapolation of
dependent variable through the specified surface boundary condition.

where n is the outward pointing normal from the deposition surface, I is the number of surface reactions

involving species k, and uka is the net stoichiometric coefficient for species k in surface reaction CY:

and the reactions are given in the form:

(36)

(37)

where Xk is the kth chemical species and the summation is over all species K (gas, surface, and bulk). Both

the gas-phase molar production rates, ra, in Equation (35), due to surface chemical reactions and the surface

chemistry mechanism are implemented in CURRENT using the formalism of SURFACE CHEMKIN [7]. The

surface species are assumed to be in local equilibrium (i.e., the net production rate of surface species is zero

for each surface species k); we note, however, that finite rate surface chemical kinetics are accounted for

in CURRENT via the specified surface chemical mechanism. Surface species distributions are determined

by solving a set of coupled algebraic equations for the surface species site fractions for each segment of the

surface that has a gas-phase control volume adjacent to it [20]. The composition of the gas mixture at

the surface s, which is used in the surface chemistry rate expressions, is determined by linear extrapolation

through two interior points:

O. = [3@(n, i, jmax) – @(n, i, jmax – 1)]/2 (38)

where @ represents either gas-phase mass fraction yk or mole fraction xk. The surface boundary condition

for the conservation equation (27) of gas-phase species k involves replacing the mass flux (consisting of both

convection and diffusion) of gas-phase species k across the gas-phase control volume surface that is adjacent
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Figure 5: Mass transfer at a reacting surface: (a) mass flux of gas-phase species k across a control volume
surface adjacent to a reacting surface; (b) overall steady-state mass balance at as urface; (c) mass flux of gas
mixture across a control volume surface adjacent to a reacting surface.
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to the deposition surface:

(39)

with the right hand side of Equation (35). Summing Equation (35) over all species in the gas-phase (cf.

Figures 5b,c) gives the mass average velocity component normal to a surface, (0. ti)~, where surface chemistry

is the only mass transfer mechanism:

(40)

Due to the coordinate transformation, the component of the mass average velocity normal to the surface,

(d. ii),, is the contravariant velocity component U or V, depending on whether the deposition surface

corresponds to a constant value of ~ or q, respectively.

The species boundary condition that is applied to the gas-phase control volume adjacent to a surface

where there is no mass transfer (deposition, evaporation, ablation, transpiration, etc. ) is:

(41)

since in this case the velocity component (ti. ii) ~ is zero.

An energy balance on a surface element is shown in Figure 6a where radiation transport from the

surface and the Dufour effect in the gas have been neglected. The energy release rates due to surface chemical

reactions do not appear explicitly in the energy balance when cast in terms of enthalpy:

{-kVT . ii+ ~[(~yk~+j~ +~f) . fihk]},,, = {-kV7’ ~fi+ ~[(pY@+j~ +;;) . fih,$]}.,~ (42)
k=l k=l

The surface energy balance (42) for the case of surface chemistry can be written as:

(–kVT . fi)$,g + ~~ v~areibi~hk = (-kVT . ii)~,b + ~’vkar.&f~h~. (43)
k=lcz=l k=la=l

Equation (43) can be solved for the surface temperature, T,, if the heat flux in the bulk, (–kVT” Z).,b,

is given, or it can be solved for the bulk heat flux if the surface temperature is specified. Although CURRENT

is designed to solve surface energy balances and the conjugate problem of conduction in the bulk, the user

interface does not support this option now. For a chemically reacting surface with a specified surface

temperature, the surface boundary condition for the gas-phase energy control volume is determined by

evaluating the left hand side of Equation (42) with properties at the surface obtained by linear extrapolation

from the interior control volumes.

The surface energy balance in terms of fluxes from the surface of the gas-phase control volume

adjacent to the reacting surface and in terms of energy release rates due to the surface chemical reactions

and conduction in the bulk is shown in Figure 6b. If the conduction heat flux in the bulk were given (not

the typical situation), the fluxes from the surface of the gas-phase control volume shown on the left hand

side of the equation in Figure 6b (and the left hand side of Equation (42)) could be replaced by the right

hand side of the equations (in Figure 6b or in Equation (43)).
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Figure 6: Energy transfer at a surface: (a) surface energy balance (neglecting radiation and the Dufour
effect ); (b) the energy balance in terms of energy fluxes from the Surface of a gas-phase control volume
adjacent to a reacting surface (left hand side of equation) and the energy generation rate due to surface
reactions and conduction in the bulk (right hand side of equation)..

3.6 Numerical Solution

Equations (15), (18), (21), (24), (27), and (30) can be written in a single form [4]:

ap@p = an@N + a~@s +ae@E +aW@w + SU (44)

where aP = E a~ – SP, and @P are the dependent variables: pm, u, v, f, yk, and T at control volume P.
i=n,s,e,w

For example, consider the conservation equation (27) for gas-phase species yk, and for simplicity assume that

the central differencing scheme is used. Figure 7 shows the control volume P anl its four neighbors in the

computational plane. The coefficients for Equation (44) consist of a diffusive component and a convective

component:

an = dn – en/2,

as = ds + es/2,

a= = de – cc/2,

aw = dw + cw/2.
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to Equation (27), the diffusive transport contributions are:

dn =

ds =

& =

dw =

convective transport contributions are:

cn

Cs

ce

Cw

(r2q3pDkm/~g)n,

(r2q3pDkm/~g)$,

(r2q~pD~m/Jg)e,

(r2ql pD~m/Jg)W,

= (Pvg)n,

= (Pvg)sj

= (PU~)e,

= W,)w.

.

—

domain,

and the source terms are:

-(en - cs + ce - cw)Y~P + fi(pY~)P ‘-l/At + RHsl.q..(27)>Su =

SP = -&pP”/At.
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The (n – 1) superscript on the one SUterm refers to the previous time level; all other terms are evaluated at

* time level n. The coefficients for hybrid differencing are given in [4] and those fx- the QUICK scheme are

in [19]. The coefficients for the other conservation equations are defined analogously, where, as mentioned

. earlier, the SIMPLER scheme is used to replace (15) with an equation for pm. The species conservation

equations (27) are solved for K9 – 1 species, and the remaining species, YK9, isob bind from 1 – z~~~ 1Yk.

The species not solved for is the one with the largest mass fraction.

Under-relaxation is applied to the Equations (44) in the manner descri’)ed in [4]. Typical under-

relaxation factors are 0.5 with no under-relaxation of the pressure or pressure-correction equations. The

linearized difference equations (44) are solved along mesh lines in the computational domain using the

tridiagonal matrix algorithm (TDMA). The solution proceeds sequentially through the variables, each

variable being solved over all the computational regions before proceeding to the next variable. Within each

region, the algorithm performs alternating sweeps of the TDMA solver. One global iteration is complete

when all the variables are solved in this manner, and the boundary conditions h:xe been updated.

Iterations are continued until convergence is obtained. Convergence cri~eria for stopping the iter-

ations within a time step are based on relative and absolute changes in the dependent variables from one

iteration to the next. All variables at all control volumes are checked. The relativ >and absolute convergence

criteria can be specified in the input file through the REAL array. However, the d~:faultvalues in CURRENT

are sufficiently small that these criteria are typically not reached for a steady-st ate problem, and the user

controls the number of iterations taken and checks for convergence in the manner described in Section 5 (by

. comparing profiles and fields of the dependent variables at selected iteration intc rvals). The restart feature

of the code is useful to continue the iterations to convergence. In a steady-state problem, the iterations are

performed within a single, very large time step that is set to 1020 seconds.

The main steps in the solution sequence are as follows:

Start
1. Set default values.
2. Read problem definition and grid.
3. Initialize CHEMKIN, the transport properties software, and SURFACE CHEMKIN.
4. Set reference properties and scale factors.
5. Interpolate grid and define metric coefficients.

If not a restart, then
6. Initialize all field variables and set boundary conditions.

else
6. Read all field variables from restart file and set boundary conditions.

end if

A. Begin time step loop.

B. Begin iteration loop within a time step.
7. Solve modified mixture continuity equation ((15) using the SIMPLER technique [4])

for the pressure field (variable pm).
8. Update scalar boundary conditions..
9. Solve 6 component of momentum equation ((24), variable ~).



10. Solve energy equation (30) for the temperature field (variable 7’).
11. Solve species equations (27) for gas-phase mass fraction distributions (variable yk, k = 1,..., Kg – 1),

and determine surface species site fraction distributions on chemically reacting surfaces.

12. Determine YKg from I – ~~~~ 1Yk.
13. Update fluid mixture properties.
14. Determine species diffusive mass fluxes by solving the system of equations ((5), k = 1,...,Kg) ‘

that are equivalent to the Stefan-Maxwell equations.
15. Update scalar variable and property boundary conditions.
16. Solve z and T or y components of momentum equations ((18), (21), variables u, v).
17. Update contravariant velocity components (32).
18. Update velocity boundary conditions.
19. Correct velocity components using solution of pressure correction equation (part of SIMPLER scheme).
20. Check global mass and energy balances and implement constraint on outflow velocity.
21. Check for convergence and print diagnostics, output files, and restart file if requested.

If not converged, then
If iterations have reached maximum number, then

22. stop.

else

22. Loop back to B (iterate).
end if

else
22. Perform time step control.
23. Check global mass and energy
24. Print diagnostics, output files,
25. Increment time.

balances.
and restart file if requested.

If time has reached maximum time, then
26. stop.

else
26. Loop back to A (next time step).

end if
end if
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4 Convergence Acceleration
.

The SIMPLER algorithm, described in the previous sections, converges slowly at low pressures where the

Peclet number for mass diffusion is low. The root of the low-Peclet number convergence problem is the
.

interaction between the solution procedure and the unfavorable scaling within the 1:hemical species mass-flux-

preserving inflow boundary condition. Modifications to the SIMPLER algorithrr can improve the solution

times of difficult problems by several orders of magnitude [21], and usually prov des modest improvements

for all problems. The algorithm enhancements described in this section are not standard features of the

CURRENT code and can be activated only through one of solution method “switches”.

Chemical reaction rates, which usually cause convergence problems in reacting flow computations,

play a lesser role in the convergence rate degradation. The reactions are relatively slow at low pressure and

not very energetic so there is not a strong effect on the temperature. Surface chelnistry is more problematic

than gas-phase chemistry since it provides highly nonlinear sources and sinks for gas-phase species at physical

boundaries.

For highly diffusive problems, convergence is degraded by poor numerical propagation of information

between physical boundaries. Difficulties arise at an inflow boundary where the net mass flow condition (33) is

set and convection must balance diffusion to preserve specified species mass fluxes. Information propagates

very slowly from such a boundary for a particular class of segregated solutiol 1 algorithms with explicit

updating of boundary conditions, such as SIMPLER. Boundary condition equ:tions should be implicitly

coupled to interior equations with complete solution of the resulting linearized s~’stem..

4.1 Peclet Number Scaling and Inflow Boundary Conditions

A scaling problem between convection and diffusion is artificially introduced by u~;inga flux-inflow boundary

condition (such as the “net mass flux” condition, Section 3.5) near a strong species composition gradient.

For low Peclet numbers, diffusive transport dominates convective transport. Y%, for the limiting case of

uniform inflow composition and no chemical reactions, the convective transport t mm determines the species

distribution within the flow domain. The Peclet number scaling makes it difficult to enforce the convective

part of the boundary condition. The difference between the strength of convection and diffusion makes

it difficult to propagate information in the solution procedure when the boun iary condition is enforced

explicitly.

The scaling is demonstrated using the inflow boundary condition, Equati~m (33), where the diffusion

flux is simplified by the assumption of Fickian diffusion:

– =,UY, -,+
rnk
A

.
Dividing by the total mass flux gives:

D ~yj
~k =Yk– ~~,

(45)

(46)
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where ~k = rnk/rn represents the reference inflow mass fraction for species k. The Cell-peclet number, Pe&,

is defined by the length scale of the finite volume, Ax, the convective velocity, and a mass diffusivity, D:

UAX
Pe& . —

D“
(47)

The boundary condition is discretized about the inflow cell face using centered differences and the explicit

formula for updating the boundary point is:

1 – ~peAz
Yk,l =

peAzyk,~+ ~k.
1 + ~pe& 1 + ~pe&

(48)

The ghost-cell mass fraction is Yk,l and the first interior cell value is Yk,z. For small limiting values of the

cell-Peclet number, the ghost-cell mass fraction is more dependent on the interior point than the reference

value ~k during the explicit update. Yet, the mass fractions must approach the reference value when there

are no chemical reactions or sources. In the limit of small Peclet number, Equation ( 48) becomes:

yk,~= yk,~+ peAzyk. (49)

Bad initial guesses for the mass fractions result in very slow convergence to the actual solution. The interior

points are strongly dependent on the boundary points because of the elliptic nature of the partial differential

equations. The scaling argument indicates that any implicit scheme used to update interior points without

implicitly coupling the boundary points is ineffective.

