47 C}%O
SANDIA REPORT Mo 513

SAND97-8202 « UC—-1409
Unlimited Release
Printed October 1996

CURRENT - A Computer Code for Modeling
Two-Dimensional, Chemically Reacting, Low
Mach Number Flows

W. S. Winters, G. H. Evans, C. D. Moen

Prepared by

Sandia National Laboratories & ;
Albuquerque, New Mexico 87185 and Livermore,
for the United States Departmerit of Eaergy
under Contract DE-ACQ4-94A§850

e —

SF2900Q(8-81 y oA
e BISTRIBUTION CF THIS DOCUMENT IS UNLIMITE




Issued by Sandia National Laboratories, operated for the United
States Department of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of their
employees, nor any of the contractors, subcontractors, or their
employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government, any
agency thereof or any of their contractors or subcontractors. The
views and opinions expressed herein do not necessarily state or
reflect those of the United States Government, any agency thereof,
or any of their contractors or subcontractors.

This report has been reproduced from the best available copy.
Available to DOE and DOE contractors from:

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge TN 37831

Prices available from (615) 576-8401, FTS 626-8401.
Avalilable to the public from:

National Technical Information Service

U.S. Department of Commerce

5285 Port Royal Rd.
Springfield, VA 22161




SAND97-8202
Unlimited Release
"Printed October 1996

CURRENT - A Computer Code for Modeling
Two-Dimensional, Chemically Reacting,
Low Mach Number Flows

W. S. Winters, G. H. Evans, and C. D. Moen
Thermal and Plasma Processes Department
Sandia National Laboratories/California

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.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.




Contents

1 Nomenclature 7
2 Introduction 9
3 Theoretical Background 11
3.1 General Code Description . . . . . . . . o i i i e e e e e e e e 11
3.2 Transport Equations . . . . . . . . . .. e 12
3.3 General Curvilinear Coordinate Transformation . . . . . . . ... .. ... ... ... . ... 13
3.4 Domain Decomposition . ... .. . ... e e 21
3.5 Boundary Conditions. . . . . . . . . . e e e e e 22
3.6 Numerical Solution . . . . . .. .. . . e e 27

4 Convergence Accelefation 31
4.1 Peclet Number Scaling and Inflow Boundary Conditions . . . . . .. ... ... ... ..... 31
4.2 Enhancements to the Navier-Stokes Code . . . . . . .. ... .. . . . ... ... . ... 32
4.2.1 Species Transport Equation . . . . . . . . . . .. ... . 33

4.2.2 Continuity Equation . . . . . . . .. ... 33

5 Using CURRENT 35
8.1 OVerview . . . . . . . . e e 35
5.2 Example Problem Formulation . . .. ... ... .. .. . ... .. L 38
5.3 Creating the AP Meshing Journal File . . . . . . . ... ... ... ... . ... ... ... 44
5.4 Preparing the CURRENT Input Files . . . . . . .. .. ... . ... . ... ... . ...... 52
5.5 A Few Words On Post-processing . . . . . . . . . . . 0 i i i e e 57

6 Installing and Running CURRENT 65
6.1 The bin Directory . . . . . . . o o o i i e e e e 66
6.2 The ezample Directory . . . . . . . . . . . e e e e e e e e e e e e e 69
6.3 The data Directory . . . . . .« o o i e e e e e e e e e e e e e e e e e e 69
6.4 The tools DIrectory . . . . . . . .t i i i i i e e e e e e e e e e 69
6.5 Running CURRENT . . . . . . . . . .. e e e e et i e e 71