The solution procedure can be improved by implicitly coupling the physical boundary conditions

in the line-relaxation scheme. The boundary information is propagated implicitly in the direction of the

line-solve, but still “explicit-like” in the sweep direction. The full set of physical boundaries, which drive the

interior equations, are not implicitly coupled. The explicit propagation of information is degraded by the

presence of internal block boundaries. In order to maximize the performance of the solution procedure, all

boundary conditions must be implicitly coupled; each boundary point should simultaneously see every other

boundary point.

4.2 Enhancements to the Navier-Stokes Code

The solution algorithm enhancements to the SIMPLER algorithm in the CURRENT code involve only the

species transport equations and the pressure-correction equation. The modifications to the species equations

are such that boundary condition equations are treated implicitly and the linear problem, Equation ( 44), is

solved to completion using a matrix-free, preconditioned gradient algorithm.

Matrix-free, preconditioned gradient algorithms provide an efficient solution to the boundary com-

munication problem. Gradient algorithms are a generalization of the conjugate gradient method, used to

iteratively invert matrices. Preconditioning improves the convergence characteristics of gradient algorithms.

In CURRENT, the generalized minimal residual (GMRES) gradient algorithm [22] is used to invert the linear

system with the block-by-block line-relaxation implicit scheme acting as a preconditioned. The GMRES
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scheme enhances the implicitness of the line-relaxation scheme. The TDMA lili~relaxation algorithm in

. CURRENT, described in Section 3.6, is replaced with a more general line-relaxation algorithm, capable of

handling the implicit boundary condition equations.

. A new problem arises when the linearized species equations are fully cc nverged at each step; the

nonlinear solution process becomes unstable. In the baseline SIMPLER algoritl m, neither continuity nor

the linearized species equations are satisfied exactly at each nonlinear iteration. The errors tend to offset

each other and there are no large instabilities. Conversely, the enhanced solution algorithm does such a

good job of satisfying the transport equations that they become very sensitive to mass errors. Errors in

continuity cause artificial sources and sinks in the species equations. Stability can be increased by satisfying

the continuity equation more rigorously. Specific modifications are described in tile following sections.

4.2.1 Species Transport Equation

The linear matrix increases in size because all the ghost cell values, which are used to help set boundary

conditions, become equations implicitly coupled to the interior transport equations. The equations for ghost

cells at grid block interfaces equate the ghost cells of one block to the equivalent irterior cells oft he adjacent

block. The relations for explicitly updating physical boundary conditions are casl, as implicit equations.

The under-relaxation used in the SIMPLER algorithm (see Section 3.6) must be reformulated for

use with the enhanced solution strategy. The under-relaxation adds diagonal dominance to the linearized

equations, but sharply degrades performance when there are Peclet number scaling problems. The under-

. relaxation acts as an artificial time term, slowing down the propagation of inforn~ation even more. A more

favorable implementation of under-relaxation is to apply the damping parameter to the solution increment

which results from the solution of the linearized equations.

4.2.2 Continuity Equation

The solution to the problem of converging the continuity equation is twofold. First, it is recognized that

continuity errors during iteration are due to the use of zero-gradient boundary cmditions for the pressure-

correction on all boundaries and incomplete convergence of the linear pressure.correction equation. The

zero-gradient boundary condition on the pressure-correction term does not allow outfiow boundary velocities

to change. The outflow boundary condition is reformulated so that the outflow vdocity can be corrected in

a manner consistent with continuity. Secondly, the matrix-free gradient algorithm is added to the solution

algorithm for the pressure-correction equation to accelerate convergence.

The pressure-correction procedure is reformulated in a manner consistent with other projection

methods for low Mach number flows [23, 24, 25]. The gradient of the pressure-correction corresponds to

a velocity increment and the pressure-correction variable itself is related to a pressure increment. In the

modified algorithm, the pressure-correction is set to zero at the outflow boundary ghost points. A non-

zero velocity correction can then be calculated at the outflow boundary and the velocity updated in a way

that is consistent with continuity. Continuity is satisfied in each finite-volume at each nonlinear step. The
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zero-condition also corresponds to fixing outflow pressure since the pressure increment is zero. This does

not mean the outflow pressure is fixed for the entire calculation because the pressure itself is still updated

according to the SIMPLER algorithm.

The actual implementation requires matrix coefficients at the outflow face. If the outflow is on an

east face, then a value for Ae would be required in Equation (44) for the interior volume adjacent to the

outflow boundary. In the baseline SIMPLER algorithm, Ae is set to zero. In the modified algorithm,the

matrix coefficient is extrapolated from the interior.
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5 Using CURRENT

.
This section describes the process of using CURRENT to solve problems. Included is a discussion of problem

formulation, mesh creation, input file preparation, code execution and post-pro cessing. New users will be

exposed to these steps through the presentation of a comprehensive example problem designed to exploit

most currently supported features of the code.

The example problem is a steady-state, multi-species Navier-Stokes flow with thermal transport (i. e.

energy equation is solved) and both gas-phase and surface chemistry. All transport and gas properties are

obtained from CURRENT’s subroutine calls to CHEMKIN software libraries. The details of the CHEMKIN

input file preparation will not be presented (see References [6, 7, 8]) but a discussion of meshing and post-

processing using ANTIPASTO (AP) [5] will be provided.

5.1 Overview

The procedure for CURRENT pre-processing (mesh generation and input file preparation), execution (run-

ning CURRENT with CHEMKIN), and post-processing (examining the output from CURRENT) involves

a number of different steps and files, both ASCII and binary. The purpose of this section is to outline the

basic steps as they are represented schematically in Figure 8. It may be informative to refer frequently to

this figure during the discussion.

Several files and file types are associated with running CURRENT with CHEMKIN. The following

three letter extensions are used to indicate file types:

. inp - An ascii input file for CURRENT/CHEMKIN

.dat - An ascii data file for CURRENT/CHEMKIN

.bin - A binary file associated with CURRENT/CHEMKIl~

. out - An ascii file associated with CURRENT/CHEMKIlt

The input files mesh. inp, problem.inp, them.inp and surf.inp are unique to each problem. Data files

parser. dat, therm. dat and tran. dat are often used for many different problems ands eldom require modification

by the user. CHEMKIN data files therm. dat and tran.dat require modification if modeled species are not in

the database. The files restart.inp. bin, restart_out. bin and ap.bin are binary input and output files which

are automatically generated during CURRENT execution. The ascii output jiles parser. out, resids. out,

monitor. out, current. out, them. out, tran. out, surf. out and chemkin. out are diagnostic message files which

may or may not be generated during execution depending on options set in ~roblem. inp. The .out files

are primarily used in code development for examining code performance and should be of little interest

to the casual user. One exception is the file tecplot. out which is an ascii output file that can be used in

post-processing with TECPLOT [26],

The basic steps in setting up and running CURRENT with CHEMKIN may be listed as follows:
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1.

2.

a

3.

4.

Formulate the Problem.

A. Obtain all geometry information, dimensions etc. (cgs

B. Determine which equations need to be solved.

C. Determine the boundary conditions.

D. Gather up the required chemistry input and data files

them.inp - The input file for gas-phase CHEMKIN

surf.inp - The input file for surface CHEMKIN

unitsl .

(cgs units). These are:

therm.dat - CHEMKINthermodynamic data for gases presen:

tran.dat - CHEMKINtransport data for gases present

Generate a meshing journal file which can be read by AP for the purpose of

generating the AP output file called “ap.out”. The meshing journal file may

have any name and must contain AP legal commands for generating a mesh.

Most users also include a lengthy set of “pass-through” commands which

eventually become the CURRENTinput file “problem.inp”. These piiss-through

commands are passed directly through to the ap.out file without being

interpreted as meshing commands. The advantage of this is that the AP

meshing journal file will contain a complete problem description including

instructions for AP mesh generation and the CURRENTproblem formulation.

Create a mesh. Run AP and have it read the meshing

the AP output file which will be called “ap.out”.

journal file and write

Make the CURRENTinput files. Use your favorite text editor or a supplied

UNIX script to split ap.out into the two required CURRENTinput files. These

files are:

mesh.inp -

problem.inp -

This is an extremely long ASCII file which contains

element and nodal connectivity information. Users

never need to look at this file.

This file contains the complete CURRENTproblem

description and is very “readable” both b? the

CURRENTinput parsing software and the user.

This very important file can be created d~lrectly from

a text editor but as mentioned above, it :LS better to
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generate it via “pass-through” commands in

journal file.

5. Run CURRENT/CHEMKIN. Using the input files mesh.inp, problem.inp,

the meshing

them.inp,

and surf.inp together with the data files parser.dat (contains rules for

parsing CURRENTinput data), therm.dat (CHEMKIN thermal data file), and

tran.dat (CHEMKIN transport data file), execute CURRENTand

CHEMKINand produce the desired output plot files. Execution “restarts”

will require an additional file called restart.inp.bin. On UNIX

workstations code execution is accomplished using a single run script

(starts or restarts).

6. Post process. Use AP to post-process the CURRENToutput file ap.bin.

Use your favorite XY plotting software to plot any ASCII data produced

directly by CURRENT (e.g. heat flux profiles, etc.) If you wish, you may

also process the file tecplot.out using TECPLOT. TECPLOT post-processing

will not be discussed here.

5.2 Example Problem Formulation

The geometry for the example problem under considerationis shown in Figure9. The example problemis

representative of a typical CVD process for growing silicon dioxide. Flow enters an axisymmetric reactor

through aholeat the top (diameter 2A). The reactor has a maximum diameter of2(A+B+D) as shown.

Aspinning CVDgrowth surfacers located adistance (a+ b) from the inlet. Flow exits the reactor through

an annulus having alength dandinner and outer diameters of2(A+B) and2(A+B+D) respectively. The

side wall of the reactor has a slanted section near the top. A slanted wall was used in the example problem

to illustrate that grids need not be orthogonal. In fact, the grid boundaries may even be curvilinear. All

metrics required to treat non-orthogonal grids are accounted for when solving the equations.

Representationof the real geometry with a computational mesh involves dividing the computational

space up into logically (but not necessarily orthogonal) rectangular regions. One can think ofeach ofthese

regions as having north, south, east and west sides. In this case, the term “logicallyr ectangular” means that

the north and south sides have the same number of computational control volumes spanning across them,

similarly for the east and west sides. Other requirements for meshing the geometry will become apparent as

we proceed.

The reactor pressure forthis problem isltorr. The temperature ofthe gas mixture entering through

thetopis300K. The growth substrate is maintained atlOOO K. The top surface (dimension Bin Figure 9)

is 300 K. The side wall temperature is prescribed as a function of X according to Figure 10 where X is the
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Figure 9: Reactor geometry for the example problem.
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Side Wall Temperature vs X
400

300
0.5 1 1.5 2 2.5 3 3.5 4

X coordinate - inches

Figure 10: Prescribed side wall temperature profile for example problem,

axis of symmetry for the problem and X = O corresponds to the inlet. Note that the prescribed side wall

temperature is applied to the slanted side wall (dimension a) as well as the straight sections (dimensions b

and d). The inner surface of the annular exit channel is assumed to be perfectly insulated (adiabatic). The

inlet flow varies in molar composition and velocity according to Figures 11 and 12 respectively. A total of

six gas-phase species are present in the problem. Two of these enter as a mixture through the top. The

remaining four are formed as a result of gas-phase and surface chemistry.

For the purpose of supplying input to both CURRENT and gas-phase CHEMKIN, we need to

designate the species by number. The correspondence between CURRENT gas-phase species numbering and

the actual name of the gas-phase species is determined by the order in which these names appear in the

them. inp file (See Figure 13).

...
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Figure 11: Prescribed inlet composition profile for example problem.
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Inlet Velocity vs Y
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Figure 12: Prescribed inlet velocity profile for example problem.
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We chose the following numbering system:

Species No. Chemical Name

1 N2

2 SI(OH)(OC2H5)3 (we’ll call it “intermediate”)

3 C2H50H

4 C2H4

5 H20

6 SI(OC2H5)4 (Tetraethoxysilane or TEOS)

The numbering of species is arbitrary but it is highly recommended that the last species (in this

case No. 6) be a predominant (i.e. largest mass fraction) species rather than a trace species. Following this

rule will insure more rapid convergence and a more accurate solution.

In our example problem, only species 1 and6 (Nitrogen and TEOS) enter the reactor, Their mole

fractions andthegas mixturevelocityvary accordingtotheprofiles previouslypresented in Figures hand 12.