A APPENDIX - CURRENT Commands 76




List of Figures

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

General curvilinear coordinate transformation: (a) physical and (b) computational planes. . . 14
Control volumes for dependent variables: (a) scalar control volume coordinates; (b) staggered
control volumes for scalar, £ component of momentum, and r {or y) component of momentum
variables. . . . L. L e e e e e e e 20
Dependent variable relationships at interfaces between regions in CURRENT. . . . . . .. .. 22
Ghost-point control volume outside the computational domain showing linear extrapolation
of dependent variable through the specified surface boundary condition. . . . .. .. ... .. 24
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 a surface; (c)
mass flux of gas mixture across a control volume surface adjacent to a reacting surface. . .. 25
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). . . .. 27
Control volume P for dependent variable ®p in the computational domain. . . ... ... .. 28
A schematic roadmap for running CURRENT with CHEMKIN. . . . . . .. ... .. ... .. 36
Reactor geometry for the example problem. . . . . ... .. ... .o 0oL 39
Prescribed side wall temperature profile for example problem. . . . . . . ... ... ... ... 40
Prescribed inlet composition profile for example problem. . . . ... .. ... .. ... ... 41
Prescribed inlet velocity profile for example problem. . . . . . . ... ... ... ... ... 42
chem.inp - CHEMKIN input file. . . . ... .. .. ... .. . .. 45
surfinp - SURFACE CHEMKIN input file. . . . . . ... . ... ... ... ... . ...... 46
AP journal file for the example problem. . . . . . . .. ... L oL Lo, 47
Mesh generation diagram for the example problem. . . . . . . .. ... ... o000, 50
ap.out file listing for the example problem. . . . . . . .. .. .. Lo o Lo 53
substrate.h_flux output file for the example problem. . . . . . .. .. ... ... ... L. 59
Heat flux profiles plotted from file substrate.h flux. . . . . . .. .. ... ... ... ... ... 60
Reactor centerline temperature distribution plotted with AP. . . . . ... ... ... ... .. 62
Contours of Si(OC;Hs)s (TEOS) concentration plotted with AP. . . . . ... ... ... ... 63
Contours of temperature with superimposed streamlines. . . . . . ... ... ... ... .... 64
Directory structure of the CURRENT computing environment. . . . .. ... ... ... ... 67
Listing of the code_size.h file. . . . . .. . . . . . ... e 68
Listing of the top portion of file current/bin/makefile. . . . . .. .. ... .. ... ... ... 70
CURRENT SCIeen meSSages. . . . v v v v v v v v m e e e et e et et e e e e e e e e 72




1 Nomenclature

ka

V&

LSt

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 constant £
contravariant component of velocity normal to surface of constant 7
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.r (f=w/r)
jacobian of coordinate transformation defined in Section 3 by (31)
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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Tiev
Pm
q
(j;:nd

Tindif

Tk

Y
Greek symbols

p
u

Vig

S

outward normal vector from surface

outward normal vector from control volume surface

motion pressure (in momentum equation)

diffusive energy flux vector

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

species interdiffusion energy flux vector defined in Section 3 by (7)
radial coordinate

net mass production rate of species £ due to homogeneous chemical reaction
time

x component of velocity

r (or y) component of velocity

mass average velocity of mixture

velocity of species k

8 component of velocity

axial coordinate

lateral coordinate

mixture density

mixture viscosity

net stoichiometric coefficient for species & in surface reaction « defined in Section 3 by (36)
dependent variable

curvilinear coordinate

curvilinear coordinate

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, etc.). In order to overcome
these difficulties, CURRENT utilizes the General Minimal Residual algorithm (GMRES) in conjuction
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 presented. 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” filee. CURRENT will run on most 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 verified 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




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.
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3 Theoretical Background

This section describes the mathematical model (equations and boundary conditions) that is solved in

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

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 libraries, providing generality for
treating chemically reacting mixtures of gases including multicomponent diffusion 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 cylindrical 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 discretized 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 sweeps 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 preconditioner 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 phase 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].
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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:

24V (o) =0 (1)