Note that all mole fractions sum to 1.0 regardless of location. Furthermore, the profiles from Figures 11

and 12 divide the flow into a simple core f30w/shroud flow arrangement. The inflow boundary conditions

within the core (O s Y ~ 2) and shroud (2 < Y ~ 4) are uniform.
.

Two separate surface chemistry mechanisms are included in the example problem. The first, which

consists of 5 species, acts over the top surface of the spinning disk. As with gas-phase chemistry, CURRENT

identifies individual surface species by number. The correspondence between CURRENT surface species

numbering and the actual name of the surface species is determined by the o::der in which these names

appear in the surf. inp. We chose the following order when describing the first surface chemistry mechanism

(see “MATERIAL 1“ in Figure 14):

Species No Surface Species Name

i SIG3(OH)

2 SIG3E

3 SIG(OH)2E

4 SIG(OH)E2

5 SIGE3

The second surface chemistry mechanism, which consists of two surface species, acts along the

reactor side wall. We chose the following order when describing the first surface chemistry mechanism (see
.

“MATERIAL 2“ in Figure 14):

* Species No Surface Species

1 SIG3(OH)

2 SIGE3

Name
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The gas-phase and surface chemistry reaction mechanisms were determined from the literature and

from independent chemical modeling. The required CHEMKIN input files, them. inp and s-w-j.inp, are shown

without comment in Figures 13 and 14 respectively.

Occasionally, the chemist will modify the “generic” thermal and transport data files therm. dat and

tram dat in order to provide the required thermal and transport data for a particular species. We shall assume

that this has been done and that all required chemistry input and data files ( them.inp, surf. inp, therm. dat,

and tran. dat) are now available.

We have specified all the boundary conditions, geometry, and have obtained the required chemistry

input and data files for the problem. We are now in a position to generate a computational mesh and to

prepare the required input files that CURRENT will use to compute the converged steady state solution

(gas temperature, velocity, concentration, and surface site fractions).

5.3 Creating the AP Meshing Journal File

A few words on input command syntax are appropriate here. CURRENT input files follow the same syntax

rules as AP, or any other code which uses the INTERP [27] and COMPRO [28] software developed at

Sandia. Input commands are keyword driven; that is, an input command line contains one or more keywords

followed by a delimiter (space, comma, or equal sign), then one or more pieces of data. The keywords

are case-insensitive and order-independent on the command line. Abbreviations for most keywords exist

to minimize typing. The ordering of all command lines in the problem. inp and mesh. inp files is completely

arbitrary. Select the ordering which makes the most sense to you. The ordering in the example input file

presented here is only a suggestion. CURRENT will perform error checking on both command syntax and

on the “legality” of the problem formulation.

Figure 15 contains a listing of an AP meshing journal file used to create the computational mesh for

the CURRENT example problem. The file contains three types of commands, (1) comments (lines beginning

with “!” ) which are not interpreted in any way by AP, (2) pass through commands (lines beginning with

“>” ) which are alsonot interpretedby AP but merely “passed through” and printed in the AP output file

up. out, and (3) actual AP commands (all lines not beginning with either “!” or “>”). The pass through

commands will eventually become the part of the CURRENT input commands appearing in the input file

problem. inp. We will discuss the precise meaning of the CURRENT input commands (shown in Figure 17

as pass through commands) in Section 5.4.

In the listing shown in Figure’ 15, upper and lower case AP and CURRENT commands are used to

illustrate the minimum number of keyword characters required to uniquely specify a keyword. For example,

line 1 could just as easily be replaced by:

s ec on

and the pass through command spread over lines 41-43 could be replaced by the considerably shorter two

lines:
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.

*

.

1 ELEMENTS
2 SIOHCN
3 END
4 SPECIES
5 N2
6 SI(OH)(OC2H5)3

C2H50H
: C2H4
9 H20
10 SI(OC2H5)4
11 END
12 THERMO
13 SI(OC2H5)4 40894H 20C 80 4S1 lG 300.0003000.0001000.00 O 1
14 0.32309456E+02 0.40201847E-01-O.33278952E-05-O.40219956E-011 0.88291446E-12 2
15 -0.17431191E+06-0.12745566E+03 0.50599384E+01 0.85404783E-01 0.27717997E-05 3
16 -0.42832159E-07 O.15639958E-10-O.16494597E+O6 0.21772026E+02
17 SI(OH)(OC2H5)3 40894H 16C 60 4S1 lG 300.0003000.0001000.00 &
18 0.30722271E+02 0.30770605E-01-0.25774402E-05-0.30498899E-08 0.66850084E-12 2
19 -O.1734O573E+O6-O.1183671OE+O3 0.89422655E+01 0.70058122E-(11 -O.53697897E-06 3
20 -0.37873331E-07 O.15943972E-10-O.16629886E+O6-O.43492889E+OO
21 SI(OH)2(OC2H5)2 40894H 12C 40 4S1 lG 300.0003000.0001000.00 :1
22 0.26000654E+02 O.2227141OE-O1-O.18192239E-O5-O.21698796E-O8 0.47313976E-12 2
23 -0.17143084E+06-0.98501183E+02 0.76863847E+01 0.56552853E-01-0.14430059E-05 3
24 -0.32509597E-07 O.14469464E-10-O.165597O6E+O6 0.15393066E+O0
25 SI(OH)3(OC2H5) 40894H SC 20 4S1 lG 300.0003000.0001000.00 0:
26 0.19800476E+02 0.14579202E-01-O.11543475E-05-O.13929080E-0(1 0.29806677E-12 2
27 -0.16889798E+06-0.68544312E+02 0.75322161E+01 0.39030805E-(11 -O.22118543E-05 3
28 -0.23559673E-07 O.11338996E-10-O.16516952E+O6-O.3O923195E+O1 4
29 SI(OH)4 40894H 40 4Si 1 OG 300.000 3000.000 1000.II)O O1
30 0.14569509E+02 0.49252058E-02-0.34521807E-06-0.40573092E-09 0.83636453E-13 2
31 -0.16601905E+06-0.42529125E+02 0.85398741E+01 0.21113478E-01-O.45791253E-05 3
32 -0.16384208E-07 O.1O137381E-10-O.16468839E+O6-O.12136473E+O2
33 0=SI(OC2H5)2 40894H 10C 40 3S1 lG 300.0003000.0001000.00 0:
34 0.20602577E+02 0.20795811E-01-O.18450947E-05-O.20959716E-011 0.46654770E-12 2
35 -O.1O564674E+O6-O.7123484OE+O2 O.43O81O31E+O10.49828056E-01-0.14389319E-06 3
36 -0.27417245E-07 0.11348846E-10-0.1 OO28161E+O60.17160416E+02 4
37 END
38 REACTIONS
39 SI(OC2H5)4 = SI(OH)(OC2H5)3 + C2H4 4.9E13 0.0 61460.
40 END

Figure 13: them.inp - CHEMKIN input file.
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1
2
3
4

:
7
8
9
10
11
12
13
14
15
16
17
18

;:
21
22
23
24
25
26
27
2s
29
30
31

::
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
6S
66

MATERIAL 1

SITE/SI02 sDEN/o.750E-9/
SIG3(OH) ! Hf = -191.89
S1G3E ! Hf = -191.41
SIG(OH)2E ! Hf = -24L73
SIG(OH)E2 ! Hf = -241.25
SIGE3 ! Hf = -240.77

2
3

2
3

2
3

SIG2(OH)E”- 121591C 2H 60 3S1 11 300.00 3000.001000.00 1
0.14530663E+02 0.13423699E-01-0.1 1037475E-05-0.1316560 IE-O8 0.28805297E-12 2

-0.13945747E+06-0.73503326E+02 0.44301777E+OI 0.32143697E-01-O.64655001E-06 3
-0.17989029E-07 0.7883S108E-11-O.13622044E+06-O.19021687Et02 4
SIG2E2 121591C 4H 100 3S1 11 300.00 3000.001000.00 1
0.20543951E+02 O.21279231E-OI-O.17693552E-O5-O.21O89661E-O80.46292158E-12 2

-O.142O1O2OE+OI$O.1O438638E+430.51654549E+01 0.48375994E-01 0.18445488E-06 3
-0.25792907E-07 O.1O474785E-10-O.13691275EM6-O.2O837475E+O2 4
SIG(OH)2E 62692C 2H 70 3S1 11 30+3.00 3000.001000.00 1
0.13577039E+02 0.14641373E-01-O.I 1149998E-05-0.1418%27E-08 0.30468458E-12 2

-O.12723145E+06-0.61 O7658OE+4I20.57280946E+01 0.27964467E-01 0.5074949jE-06 3
-0.13237452E-07 0.50265321 E-11-O.12457464E+J36-O.18233299E+02
SIG(OH)E2 62692C 4H 110 3S1 11 300.00 3000.001000.00 1
0.19473230E+02 0.22570338E-01-O.17838936E-05-O.22180249E-08 0.48075975E-12 2

-0.12976159EW6-0.90081 O39E+O2 0.66617913E+OI 0.43213133E-01 O.17241OO6E-O5 3
-0.19916659E-07 0.68400398E-11-O.1252S808EW6-O.196697%Et02 4
S1GE3 62692C 6H 150 3S1 11 300.00 3000.001000.00 1
0.25609777E+02 0.30346680E-01-0.24455890E-05-0.30030116E-08 0.65423480E-12 2

-0.13233747E+06-O.11858306E+413 0.72320976E+01 0.60353167E-01 0.218513134E-05 3
-0.2S773197E-07 O.1O164894E-10-O.1259662OE+O6-O.17743988E+O2 4
SI02(D) 72391S1 10 2 S 298.00 2000.001000.00 1
0.48925619E+01 0.41191629E-02-0.94570083E-07-0.80073115E-09 0.25433412E-12 2

-0.11005530E+06-0.23469570E+02 0,22325585E+01 0.12478522E-01-0.28715690E-05 3
-0.96W7970E-08 O.6216O411E-11-O.1O%2O63EW6-O.1O594849E+O2 4
O(D) 1215910 1 s 300.00 3000.001000.00 1
O.236251O9E+O1O.578581O1E-O3-O.82644831E-O7-O.584894O1E-1O0.15022128E-13 2

-0.49901734E+05-0.13022270Et02 0.31750876EW0 0.54401071E-02-0.1 O133198E-O5 3
-0.46017092E-08 0.26723929E-11-O.49372941E+05-O.24420185E+OI 4
END
REACTIONS
SI(OC2H5)4 + SIG3(OH) => SI02(D) + SIGE3 + C2H50H 2.5E4 O. 44600.

STICK
SIG3E <=> SIG3(OH) + C2H4 &

1.2E+12 O. 47000.
SIG(OH)E2 <=> SIG(OH)2E + C2H4 &

2,4E+12 0. 47000.
SIGE3 <=> SIG(OH)E2 + C2H4 &

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
%
97
98
99
100
101
102
103
104
105

3.6E+12 O. 47000.
SIG(OH)2E <=> SIG3(OH) + C2H50H &

1.4e+12 O.4400CiJ
SIG(OH)E2 <=> SIG3E + C2H50H &

1.4e+12 0.44000.
SIG(OH)2E <=> SIG3E+H20 &

140e+lo 0.45000.
SI(OH)(OC2H5)3 + SIG3(OH) = SI02(D) + SIGE3 + H20

STICK
7.0 0. 120000

END

MATERIAL 2

SITE/SI02/ sDEN/o.750E-9/
SIG3(OH) ! Hf = -191.89
S1GE3 ! Hf = -240.77

END
BULKIGIassi

SI02(D)/2.19/
END
THERMO
300. 600. 10000.

SIG3(OH) 1215910 2S1 lH 1 I 300.00 3000.001000.00 1
0.66466584E+01 0.33231564E-02-0.29541 198E-06-0.31399386E-09 0.69825405E-13 2
-0.98982922E+4)5-0.3386941 1E+020.26748490E+01 0.12014943E-01-0.139391 17E-05 3
-0.83051 193E-080.44394740E-1 1-O.97866992E+05-O.13004364E+02 4
SIGE3 62692C 6H 150 3S1 11 300.00 3000.001000.00 1
0.25609777E+02 0.30346680E-01-O.24455890E-05-O.300301 16E-08 0.65423480E-12 2
-0.13233747E+06-O.1 1858306E+03 0.72320976E+01 0.60353167E-01 0.21851304E-05 3
-0.28773197E-07 O.1O164894E-10-O.1259662OE+O6-O.I77439WE+O2 4
S102(D) 72391S1 10 2 S 298.00 2000.001000.00 1
0.48925619E+01 0.41191629E-02.0.94570083E-07-0.800731 15E-09 0.2S433412E-12 2
.O.11OO553OE+O6-O.2346957OE+O20.22325585EW1 0.12478522E-01-0.28715690E-05 3
-0.%847970E-08 0.6216041 1E-11-0.10962063 E+O6-O.1O594849E+O2 4
END
REACTIONS
SI(OC2H5)4 + SIG3(OH) .> SI02(D) + SIGE3 + C2H50H 2.5E4 O. 44600.