9%;@ 1V (pm+ %) =~V + 0§ (2)
%+v.(pm‘+5g+§g)=rk, k=1, K,—1 (3)
6((9'[;h)+v-(p6h+(j)=0 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), ry is the net mass production rate per unit volume of species k by
homogeneous chemical reactions; ],ﬁ is the diffusive mass flux of species & caused by concentration gradients
(Fickian diffusion):

~C

KQ
pDgm Ji
i V(YiM) + D YiM Z_; (5)

i

3
— M Dy
itk

_;,;F is the diffusive mass flux of species k caused by temperature gradients (thermal diffusion):
i =-D{Vv(nT). | (6)

Mass transport by pressure diffusion is neglected. The energy equation (4) is given in terms of enthalpy
where h = Z,If:gl hiYy. Viscous dissipation and the diffusion-thermo energy flux (the Dufour effect) are

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

KQ
§=Gend + Gutait = —kVT + > b (j,ﬁ +j,31) . (7)
k=1

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:
-1
Kg
Dim = |>_X:i/Dx| ,
ik

where D;;, are the binary diffusion coefficients.
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If the mixture averaged approximation to diffusion is made (an option in the code), then
1-Y

Digm = ———
Zf{fi Xi/Dik

(9)
and the summation term in (5) is dropped. The thermal diffusion coefficients DF in (6), the binary diffusion
coefficients D; in (8), and the viscosities and thermal conductivities of the individual gas species k are
obtained from kinetic theory (see [8] and [16]) using the Lennard-Jones (6-12) and Stockmayer potentials.
The energy equation in the form of Equation {4) does not explicitly contain the energy release rates
due to homogeneous reactions and may be convenient to use for some problems (phase change); however,
since the problems typically solved with CURRENT involve the specification of boundary conditions in terms

of temperature, the energy equation is rewritten as:

K,
9 g;T) 4V (piT) = —év-rfmd—i;hk [ - v- (G5 +37)]. (10)

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

PM
=, 11
P=Z7 (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 ¢, is determined from

K!J
o= cpYe (12)
k=1

with the specific heats of the individual species ¢,, determined from polynomial fits over specified temper-
ature ranges in CHEMKIN. The stress tensor, 7, in Equation (2) is for a Newtonian fluid with the bulk
viscosity set equal to zero [17]. Note that the pressure gradient, Vpn,, in Equation (2) involves the variable
D Which is different from the pressure, P, in the equation of state (11); this approximation to the equations
of motion in which P is constant or at most a function of time only and p,, varies 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 presentation. 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
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Figure 1: General curvilinear coordinate transformation: (a) physical and (b) computational planes.

various types of manifolds); it is desirable to avoid recirculation regions in 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 (1-3), (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 (z,7,6,t) to (£,7,0,t) and

then integrated over control volumes:

Mixture continuity equation:
dp , 0 (pu) 10 (rpv) _
Bt + oz + r ar

0 (13)
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transformed:
op 1

0 7]
i 7—;{‘55(PU9) + 'a—n(PVg)} =0

integrated:
Ap e n
VB, +PUg|w +PVg|s =0

Axial component of momentum equation:
B(pu)_*_i @_+laru @_81),,,
ot az\"" ez ) Trar "M er )T "o
7] ou  2u [18(rv) Ou
+5§{ a‘?[r o T 3z)f
transformed:

9 (pu) 19

1 0 (r2q2 ) 190 (r g2

+ gm(P - Pref) - .\TEE;: '\—/—E:u'u?) \/gan

Ty 21

N [1'5(”’) (Tv)g] - %#(rnvé - ?“5%)} +

TTe 2 riz
+ \/é [xg(rv) xn(rv)g] + T; ,u,(rnvg - rgv,,) }
integrated:
A(pu) g ¢ g3 "
_r'a Vg — 23 =
Ve AT (pUgu \/g,uug) w+ (p U \/Euu,,) )