STICK
END

., “ ., )!
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sur n=substrate iso=on t=lOOO r=on 0=3.142 rea=on &

s=.96541152,2. i666e-2,7. 8848e-4,3 .4648e-3,8.6692e-3

In APand CURRENT input files, the “&” character can beused at the end of alineto indicateto

the command parsing software that the command is continued onthe next line. Hence when lines 41-43 are

passed through byAPto ap.out, they will reconverted to one very long line which exceeds 80 characters.

Since the maximum line length that the parsing software can accommodates 80 characters, the long line

will have to be split up into shorter lines using the “k” character before it is placed in the problem. inp file.

An alternative method for dealing with long lines is to make use of the comment character “!” in the journal

file as we did for the example (see Figure 15). Once the pass through commands are processed by AP, we

need only replace all occurrences of the string “!&” with “&”.

Having made the above observations, we are now in a position to describe the step by step process

of specifying the AP meshing commands necessary to generate the computational mesh for the example

problem. Throughout this discussion, some knowledge of AP meshing commands and techniques will be

assumed. Users unfamiliar with AP may consult Reference [5] for details.

We begin by preparing a simple mesh generation diagram similar to the one shown in Figure 16. Note

that the orientation of the reactor has been changed so that the axis of symmetry now lies along the X axis.

This is how the example problem mesh will be displayed on the screen during AP pre- and post-processing.

Note the location of the X – Y origin. The origin is selected by the user and is completely arbitrary except

in the case of axisymmetric problems where Y = O must correspond to the axis of symmetry. Notice the

orientation of the ‘(compass” in Figure 16. The compass is used to refer to various sides of computational

regions and must be oriented with respect to the X – Y coordinate system in the manner shown in Figure 16.

The building of a mesh is really quite simple and can be summarized by the following steps:

i. Define a set of points (PI, P2, . . . ,P9) .

2. Define a set of curves connecting the points (Cl ,C2, . . . ,C6) .

3. Define rectangular regions, each of which is bounded by four

different curves (R1 ,R2 ,R3) .

4. Mesh each rectangular region into elements so that the number of

elements along the north side of the region is equal to the number

along the south side, Similarly the number of element along the

east side of the region must be equal to the number along the vest

side. In the finite difference world we refer to such meshing as

being logically rectangular.
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5.

6.

7.

8.

9.

Ensure that when regions share the same internal

corners of the regions as well as the corners of

boundary that the

all elements along

the internal boundary align exactly. In the finite elenent world

we would say that all the nodes along the sides of the two regions

sharing the seine internal flow boundary coincide exactly.

Merge all regions and eliminate duplicate node numbering along

internal boundaries.

Renumber nodes to minimize the nodal connectivity bandwidth.

Place all the elements within a particular region in a grouped

list and give that list a name which is identical to the region

number.

Instruct AP to write the ap.out file which contains

commands and an ASCII description of the mesh which

read by CURRENT.

pass through

can be directly

The actual AP meshing commands for the example problem begin online 1190f Figure 15. Lines

119 through 127 define “macros” for important key dimensions and for the co~version factor for usedto

convert inches to centimeters when writing the up.out file. CURRENT expects all

be CGS (centimeters-grams-seconds).

Lines 129 through 137 define the nine points in the mesh diagram (Figu~e

units in the input files to

15). Note that numerous

macro definitions have been used to specify the X – Y coordinates of the points. This makes changing

key dimensionsin the reactor model quite simple since only one command (the macro command) needbe

changedto change a dimension.

Lines 139 through 144 define the six curves wewi11 need to enclose our three regions. Note that

curves need not be straight lines. Curves 2 and 3 are kinked curves which are actually composed of multiple

straight lines joined together. AP also provides for arcs, semicircles, etc. for curve definitions [5].

Line 146 erases the screen.

. Lines 148 through lines 150 define the three computational regions. To define aregion we merely

give it aunique number and designate the four curves which form its bounding sides, The ordering of the

curvesis important! CURRENT expects the curvesto be ordered as follows:

south side, east side, north side, west side.
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Note that the regions, while being logically rectang~lar, do not necessarily rmed to have parallel sides,

. orthogonal corners, or even straight sides. This is an extremely powerful feature which enables CURRENT

to model virtually any shaped flow region. Note, for example, that the south side clf region 2 is not orthogonal

.. to the coordinate system or to the east and west sides. Note also that the north side of region 2 isn’t even

a straight line. Instead it is composed of line segments connecting points 6,7, an~ 8 (a portion of curve 3).

Line 152 clears the screen again and line 154 sets the display to the null device. These lines can be

left out but leaving them in will speed execution since we won’t have to wait for .4P to draw each and every

element to the screen when we mesh each region.

Lines 156 to 158 are used to mesh the three regions using AP’s mesh quadrilateral command.

The mesh quadrilateral command is the only acceptable method for meshing a region for CURRENT. To

resolve the thin boundary layer near the substrate we have chosen to use the ratio parameters in the mesh

quadrilateral command. (See Reference [5] for details. ) Note also that the discretization specified by lines

156 to 158 insures that the requirements listed in steps 4 and 5 above are adhered to.

Line 160 erases the screen again.

Line 162 merges the three regions together while lines 164 and 165 compress the nodes (replaces two

coincident nodes with a single node), renumber the nodes and minimize the bandwidth. These three lines

must appear in all meshing journal files.
.

Line 175 resizes the display to encompass the entire mesh.

Line 169 sets the display device (in this case to DIGLIB [29] display device 15 which is an X window .

. device) so that we can now see the mesh we have created.

Lines 171 through 173 group all the elements in each region into groups having names “ 1“, “ 2“ ,

and “ 3“ (step 8 above).

Line 167 writes the AP output file ap.out which we will use next to create the two CURRENT input

files mesh.inp and problem.inp. Note that when this operation is performed AP will send a message to the

screen warning you that some regions have not been assigned a “material number”. You can ignore this

message.

Line 179 will display all unmerged boundaries. You should see no lines drawn inside the flow domain.

If you do see lines you have violated the requirements listed in steps 4 and/or 5 i~bove.

Line 181 will display all the elements in the mesh. Each element corresponds to a single control

volume.

Since AP is an interactive mesh generator/post-processor, we could type each of the commands

listed in Figure 15 one by one after each prompt. However, because of the large number of pass-through and
“

meshing commands involved, it would be wiser to create a journal file with a text editor and invoke AP to

read it [5].

. The meshing process is now complete. If you wish, you can remain in AP and continue to type

interactive commands to “zoom in” and examine the mesh more closely.
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5.4 Preparing the CURRENT Input Files

In this section, we discuss the preparation of two important CURRENT input files, namely the mesh.inp ‘

file and the problem.inp file. As previously mentioned, these two input files together with the chemistry

input files cheria. inp and surj. inp and the data files therm. dat, tran. dat and parser. dat are all that is required

to run CURRENT with CHEMKIN; the file restarLinp. bin is also required for restarts. Actually we have

already prepared mesh. inp and pro blem. inp in the form of the AP-generated output file up.out. The only

step remaining is to divide the up.out file into mesh. inp and problem. inp using whatever means necessary (a

text editor, a UNIX script, etc.).

A listing of the up.out file is shown in Figure 17. Lines 1 through 108 contain all the commands

necessary for the pro blem. inp file, and the remaining lines contain the lines required for the mesh. inp file.

Except for lines 106 through 108, all lines in the problem. inp file originated as “pass-through” commands.

These lines could have just as easily been generated separately from any text editor capable of producing

an ASCII text file. As mentioned previously, we chose to embed the lines into the meshing journal file so

that one file (the journal file) would hold a complete description of the problem. Lines 106 through 108

(one line for each region in the example problem) were generated by AP when it wrote the ap.out file.

These lines list all the elements (control volumes) in each of the regions. This information is unimportant to

the CURRENT user but very important to the CURRENT program; together with the problem.inp file, it

completely describes how the finite element data generated by AP is to be converted into the finite volume

data base required by CURRENT. Hence all problem. inp files must contain one of these “group elements”

commands for each computational region in the problem. Fortunately the user can rely on AP to generate

these lines automatically. (See lines 171 through 173 in Figure 15.)

In order to save space, many lines from what will become the mesh. inp file have been removed from

the up.out listing shown in Figure 17. There are in fact 2,896 lines that have to be embedded in the mesh.inp

file: 1,496 node commands and 1,400 element commands. These commands all have syntax like that shown

in lines 110 through 128. Typically the mesh. inp files for CURRENT are enormous compared to other

input files. Once generated, the user never need be concerned about the mesh. inp file unless the problem is

remeshed (physical dimensions changed or alternate discretizations used). Just keep the file around during

execution of CURRENT and never look at it again!

The remaining discussion in this section will focus on the CURRENT input commands which

appear in the problem. inp file. These commands (lines 1 through 108) completely describe the setup of the

CURRENT example problem. A more complete “reference” for CURRENT input commands is presented

in Appendix A.

The example problem presented here was designed to demonstrate most of the features available in

CURRENT as of this writing. It is hoped that knowledge gained by studying this simple example can be

extrapolated to larger and more comprehensive problems. Most problems can be initiated using the example

journal file as a “template.”
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? .

;

:
5
6
7
8
9

;!
12
13
14

;:

;;

::
21
22
23
24
2s
26
27
28

:
31
32
33

::

:!
38
39
40
41
42
43
44
45
46
47
48
49. .

;
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

TITle “CURRENT Example Problem”
Dump medium
SPECies Gas 6 Surface .5,2
LAST_iteration 10
PRINT_frequency=10

SWITCH OFF Restart
SWITCH ON MASS_adjustment
SWITCH ON Hvbrid
SWITCH ON C-bemistry
SWITCH ON U_velocity V-velocity W_velocity
SWITCH ON Temperature Species
SWITCH OFT THERMAL_difTusion
SWITCH ON MULTicomponent_di ffusion
SWITCH OFF PLANar_geometry
SWITCH ON NET_flow
SWITCH OFF Dump

P P_Correction

SWITCH ON GMRKS_P_Correction
SWITCH ON GMRES_Species
SWITCH OFF GMRES_Temperature

INITial U_velocity=O.OV_velocity=O.OW_velociiy=O.O P=1333. !&
Temperature=300. Species=.75,.O.0,.0,.0,.25

Relaxation U_velocity=O.5 V_velocity=O.5W_velocity=O.5 !&
P=l.O P_Corredion=l.O Temperature=O.5 Species=.5,.5,.5,.5,.5,.5

ANGLE -1.5708

SURface Name=substrate ISOthermaI=on Temperature=lOOO. ROTation=cm !&
0mega=3.142 REAction.ON MATerial=l !&
Site- fractions=.%541 152 2.1666e-2,7.884 fk-4,3.464Le.3, 8.6692e-3

SURface Name.top_waO Isothermal.ON Temperature=300.

SURface Name=side-wall lSOthermal=ON Temperature=l.O TFunction=side_wall !&
REAction=OFF MATerial=2 Site-fractions=O.9,0.l

SURFace Name.in_side_walI Isothermal.OFF

INflow Name=screen U_velocity=LO UFunction=screen.u !&
V_veIocity=O.OW_velocity=O.OTemperature=300. !&
Species= 190.,0.,0.,0.,1. SFuncticm=screen-sl, fO,fO,fO,fO#creen-s6

MATerial Region 1 Name CHEMKIN
MATerial Region 2 Name CHEMKIN
MATerial Region 3 Name CHEMKIN

-- ....
L“,. wxiicms ii.giwm i i<omhZ South G EastC ‘w”esc u
Connections Region 2 Nor! O South 1 East 3 West O
Connections Region 3 North O SoUtb O East O West 2

CONDkions Region 1 South=SYMmetry East.SURface substrate West.INFlow screen
Conditions Region 2 North.SURface side-wall West.SURface top-wall
Conditions Region 3 North=SURface side-wall South=SURface in_side_waU !&

East=OUTflow

SEGment Number 1 Region 1 Side South Origin West
SEGment Number 2 Region 1 Side East Origin South
SEGment Number 3 Region 3 Side South Origin West
SEGment Number 4 Region 3 Side East Origin South
SEGment Number 5 Region 3 Side North Origin East
SEGment Number 6 Region 2 Side North Origin East
SEGment Number 7 Region 2 Side West Origin North
SEGment Number 8 Region 1 Side West Origin North

71
72

;:
75
76
77
78
79
80
81
82
83
84
85
86
87

$

H
92
93
94
95
96

;
99
100
101
102
103
104
105

:8
108
109
110
111
112
113
114

Streamline Pathname outside

PATH Name ouLsideSegments 1:8
PATH Name substrate Segment 2

PLOT PATH substrate Variable h_tlux
PLOT PATH substrate Variable m_tlux
PLOT PATH substrate Variable s2_ffux
PLOT PATH substrate Variable s6_flux
PLOT PATH substrate Variable sl_site
PLOT PATH substrate Variable s2_site
PLOT PATH substrate Variable s3_site
PLOT PATH substrate Variable s4_site
PLOT PATH substrate Variable s5_site

Function Name side-wall XYpair 0.0 300.
Function Name side_wdl XYpair 2.54 320
Function Name side_wall XYpair 5.08 400.0
Function Name side_watl XYpair 7.62 380
Function Name side_wall XYpair 10.16 340.

Function Name screen-sl XYpair 0.0 .5
Function Name screen_sl XYpair 5.07999 .5
Function Name screen_sl XYpair 5.08001 .25
Function Name screen_sl XYpair 10.16 .25

Function Name screen_s6 XYpair 0.0 .5
Function Name screen_s6 XYpair 5.07999 .5
Function Name screen_s6 XYpair 5.08001 .75
Function Name screen-s6 XYpair 10.16 .75

Function Name fo XYpair 0.0 0.0
Function Name tll XYpair LO 0.0

Function Name screen_u XYpair 0.0 20.
Function Name screen_u XYpair 5.07999 20.
Function Name screen_u XYpair 5.08001 30.
Function Name screen-u XYpair 10.16 30.
group elements list “l” list 1:800 append
group elements list ‘or list 801:1100 append
group elements Iist “3” list 1101:1400 append

node 1 x .4.7988978E-12 y -5.6287939E-09
node 2 x 0.3513846 y 1.573182IE-10
node 3 x 0.6901811 y 1.56216I5E-10

......
115 ......
116 node 1494 x 9.80865 y 12.86938
117 node 1495 x 9.808637 y 12.70002
118 node 1496 x 10.16002 y 12.86936
119
120 element 1 type “quad4” material ““ nodes 1J,1O,9
121 element 2 type “quad4” material ‘“”nodes 2J,1I,1O
122 element 3 type “quad4” material ““ nodes 3,4,12,11
123 ......
124 ......
125 ......
126 element 1398 type “quad4” material ‘“’”nodes 1427,1440,1439,1426
127 element 1399 type “quad4’” material ‘“”nodes 1440,1447,1446,1439
128 element 1400 type “quad4” material ““ nodes 1447,1448,1445,1446



Line 1 allows the user to supply a title for the problem. This title will appear in the AP post-

processing data base, This command is optional.

Line 2 determines the size of the parser. out file, a diagnostic dump file that is generated when the

“dump” switch is turned “on”. In our example problem, line 17 indicates that the dump switch is turned

off. This command is optional.

Line 3 specifies the number of gas-phase and surface species. Note that in this problem we have two

surface chemistry mechanisms. The first (substrate) has 5 surface species and the second (side wall) has 2

surface species. This command is required.

Line 4 indicates the iteration number at which calculations will stop. This command is required.

Line 5 specifies the frequency in iterations that output files (problem states) are written. Included

in these output files is the restart file restart.out. bin which can be used to resume calculations by simply

renaming it to restart_in. bin. Note that whenever calculations are restarted the “lastiteration” parameter

must be increased. The print_frequency command is required.

Line 7 is the “restart switch”. Turn it on for restarts. The default is off i.e., if this command does

not appear in the input file, it is assumed that restart is switched off. When restart is switched off, iterations

will start from iteration number 1 using the initial conditions determined from line 23.

Lines 8 through 16 are the recommended switch positions for most Navier- Stokes calculations with

the energy equation and gas-phase chemistry. Except for the net-flow switch, the default positions for these

switches is off. The net_flow switch set in the on position ensures that the net flow at an inflow boundary

resulting from combined diffusion and convection will be equal to the flow rate specified by inlet velocity,

state, and composition for that boundary. When net-flow switch is in the off position, only the convective

portion of the mass flow is fixed by the inlet velocity, state, and composition specified for that boundary. If

convection dominates diffusion, the net and convective flow will be nearly identical and it won’t matter how

the switch is set.

One switch which does not appear in this example file is the “steady switch.” Its default position is

“on” to indicate that the calculation is a steady state calculation. Place the command ‘(switch off steady” in

the problem. inp file when transient calculations are to be performed. See Appendix A for more information

on performing transient calculations.

Line 17 switches off the dump option. This is the default. When dump is switched on, CURRENT

will print out some rather large ASCII diagnostic dump files named parser. out, resids. out, monitor. out, and

current. out. CHEMKIN produces four additional diagnostic dump files them. out, tran. out, surf. out, and

chemkin. out. The user cannot prevent the CHEMKIN files from being written.

Lines 19 through 21 show recommended switch positions for GMRES acceleration. Providing such

acceleration to this example problem leads to a converged solution in approximately 500 iterations. Without

such acceleration (i. e. standard SIMPLER method) convergence takes several thousand iterations. Not all

problems benefit from GMRES acceleration. See Section 4 for a more complete discussion of this topic.
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Line 23 (continued on line 24) specifies the initial conditions for all fiekl variables in the problem.

. Don’t forget to replace the string “!&” with “&” to enable a proper line continuatim. (Recall that the symbol

“!” appearing anywhere in an AP or CURRENT input file causes the parsing software to treat all succeeding

. characters on the line as “comments.”) The initial conditions are imposed only for non-restart calculations.

On restarts, the starting values for the field variables are obtained from the re.start file, restart.in. bin, and

not from the initial command. The only exception to this is the pressure level (in this case 1333 dynes/cm2 )

which can be altered using the initial command even on restarts. The initial command is required.

Line 26 (continued on 27) specifies relaxation parameters (fractions between O and 1) for all field

variables. These parameters may be altered on restarts. This command is requil ed.

Line 29 specifies the inclination angle of the CURRENT X-axis with respect to the horizon. For

our example reactor shown in Figure 9, set the angle to -1.5708 radians (–90°). If we wanted to turn the

reactor upside down we would set the angle to +1.5708 radians (+90°). This command is required.

Lines 31 through 40 contain commands that assign certain attributes ;O user-defined and named

surfaces. Line 31 (continued on 32 and 33) defines a surface called “substrate” as being isothermal (as

opposed to adiabatic) with a uniform temperature of 1000 K. The substrate rotates with an angular velocity

of 3.142 radians/ sec (30 RPM). Surface chemistry is turned on permitting the surface chemistry reaction

defined in surf.inp to take place. Whenever we turn surface chemistry on at a surface, we must supply

initial guesses for the surface species site fractions. These fractions follow the site-fractions keyword and

have values between O and 1. (The order is important.) Site fraction guesses are only used at start-up and
. are ignored after the first iteration or on subsequent restarts. Solution of the nonlinear equations for the

surface site fractions is taken care of “automatically” using the FACE software developed by J.F. Grcar [20].

Line 35 defines a less complicated surface called “top-wall.” It is a non-rotating, non-reacting surface

having a uniform temperature of 300 K.

Line 37 (continued on 38) defines a surface called “side.wall” to be a non-rotating, non-reacting

surface with the prescribed temperature distribution shown in Figure 10. In o,:der to accomplish this we

must define a piecewise linear function which, in this case, is also called “side-wall.” The X – Y pairs

which make up this function are defined elsewhere in the file (lines 83-87). The total temperature at any X

coordinate on the surface is determined from the product of the temperature keyword value (in this case 1.0)

and the interpolated factor from the piecewise linear function “sidewall.” Fur ctional variations for inlet

flow compositions and inlet velocities are defined using a similar technique. Note that a surface chemistry

mechanism (mechanism number 2 with two surface species) has been specified for the side wall but in this

particular surface description it is “turned off.” We might use such a strategy in order to reach a steady state
.

solution more quickly or to avoid instabilities. We could, for example, reach a stable steady state solution

for the flow problem and then turn on the surface chemistry for a restart.
.

Line 40 defines an adiabatic (isothermal switch is turned “OFF”) surface called “in_side_wall.” The

surface is non-rotating and non-reacting.
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Line 42 (continued on 43 and 44) defines an inlet flow boundary named “screen” which has a

nonuniform axial (u) velocity component and no radial (w) or circumferential (w) velocity components. The

velocity variation results from the product of the user defined function %creen.u” which has X —Y pairs given

in lines 102-105 and the constant following the U-velocity keyword, which, in this case, is 1.0. This velocity

distribution is identical to that shown in Figure 12. The inlet composition variations shown in Figure 11

are defined in a similar fashion. Since we have six total gas-phase species we must supply six individual

mole fractions. At any location along the inlet, the mole fractions must sum to 1.0. For uniform molar

composition across an inlet we would only need to supply values for the species keyword (one value for each

gas-phase species). In the present problem, however, we wish to specify a spatial variation in composition.

This requires the specification of six named piecewise linear curve functions. We used a dummy null function

which we named “fO)’ for four of the six species and the functions named ‘(screen-sl” and %creen-s6° for the

remaining two species (recall that species 1 is nitrogen and species 6 is TEOS, the only gases entering the

reactor).

A few words about meshing strategy are in order here. Note that we could have just as easily

implemented the variations in composition and velocity from Figure 11 and 12 without using piecewise

linear curves. We could have simply used two regions each of which had a uniform composition and velocity.

This is not the preferred method, however, since the addition of an extra region in the problem will most

cert airdy affect the convergence rate for the solver. This is true even if we split region 1 into two regions

and keep the same total number of elements (control volumes). It is always better from a computational

standpoint to use piecewise linear curves and the fewest possible regions.

Lines 46 through 48 are used to tell CURRENT which material properties to use within a computa-

tional region. At this writing, only one material model is available through the user interface and that model

is CHEMKIN (gas and surface phases). With additional coding, alternate material properties can be used

for various regions. One could, for example, solve a conjugate heat transfer problem involving a flowing gas

and a solid body with finite heat capacity and thermal conductivity. For the present time, however, the user

interface only supports CHEMKIN material models. Hence all probtem. inp files must have one CHEMKIN

material command for each region.

Lines 50 through 52 describe how the regions are linked to each other. A “O” region number is used

to indicate that the particular region side is not shared by any other region. One connection command is

required for each region.

Lines 54 through 56 (continued on 57) list all the boundary conditions on each region. The compass

directions are used to differentiate between the various sides. If a boundary is an internal boundary, i.e.

within the flow field, the word internal can be used at the boundary type. But since internal is the default

boundary type, we can leave these off entirely as was done in lines 54 through 56. That leaves only four more

boundary types to specify, namely “surface, inflow, symmetry”, and “outflow.” No additional information is

required in specifying symmetry or outflow boundaries, but surface and inflow boundaries require that the
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name of the surface or inflow be specified along with the boundary type. In the ~resent example, the surface

. names are ‘(substrate”, “top.wall”, “side-wall”, and “imside.wall.” The only inflow for the problem has the

name “screen.” One condition command is required for each region.

. Lines 59 through 66 contain definitions of eight line segments which are labeled 1 through 8. Line

segments are sides of regions that have a unique orientation. For example, line 6( Idefines segment 8 as being

the west side of region 1. The segment has an origin which begins on the north side of the region. We could

easily define a segment 9 which is also on the west side of region 1 but has its origin on the south side of the

region. Segments 8 and 9 would actually occupy the same space but their origin$: would be different making

them unique segments.

User defined segments are used to build up paths taking into account the origin of the segment.

Line 70 defines a path which has the name “outside.” It is composed of segments 1 through 8. The field

1:8 means the same thing as 1,2,3,4,5,6,7,8 or 1,2,3,4:8 or 1:2,3:4,5,6:8, etc. Paths must be continuous, i.e.,

no missing segments, and the origin of the each segment must be taken into accc,unt when linking segments

together. In other words, the origin of the current segment in the path must coincide with the end of the

previous segment.

The path named “outside” is a very special path since it consists of all of the segments required to

continuously outline the boundaries of the flow field. If the user wishes to display streamlines as part of

the output this special path must be defined and specified in the “streamline” command. Line 68 gives an

example of the streamline command. Providing for streamlines as part of the output is optional; hence lines

. 59 through 70 need not be present.

Line 71 defines the simplest of all paths, Z.e., a single segment. This path lies along the substrate so

it is logical that it has been given the name “substrate.” Having defined this path, we are now in a position

to output the distribution of certain variables along it. If the path is a surface we may output heat flux. In

the case of a surface with chemistry, distributions of net mass flux, the flux of individual gas-phase species,

and individual surface site fractions for each of the surface species may also be ~laced in the output files.

Lines 73 through 81 contain commands to output substrate distributions for heat flux, net mass flux,

the flux of gas-phase species 2 (intermediate), the flux of gas-phase species 6 (TEOS) and the site fractions

for all five surface species.

5.5 A Few Words On Post-processing

Distributions for each of the variables in lines 73 through 81 of Figure 17 will he written to separate ascii

files at the print frequency (line 5). The output file names take the form pathnume. vatiablename. Hence

.
lines 73 through 81 will produce the following files:

. substrate. h.f lux

substrate. m.f lux

substrate. s2_f lux
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substrate.s6_flux

substrate.sl_site

substrate. s2_site

substrate. s3_site

substrate. s4_site

substrate. s5_site

Figure 18 contains alistingof the file substrate.h.flux printed after 100,200,300, 400, 500and 600

iterations. Some lines have intentionally been omitted from the listingto save space. The first line printed

in each cycle ofprinting is a comment Iineindicating which variable is being printed. Column 1 of the fileis

the distance from the origin of the path. In the case of the path “substrate” this column isthe Y-axis and

Y= Ocorresponds to the location of the axis of symmetry. Column 20fthe file contains the heat fluxin

CGSunits (ergs/cm2-s). Theremaining twocolumns inthesubstrate. h.fluxfile arethe X andY coordinates

of the path “substrate” from its beginning to its end. Similar displays of data are given in the remaining

mass flux and site fraction files.

Plotting column 2versuscolumnl will result in a plot of thesubstrate heat flux distribution. Such

a plot isshown in Figure 19 forall the first three printing cycles andthe converged solution. It is quite clear

that the solution at 100 iterations is far from converged. Plots like the one shown in Figure 19 serve as a

graphical representation of how well the calculation is converging in the area above the substrate. Since heat

flux is a quantity computed from differentiating the temperature field (a primary dependent variable), it is

extremely sensitive. Hence plots which show successive heat flux profiles collapsing to a single curve are a

strong indication of convergence.

The above mentioned plot files represent a small part of the available output from CURRENT. Two

additional output files named tecplot. out and up.bin will be generated at the print frequency given in line 5.

These files represent the bulk of the available output. The file tecplot. out is readable by the display program

TECPLOT. Users interested in displaying CURRENT output using TECPLOT should consult reference [26].

The file up.bin is a SEACO (a Sandia-developed data structure) data base file directly readable by AP. Hence

AP not only serves as a pre-processor (mesh generator) for CURRENT, it is also a post-processor.

After loading the ap.bin file into AP, users may display line contour plots, color-filled contour plots,

plots of variables plotted against time (transient analysis), plots of variables plotted along lines defined

interactively in AP, plots of vector fields such as velocity, plots of the mesh, plots overlaid with other

plots such as filled temperature or concentration profiles overlaid by streamlines, and much more. The

variables available for plotting include pressure, temperature, species mole fractions, species mass fractions, .

velocity components and streamlines (providing the streamline command is present in the problem. znp file).

Instructions for producing these plots are available in the AP documentation [5]. Several examples of AP =

output for the converged example problem are shown in Figures 20 through 22. Also shown are insets
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*

.

.

.

1
2
3
4
5
6
7

:
10
11
12
13

25
26
27

31
32
33
34
35

::
38
39
40
41
42
43
44
45
46
47
4s
49

27
52
53
54
55
56
57

%
60

c Start of heat flux profile plot
0.219 S50E+O0 -0.130721E+07 0.508001E+01 0.219850E+O0
0.655679E+O0 -0.13087SE+07 O-50 SO01E+01 0.655679E+O0
O.1OS3S3E+O1 -O.131175E+07 0.508001E+01 O.108383E+O1
. . . . . .
. . . . . .
. . . . . .
0.121425E+02 -0.238335E+07 0.50 SO01E+01 0.121425E+02
0.1236 S3E+02 -0.302 S15E+07 0.50?3001E+01 0.1236S3E+02
0.125901E+02 -0.6S1206E+07

c Start of heat flux pro~lle plot
O-219 S50E+O0 -0.956382E+06
0.655679E+O0 -0.957452E+06
O.1O83S3E+O1 -0-959603E+06
......
......
....-.
0.121425E+02 -0.191311E+07
0.1236 S3E+02 -0.24 S253E+07
0.125901E+02 -0.565751E+07

c Start of heat flux profile plot
0.219 S50E+O0 -0.S50656E+06
0.655679E+O0 -0.851590E+06
O.1OS383E+O1 -0.853511E+06
......
......
......
0.121425E+02 -0.171435E+07
0.1236 S3E+02 -0.223938E+07
O-125901E+02 -0.511304E+07

0.508001E+01

0.50 SO01E+01
0.50 SO01E+01
0.508001E+01

0.50 SO01E+01
0.50 SO01E+01
O-50 SO01E+01

0.50?3001E+01
0.50 SO01E+01
0.50 SO01E+01

O-50 SO01E+01
0.50 SO01E+01
0.50 SO01E+01

0.125901E+02

0.219850E+O0
0.655679E+O0
O.1O83S3E+O1

0.121425E+02
0.1236 S3E+02
0.125901E+02

0.219 S50E+O0
0.655679E+O0
O.1O8383E+O1

0.121425E+02
0.123683E+02
0.125901E+02

c Start of heat flux profile plot
0.219 S50E+O0 -0.S14260E+06 0.50 SO01E+01 O .219 S50E+O0
0.655679E+O0 -0.S15147E+06 0.50 SO01E+01 O .655679E+O0
O.1OS3S3E+O1 -0.8169 S5E+06 0.50 SO01E+01 O.1OS3S3E+O1
......
......
. . . . . .
0.121425E+02 -0.161993E+07 0.50 SO01E+01 O .121425E+02
0.1236S3E+02 -0.211994E+07 O-50 SO01E+01 O .1236 S3E+02
0.125901E+02 -0.4S3521E+07 0.50 SO01E+01 O .125901E+02

c Start of heat flux profile plot
O-219 S50E+O0 -0.S01425E+06 0.50 SO01E+01 O .2197350E+O0
O-655679E+O0 -0.S02294E+06 0.50 SO01E+01 O .655679E+O0
O.1OS3S3E+O1 -O.SO41O4E+O6 0.50 SO01E+01 O .1OS3S3E+O1
......
. . . . . .
. . . . . .
0.121425E+02 -0.157675E+07
0.1236 S3E+02 -0.206372E+07
0.125901E+02 -0-469 S70E+07

c Start of heat flux prof%le plot
0.219 S50E+O0 -0.796 S76E+06
0.655679E+O0 -0.797740E+06
O.1OS3S3E+O1 -0.799540E+06
. . . . . .
. . . . . .
------
0.121425E+02 -0.155 S06E+07
0.1236S3E+02 -0.203 S75E+07
0.125901E+02 -0-463533E+07

0.50 SO01E+01
0.50 SO01E+01
0.50 SO01E+01

0.50 SO01E+01
0.50 SO01E+01
0.50 SO01E+01

0.50 SO01E+01
0.50 SO01E+01
0.50 SO01E+01

0.121425E+02
0,1236S3E+02
0.125901E+02

0<.219S50E+O0
0<,655679E+O0
O,,1OS3S3E+O1

0..121425E+O2
0,,1236S3E+02
0,.125901E+02

Figure 18: substrate. h.flux output file for the example problem.
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Figure 19: Heat flux profiles plotted from file substrate. h.flux.
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containing listings of the AP post-processing commands used to generate the plots. Upper case characters

. were used as before to indicate the shortest form of each command.

Figure 20 shows an AP-generated plot of the temperature distribution along the centerline of the

. reactor. Figure 21 shows a cross-section of the reactor with contours of TEOS concentration. Finally

in Figure 22, we see a reactor cross-section showing color-filled temperature contours with superimposed

streamlines.
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SetEChoON
REAd SOLution ap.bin Seato
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Figure 20: Reactor centerline temperature distribution plotted with AP.
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6 Installing and Running CURRENT
.

The CURRENT software is distributed as a single compressed tar file called current. tar.Z. CURRENT can be

installed on nearly any UNIX based workstation or mainframe. The procedure for setting up a CURRENT

computing environment and executing the example problem of Section 5 may be summarized as follows:

1. Move the “current. tar. Z“ file to the UNIX directory where you wish to set up

A CURRENTcomputing environment.

2. Type the following UNIX command:

This will

top level

zcat current.tar.Z I tar xf -

produce the CURRENTcomputing environment which consists of a

directory “current” and four subdirectories beneath it called “bin”,

“tools”, “example”, and “data.”

3. Change directories to the “bin” directory,

file

file
.

MUST

4. Edit

This

5. Type

This

to reflect the size of your problem.

and if necessary edit the “code_size.h”

The parameters in ths “code_size.h”

are sufficient to

modify this file,

run the example problem. If your problen is larger you

the file “makefile” to reflect the UNIX platform type (SGI, Cray, Sun, etc.).

involves “commenting” and “uncommenting” appropriate lines in the file.

the following UNIX command:

make

will result in a compilation of all source

CHEMKINand SURFACECHEMKIN. Executable images

and “surf.exe” will be produced. This step must

installed or whenever the code is “resized” for

6. Chonge directories
D

7. Type the following

to the “example” directory.

UNIX commands:

code required to run CURRENTwith

“current.exe, tran.exe, them.exe,”

be performed each time the code is

a new problem.
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chmod a+x starts

chmod a+x restarts

This will make the CURRENTexecution scripts “starts” and

restarts executable.

8. Execute the starts script by typing:

start.s

If your installation is correct, this will cause CURRENTto perform the first 10

iterations of the example problem.

Except for Step 5, the above steps take very little computer time. Step 5couldtake 3t030 minutes

depending on the platform type and level ofcompiler optimization.

6.1 The bin Directory

The CURRENT computing environment that results from Step 2 is shown schematically in Figure 23. Of

the four subdirectories, the bindirectory contains the largest number files. Within the bin directory, most

users need only be concerned with thecode-size.h andthe makefile files since these are the files which MUST

beedited by the user to customize the computing environment tothesize of the problem and the typeof

computing platform.

Figure 24 shows a listing of the code_size.h file as it appears after Step 2. If one examines the lines

31 through 36, it becomes apparent that the sizing parameters specified are the minimums required for the

example problem, namely 20 maximum control volumes in the X-direction for any one region, 40 maximum

control volumes in the Y-direction for any one region, a maximum of three regions, six gas-phase species

maximum, five surface species maximum, and a maximum of two different surface reaction types. Users may

wish to edit code.size. h and specify a set of “default’! parameters which are larger than any problem the user

expects to encounter. The only limitation on problem size is the available computer memory. The advantage

of this strategy is that Step 5 above only needs to be performed once and not each and every time the user

sets up a new problem. The disadvantage is that when a user shares a UNIX platform with other users,

the CURRENT job could be assigned a lower execution priority because of its excessively large size. In any %-

event, the CURRENT parsing software will perform bounds checking to insure that sufficient memory exists

to perform a calculation. If the parameters specified in code. size.h are not large enough, warning messages

will be issued and code execution will terminate.

Figure 25 shows a listing of the first 96 lines of the current\bin\makefile file as it appears after Step 2.
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.

.

Current Directory
(no files)

+

Bin Directory
mahefile
code_size.h

&
sourcecode,

executable

Example: Directory

makefilc
README
them.in p
surf.inp
problem.inp
mesh.in]p
Starts
restarts
examplejournal_file

I Data Directory

I TOOISDirectory
apl:cur
change.f

Figure 23: Directory structure of the CURRENT computing environment.
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1
2
3
4
5
6
7
8
9
10
11
12
13

:2
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

%
64

c

c This tile sets the problem sizeand is included in
c each subroutine in the code.
c
c*************************************************************
c
c The parameters the USER SHOULD SET are as follows:
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

maxXdim - The axial (x) dimension for a region.
This is the maximum dimension a region may have.

maxYdim - The radial (r) dimension for a region.
This is the maximum dimension a region may have.

max1310x - The maximum number of regions.

maxGspec - The maximum number of gas phase species.
This must be one or greater.

maxSspec - The maximum number of surface phase species.
This must be one or greater.

maxSmat - The maximum number of surface material types.
This must be one or greater.

;**** ***** ***** ***********************************************
c
c

integer maxXdim,maxYdim, maxBlox,maxGspec, maxSspec
parameter( maxXdim = 20,

. maxYdim = 40,

. maxBlox = 3,
maxGspec = 6,

. maxSspec = 5,

. maxSmat = 2 )

c
c
~**** ***** ***** ***********************************************
c**** ***** ***** ***********************************************
c
c DO NOT CHANGE THE PARAMETERS BELOW:
c
c it - The axial (x) array dimension for a region.
c The number of control volumes in
c this direction within any single
c region cannot be greater than maxXdim-3.
c jt - the radial (r) array dimension for a region.
c The number of control volumes in
c this direction within any single
c region cannot be greater than maxYdim-3.
c ng - the maximum number of regions, maxBlox.
c kk - the maximum number of gas phase species, maxGspec.
c kksrf - the maximum number of surface species, maxSspec.
c maxrnat - the maximum number of surface materials, maxSmat
c nelmax - element size (used in PRE).
c nnomax - node size (used in PRE).
c maxbuf - buffer size (used in PRE).
c

integer itJt,ng,kk,kksrf,nelmax, nnomax,maxbuf
parameter(it=maxXdim+3 Jt=maxYdim+3,ng= maxBlox,

2 kk=maxGspec,kks rf=maxSspec,maxmat= maxSmat,
3 nelmax= 1000 O,nnomax= 1000O,maxbuf= 10000)

Figure 24: Listing of the cocle.size.h file.
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The makefile is configured to build a CURRENT/CHEMKIN executable on the HP 735. Executable for
.

other platform types can be built by first “commenting” lines 29 through 34 with “#” characters and

%ncomment ing” the corresponding lines for the appropriate platform. With some knowledge of the Fortran

compiler/linker options, platforms not shown in Figure 25 can easily be added.

6.2 The example Directory

The example directory contains all the input files, the journal file, the run scripts and a README file for the

example problem. To run the example problem, move to this directory and type t~e name of the appropriate

run script (see discussion below). Execution will proceed and all output files will be writtenioverwritten to

the example directory.

The files listed in the example directory can serve as templates for new problems. To create an

environment for a new problem the user must duplicate the example directory at the same level (one level

below the current directory and in parallel with the example directory). The process is most easily explained

using the following UNIX command sequence:

cd current

mkdir current/nev_problem

cp example/* new-problem

cd new.problem

The file new.problemlexample-journal-jile must be edited to build a jou~nal file for the “new prob-

lem”. Using the procedure described in Section 5, the input files problem. inp, mesh.inp, them. inp, and

surf. inp can be created and placed in the new.problem directory. Solutions to the new problem are obtained

by executing the run scripts in the new_problem directory and all output files will ke written to that directory.

6.3 The data Directory

The data directory contains the three .dat files CURRENT needs to run the example problem and all other

problems. The file parser. dat will never need to be altered. The remaining two CHEMKIN data files will

only need editing if the user wishes to work with species not yet documented .n the these two files. See

Refererence [6], [7], and [8] for details.

6.4 The tools Directory

As the name implies, the tools directory contain tools the user may find useful in file preparation. These
.

tools are summarized as follows:

. ap2cur - A UNIX script that can be used to produce “problem. inp’ and “mesh. inp” from

“ap. out”

change. f - Fortran source code (must be compiled and linked) for “thechange utility.
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1

:
4
5
6
7

s

::
12
13

:2
16
17
18
19
20

:;
23
24
Z5
Z6
27
28

$:
31
32
33

:2
36
37
3a
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
5s
59
60
61
62
63
64
65
66
67
6S
69
70
71
7Z
73
74
75
76
77
7s
79
80
81
82
83
84
85
86
?37
St+

$:
91
9Z
93
94
95
96

#
# Makefile for creating CURRENT ~ncl CHEMICIN
*
# Users: Find your machine type in the section below
# and “n-comment the variable definitions.
# Comment out <#) any variables defined for other
# machines.
#
##########################*################*###########################
# Compiler Flags:
# Define machine dependent compiler flags here
#
######## GNU, g77
#

#F77 = g77 -Wall -fugly -fno-underscoring -fcase-upper
f~77 =_g_77 -Wall -fno-underscoring -fcase-upper##

#Lw = g77 -g
#OPTIMIZE =
#DE13UG = -g
#EXIT = exit.o

#
#
######## HP73s, HPUX 9.0.5
#

F77 . t77
LD = fort77
#OPTIMIZE =
OPTIMIZE = +03
DEBUG =
EXIT =

#
######## SGI R8000
#

#F77 = f77 -mips4
#LD = f77
#OI?TIMIZE = -02
#DE13UG =
#EXIT = exit.o

#
######## SGI R4XO0
#

#F77 = f77 -mips2
#1.D = f77
#OP’TIMIZE = -02
#DE13UG =
#EXIT = exit.o

#
######## DEC Alpha
#

#F77 = f77
#LD = f77
#OJ71XMIZE = -O
#DE13uG =
#EXIT = exit.o

#
######## S mm, Solar-is
#

#F77 . f77
#LD = f77
#OPTIMIZE = -O
#DEItUG =
#EXIT = exit.o

#
######## CRAY, J90
#

#P77 = cf77
#LD = cf77
#OPTIMIZE = -Zv
#DE13UG =
#EXIT =

#
#######################################################################
#######################################################################
#
# WARNING! WARNING! WARNING! WARNING: WARNING? WARNING! WARNING!
#
# ONLY CODE DEVELOPERS SHOULD CHANGE VARIABLES BELOW TWIS LINE
#
#######################################################################
#######################################################################
#

Figure 25: Listing of thetopportion of file currentlbinlmakejile.

.

.
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The change utility is Sandia-developed software [30] for converting source code from single to double
.

precision (and vice-versa).

6.5 Running CURRENT

Figure 26 shows some of the messages printed to the screen during execution oft he first 10 iterations of the

example problem. The first message “Running CURRENT” is an indication that script execution is under

way. That message is followed by a series of messages from the CURRENT parsing software as it reads

problem. inp and mesh. inp. The message “Successful Reading Input” indicates that all input data has been

read, no syntax errors were found, and the problem setup seems to be “legitimate.” CURRENT then prints

out the time step and the time, signaling the beginning of iterations. Since the example problem is a steady

state calculation, CURRENT assigns a single exceedingly large time step for the problem. In steady state

calculations, no further time stepping will occur. When GMRES acceleration is used, a series of diagnostics

are printed out prior to each SIMPLER iteration. These are the lines beginning with “GR 38 = 1.84... .“ and

“Convergence detected.. .“. As each search direction is added in the gradient algorithm, the residual of the

preconditioned linear system, GR, is printed out. The number of these message:; tends to be higher at the

beginning of a problem because more search directions are required to invert the matrix. As convergence of

the SIMPLER method proceeds, these messages become fewer and may disappear entirely leaving only the

.
single line message for each SIMPLER iteration.

The single-line SIMPLER iteration message includes the SIMPLER iteration number, a listing of the

. residuals for velocities u, v, and w, mass m, temperature t,the species number having the highest residual,

its residual value and finally the size of the mass adjustment factor. The mass acjustment factor “adj.mas”

is the factor applied to the outflow velocity to insure that inflow equals the outflow at the beginning of the

next iteration. Switching on the optional mass adjustment in the input file almost always speeds convergence

of the SIMPLER method. Generally, mass adjustment factors near 1.0 indicate a well behaved problem.

You may wish to restart the example problem calculation and compute a converged solution. With

GMRES acceleration this will take about 600 iterations. Before restarting the ca!culation you must edit the

problem.inp file and make the following changes:

1.

2.

3.

.=

Increase the last_ iteration perameter to 600.

Change the print_f requency to something more managable, say 100.

“Switch On” the restart flag.

Restarts of CURRENT can be accomplished using the script restart. s which is identical to starts

except that prior to CURRENT execution, the file restart-out. bin is copied to restar-.in. bin.

.
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.

Running CURRENT.

Data Pass O
Data Pass 1
Data Pass 2
Data Pass 3
Data Pass 4
Successful Reading Input

time step = O.1OOOOOE+21
time = O.1OOOOOE+21

GR 38 = 1.8464883138383977E-08
Convergence detected in GIIRESRY,PO. 8.922610421654771OE-O9

GR 31 = 1.3663460432497613E-08
Convergence detected in GMRESRY, PO. 6.0534385286380289E-09

GR 30 = 2.224078241O324929E-O8
Convergence detected in GMRESRY, PO. 9.5665845603206908E-09

GR 24 = 1.5725822048027858E-08
Convergence detected in GMRESRY, PO= 8.9604645746279549E-09

GR 18 = 6.7216854650632555E-04
GR 20 = 2.4532796589896058E-08

GR 38 =
Convergence detected in

GR 16 =
Convergence detected in

GR 24 =
Convergence detected in

GR 21 =
Convergence detected in

GR 18 =
Convergence detected in

GR 19 =
GR 19 =

it.# res_u res_v res_w res_m res_t sp_nO res_sp adj_mas
1 0.000E+OO 1.000E+02 2.167E+21 2.165E-02 7.122E-01 3 7.167E+15 1.000E+OO

1.2911295586399183E-08
GMRESRY,PO= 4.9833437366114029E-09

2.0844770455555368E-08
GMRESRY,PO= 7.9356781562401793E-09

1.0532524587209776E-08
G~RESRY, pO= 5.9931286016690229E-09

1.5184130276595063E-08
GMRESRY,PO= 7.6266336098086135E-09

1.2260756662118672E-08
GMRESRY, po= 7.0678054174232336E-09

1.7212868646599862E-04
1.2846096298786143E-08

2 7.529E-02 1.873E-01 1.393E-01 1.894E-02 1.561E-01 2 1.024E+15 1.00IE+OO

...Missing Lines...

Convergence detected in GMRESRY, PO= 8.2831675202690312E-09
GR 21 = 1.3002386031584778E-08

Convergence detected in GMRESRY, PO. 7.7836007360920413E-09
GR 25 = 1.3489338213789347E-08

Convergence detected in GMRESRY, PO. 9.0134672913950612E-09
GR 27 = 1.5930054940603567E-08

Convergence detected in GMRESRY, PO= 8.0220287331266064E-09
GR 28 = 1.0823995464661853E-08

Convergence detected in GMRESRY, PO= 6.0150772464175770E-09
GR 19 = 2.9678629868780115E-05
GR 17 = 1.1671303033899383E-08

it.# res_u res_v res_w res_m res_t sp_nO res_sp adj _mas
10 4.860E-02 3.213E-02 1.460E-02 1.926E-03 2.067E-02 2 6.801E+16 1.000E+OO

Fri Jan 26 15:18:36 PST 1996

CURRENT is finished.

.-

.

Figure 26: CURRENT screen messages.
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A APPENDIX - CURRENT Commands

In this Appendix, all user-accessible CURRENT commands are listed alphabetically with their optional and

required keyword parameters. In keeping with the convention of Section 5, the part of the command or

keyword given in uppercase represents the most abbreviated form. Examples of the longest and shortest

form of each command are given. Intermediate forms are permitted providing they are spelled correctly.

Command lines ending in”& are continued on the next line. The command line syntax used by CURRENT

is identical to that described in Reference [5] for ANTIPASTO. Commands may consist of command names,

keywords and data. Any number of blanks, tabs, commas, and/or equals signs may be used as delimiters.

Commands and keywords are case insensitive and may have abbreviated forms to minimize typing.

ANGLE

Purpose: Specifies the inclination angle (radians) of the X-axis with

respect to the horizontal.

Example:

Remarks:

ANGLE = -i. 5708

angle -1.5808

The most common orientation for the gravity vector is -1.5708 radians

or –90 degrees (\it{e. g.,} a vertical CVD reactor with an upward facing

substrate) .

Connections

Purpose:

Example:

Remarks:

List I.D. nwnbers of the regions bordering a particular region,

Connections Region

corm r 6 W4 s 3 e

6 North O South 3 East 1 West 4

Every region in the problem must have a Connections command.

If a North, South, East or West keyword and data are missing, a

value of O is assumed meaning the region is not connected on

that side. In the example region 6 is connected to region 3 on

the south, 1 on the east and 4 on the west. No regions are connected

on the north, i.e. the north must be a boundary.

.

--

..
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.

*

Conditions

Purpose: Specifies the boundary types and associated data for all f~ur

sides of a region.

Example 1: Conditions Region 2 East INTernal West OUTflow South SYMnetry &

North INTernal

cond r 2 W=out, S=sym

Example 2: Conditions Region 1 North=SURface reactor.wall South=INTernal &

East=INFlow reactor-inlet West=INTer~al

cond r=l n=sur reactor_wall e=inf reactor-inlet

Remarks: Every region in the problem must have a Conditions command.

Boundary condition types are: internal, symmetry, outflow, inflow

and surface. Inflow and surface boundaries have an additional

keyword associated with them, the “name” of the inflow or surface

boundary. These names may not be abbreviated. Missing bomdaries

are assumed to be internal boundaries. In example 1, regim 2

has an internal boundary on east, an outflow boundary on the west,

a symmetry boundary on the south, and another internal bou~dary

on the north. In example 2, region 1 has internal boundaries on

its south and west sides, a surface boundary on the north having

the attributes of the surface named “reactor_wall”, and an inflow

boundary on the east having the attributes of the inflow rimed

“reactor_inlet”. The attributes for “reactor_wall” and

“reactor_inlet” would have to be specified elsewhere in the

CURRENTinput file using the SURface and INflow commands.

.
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Dump

Purpose:

Example:

Remarks:

Determines the size of the diagnostic output file “parser.out”

Dump Small

ds

The user may specify Small, Medium, or Large (abbreviated s, m, 1

respectively) parser.dat dump files. Medium or large dump files

are of little use to most users. The file will only be printed

if the dump switch is turned on (see switch command), This statement

is optional. If it does not appear “Dump=Medium” is assumed.

Element

Purpose: Specifies nodal numbering for an element.

Remarks: Element commands are generated automatically by the mesh generator

AP. They are a required part of the “mesh.inp” file. There should

be one Element command for each control volume in the problem.

Function

Purpose: Assigns an X-Y pair to a user defined piecewise linear function.

Example: Function Name screen.u XYpair 1.0 10.0

f n velocity.distribution xy 1 10

Remarks: At least two of these commands are necessary to complete the

definition of a piecewise linear function. Naming of piecewise

linear functions (in this case, “screen_u”) is arbitrary.

GRoup

Purpose: AP mesh generation command that directs AP to make a list of

all elements that make up a region.

.
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Example:

.

. Remarks:

Group Elements Region Name “l” Append

gern’’l”a

One of these mesh generation commands must be placed in th(:

meshing journal file for each region in the problem. The

example shows the form of the command for region number 1.

For any region “n” one need only replace “l” with “n”. AP

will produce its own set of group commands containing the i~ctual

list of elements for each region.

must appear in the problem.inp for

INflow

These AP generated list:;

each region.

Purpose: Identifies the attributes of an inflow boundary.

Example: INflow Name tube.inlet U.velocity=l.O UFunction=screen_u &

V_velocity=O.0, W_velocity=O.O Temperature=300. &

Species=l .0,0.0,1.O SFunction=screen-sl,dummy,screen_s3

in n tube_inlet u 1 uf=screen_u v=O w=O t=300 &

s=I,O,I sf=screen_sl,dummy_s2, screen_s3

Remarks: One INflow command must be present for each set of inflow attributes.

There may be multiple inflow boundaries.

The example defines an inflow boundary named “tube_inlet”

having a u-velocity distribution defined by the user

specified piecewise linear function “screen-u”. v and w-velocities

are 0.0, the temperature is 300 K and species 1 and 3

have mole fraction distributions defined by the user spec/Lfied

piecewise linear functions “screen_sl” and “screen_s3.” Note

that in this 3 species example, three functions were spec:Lfied

at the boundary even though one of the species, species 2, is

not present. Species 2 was assigned a dummy function named

“dummy_s2” which must be defined elswhere in the input file. The

functions “screen_sl” or “screen_s2” could have been substituted for

“dummy_s2.” Note also that we also have the flexibility to

assign functions for V_velocity, W_velocity, and Temperature using
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the keyword “Function”, WFunction”, and TFunction” respectively.

Whenever a function is specified for a boundary quantity, the

constant following the name of the boundary quantity (i.O in

the above case for U.velocity) serves a multiplier for the value

interpolated from the piecewise linear function.

INITial

Purpose: Assign flow field initial conditions at problem startup.

Example: INITial U_velocity=O V.velocity=O W_velocity=O P=1333. &

Temperature=300. Species=.l,.2,.7

INIT u=0,v=0,w=0,p=1333,t=300,s=.1,.2,.7

Remarks: One INITial command must be present for all problems.

Initial conditions for all solved variables must be provided.

All initial conditions are applied uniformly over the flow

field at problem startup. On restarts the INITial command

must be present but it has no effect except to set the pressure

level. Other field variables take on the values specified

in the “restart_in.bin” file.

LAST_iteration

Purpose: Specifies the last SIMPLER iteration to be taken before advancing

the time step.

Example: LAST.iteration 1000

LAST=IOOO

Remarks: One of these commands must be present for all problems. In a

steady state problem, iterations will stop when the iteration

count reaches the LAST-iteration number or when all residual

values fall below the convergence parameter set internally in the

code. In a transient problem, reaching the LAST_iteration count

causes the time step to be advanced and the iteration count to

be reset to zero. Time step advancement and counter reset will

-2
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also occur if convergence is achieve during a time step.

MATerial
.

Purpose:

Example:

Remarks:

Identifies the material model for a particular region.

MATerial Region 3

mat r=3 n=chemkin

Name chemkin

One of these statements must be present for each region in

the problem. The only user-supported material model at this

writing is the CHEMKIN model,

Node

Purpose: Specifies nodal coordinates for a node.

Remarks: These commands are generated automatically by the mesh gensrator

AP. They are a required part of the “mesh.inp” file. There should

be one Node command for each control volume in the problem.

PATH

Purpose:

Example:

Remarks:

●

Lists the

PATH Name

segments which make up a user defined path.

part_surface Segments 1,2,3,7,8,10,11,45,49

path n=part_surface s=I:3,7,8:11,45,49

One PATH command must be present for each user-defined path.

User-defined paths are useful in printing out flow streamline

information over the flow domain and heat flux, species flux,

and site fractions along surfaces. The naming of paths

(“part_surface” in the example) is arbitrary. Paths are made

up of user-defined segments (see SEGment command). Paths

must be continuous with no missing segments, and the orgin of

each segment must be taken into account when linking the

segments in the list. In other words, the orgin of any segment

81



in the list must coincide with the end of the previous segment

in the list.

PRINT-frequency

Purpose: Specifies how often to print output and restart files.

Example: PRINT.frequency 100

print=iOO

Remarks: One PRINT_frequency command must be present for all steady state

problems. If the command is missing in a transient calculation

printing will default to the completion of each time step.

More frequent printing can occur if the command is present

and providing the PRINT_frequency parameter is less than the

LAST_iteration parameter.

Relaxation

Purpose: Specify SIMPLER relaxation parameters for all variables.

Example: Relaxation U_velocity=O.5 V_velocity=O.5 W_velocity=O.5 &

P=I.O P_Correction=l.O Temperature=Oo3 Species=.4, .4

REL u=.5 v=.5 w=.5 p=i p_C=i t=.3 s=.4,.4

Remarks: One Relaxation command must be present for all problems.

Relaxation parameters between 0.0 and 1.0 must be specified

for each “switched on” variable in the problem. For no relaxation,

use 1.0.

SURface

Purpose: Identifies the attributes of a surface.

Example 1: SURface Name disk ISOthermal=ON Temperature=l.O TFunction=tdisk &

REAction=ON Material=2 Site_fractions=.9,.06,.04 &

ROTation=ON 0mega=3.142
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sur n iso=on disk t=l,O tf=tdisk
.

Example 2: SURface Name wall ISOthermal=OFF
,

sur n wall

Remarks: One SURface command

describes a surface

defined by the user

rea=on m=2 s=.9, .06,.04 rot=on 0=3.142

REAction=OFF ROTation=OFF

must be present for each surface type. Example i

named “disk” as having a temperature distribution

specified piecewise linear function “tdisk.”

The temperature at any point along “disk” is the product of the

constant following the Temperature keyword (in this case 1.0) and

the value interpolated from the piecewise linear function “tdisk,”

A simple isothermal surface is easily specified by turning the

Isothermal flag “ON”, specifying the isothermal temperature after

the Temperature keyword, and not supplying a TFunction cmmnand. An

adiabatic surface is specified by turning the Isothermal keyword “OFF.”

If the surface is declared isothermal the Temperature ani TFunction

keywords are ignored. Example 1 also indicates that “disk” is a

reacting surface having surface chemistry mechanism number 2 (material

2 in the surf.inp file). The best guess for

species site fractions are .9,.06 and .04.

is required for each surface species in the

Finally in Example i, the “disk” surface is

with a speed of 3.142 radians per second.

the three surface

One site fraction guess

surface chemistry mechanism.

described as rotating

Example 2 describes a simple adiabatic surface named “wall.” Note

that the short forms of Examples 1 and 2 make use of the default

settings for Isothermal, REAction, and ROTation. The default

settings for these keywords is I’OFFtt,i.e. not including the keywords

implies that they are turned “OFF.’!

An additional keyword “Accom” (surface accommodation fact~r) is available

for specifying slip flow boundary conditions at surfaces. Users

interested in this feature should contact the authors,

.
SWITCH

Purpose: “Switches” a code feature “on!!or “off.!’
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Example 1: SWITCH ON Restart

switch on r

Example 2: SWITCH OFF Restart

Remarks: The following simple table lists all the “switchable” features of the

code:

FEATURE KEYWORD DEFAULT

Restart OFF

MASS_adjustment OFF

U_velocity OFF

V_velocity OFF’

W.velocity OFF

P OFF

P_Correction OFF

Temperature OFF

Species OFF

Chemistry OFF

MULTicomponent_diffusion OFF

THERMAL_diffusion OFF

PLANar_geometry OFF

NET_flow ON

Dump OFF

Hybrid.differencing OFF

Quick_differencing OFF

GMRES.Pressure OFF

GMRES_P.Correction OFF

GMRES_Species OFF

GMRES_Temperature OFF

DESCRIPTION

Designates a run as a restart

Provides mass adjustment at outflows

Activates “u” momentum equation

Activates “v” momentum equation

Activates “w” momentum equation

Activates pressure equation

Activates pressure correction equation

Activates energy equation

Activates species equations

Activates gas phase chemistry

Provides for multicomponent diffusion

Provides for thermal diffusion

Planar (not axisymmetric) geometry

Activates “net flow” option at inlet

Enables printing of “out” files

Provides for hybrid spatial differencing

Provides for quick spatial differencing

Enables GMRES acceleration of Pressure

Enables GMRES acceleration of P.C

Enables GMRES acceleration of Species eqns.

Enables GMRES acceleration of Energy eqn.

Switch commands that place switches in their default positions need

not be included in the input file.

84



SEGment
.

Purpose: Defines

.

Example: SEGment

a line segment.

Number 12 Region 4 Side North Orgin East

segn 12 r 4 s no e

Remarks: A segment is a straight line that coincides with the side >f a region.

In the example, segment 12 is defined as a line which runs along the

north side of region 4. The orgin of the segment is “east”, that is

the segment is said to run from “east” to “west” along the “north”

side of region 4. The key word qualifiers which follow the Side and

Orgin keywords are the compass directions North, South, East and

West. They may be abreviated using n,s,e and w respectively.

Segments are joined together to form “paths” (see description of the

path command) which can then be used to output the variation of a

quantity like heat flux, mass flux, site fractions along a surface.

.

STREAMline
*

Purpose: Specifies which paths will be used for the streamline calculation.

Example 1:

Example 2:

STREAMline PATHnames perimeter

stream path perimeter

STREAMline PATHnames outside part_l_surface part_2_surfaze

stream path outside part_l-surface part_2_surface

Remarks: This command is required if streamlines are to be displayei as part

of the output. The software that computes streamlines must know the

path surrounding the flow field. In Example 1, a path called “perimeter”

is just such a path. (Also see the PATH and SEGment commanis.) The

path may be defined to circle the flow field in either a clockwise

or counterclockwise fashion. Multiple pathnames may be listed for

those situations in which internal solid obstructions are imbeded in

the flow field. This is illustrated in Example 2, where the flowfield

is surrounded by a path named “outside” and contains two solid objects
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surrounded by paths named “part_l_surface” and “part_2_surface.”

SPECies

Purpose: Defines the maximum number of gas phase and surface species.

Example 1:

Example 2:

SPECies Gas 6 Surface 5

spec g=6 s=5

SPECies Gas 4 Surface 8,3,7

spec g=5 s=8,3,7

Remarks:

TITle

Purpose:

Example:

Remarks:

One SPECies command is required for each problem. In Example 1, there are

six gas phase species and one surface chemistry mechaism having five surface

species. In Example 2, there are four gas phase species and three different

surface mechanisms having eight, three, and seven surface species respectively.

Assigns a title to the database produced in the “ap.bin” file.

TITle “CURRENT Example Problem”

tit “CURRENT Example Problem”

This command is optional. The title phrase must be enclosed in quotes

if spaces are present.

TRANSient

Purpose:

Example:

Remarks:

Declares a problem to be transient (not steady state) and provides

start time, stop time and timestep parameters.

TRANSient START_time 0.0 STOP_time 10.0 STEP_time 0.1

trans start O stop 10 step .1

This command is required for all transient problems.
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