+ [VEge(p— pre)] o — (%qg—uu) ;— (%w

2

— _\/_5-3_ [zi(rv)n — xn(rv)s] - %p(rnvg - Tgvn)}

+ Tg% [:L‘g('r'l))n - xn(rv)g] + %u(r,,vg - ’rgvn)}

Radial component of momentum equation:

B (pv)

,,,2
Ry G f-l ue) + fa(V ﬁﬂ“nF

a
) + S 2t

(14)

(15)

10 v
+ 9z(p — Pret) + petrowd K

(16)

77¢ Opm
V& On

(17)

e n
_{TT"I}ucvpm Iw + {Trg}uc"pmls

(Tnuﬁ - T&“n)

e
r2r
+ { (7'71“5 Ts%)
w \/_

(18)

+ 2 P WA —rp ) = %, ( ) +rpf?
at az \P*¥W T Haz ) Trer\UP T TR ) T Ty TP T Pret) TTP
4 10 v la(rv)_*_@ B2

ror or 3\r or oz r|r 3

15

o T3z }}+§(u?) (19)




transformed:

() , 12 ray LD (-0, ) o 15600 | 120 0P 200
o+ e U ) e ) = e v
7%qs 1 8 g 1 8 )riz,2u
+ g.(p — pr + == Thlg — Tel
gr(p = pref) — \/gag(\/g ) \/Ec'?n(\/é ) @ag{ﬁ (n§ en)
Ty Q'u szn 1"27‘,,
+ N [ (T’U)n—xn(rv)g] - \/E#(xﬁvn"znvﬁ)+ﬁ#($ﬁun_$n“§)
1 8 rlze2p TT¢ 20 r2ze
F == = (Tl — TelUy | — —= = |Te(TV), — T (TV) | + —=pl TeUy, — THU
2re 1 2u I
_ ﬁ#(miun - In“&)} + 7g—3—{(rnug TelUn) + - [xg(rv)n - xn(rv)é] } (20)
integrated:
VB2 (o [ (v T U)";_{,.x} Mt frontotml — (22|
g At PUg \/g_uﬁ . PVq \/E’J’U s" fvcvpms Mvevtm| \/g- Un "
r2 n 20 T°%, 2
- (7%2-#%) +{\/§[Tpf2—7u2_+gr(p-l7ref)]} +{ \/gf ”(TnUe Tsun)
8
2 2 ¢
ey 2 _ T " (e
+ NCE [xg(rv)n :c,,(rv)g] \/gu(argv,, .’L’n’Ug) + \/Eu(xgun xnu§)} ]

2

r2ze 2u TTe 24 7%
+ { \/_E 3 (r,,us rgu,,) - —\/—é? [375(7”11)17 - xn(’""))g] + T—g‘#(xevn —xn"’f)

2

- C\/%N(:Eéun - Inue)}

= {%{i {(rnue — retun) & = [z(r0), — z4(ro))] }} (21)

vev

Circumferential component of momentum equation:

2of) , 9 o1 or\ __2mf _ 20f
ot T %(”“f 6x)+ o (”’”f"”‘a> T (22)

transformed:

ag;f) + \}';E(pr \/g,ufs) T30 (p of — \/q;ufn) =_2p:_f_71_éa%(%ufn)

- e ) =)
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integrated:

€

(vt - ’"7q_§ufn)

n

- ()

+ {2u(zefr — Tafe) } ooy (24)

4

Vel (Uf—r%ufs)

()]

s

w

species k (k=1,..., K, — 1) mass conservation equation:

o (ka) BYk 18 aYk _
p + 8 ouYy — pDim—— e + ~ar TpvYy — 7pDim—— ar =Tk

] p OM iz’ DT or
* 5% [Y;‘D’“"‘< MZMD,,c T oz

K,
10 p OM LGS rD T 8T
+ ;g[TYkam(MW -M 2 MiDik> + T Br (25)
ikk
transformed:
3 (pY) 19 r2q 1 0
5 \/g'a—g(PUng— \/EpDkMYkg)_*_ﬁa (VYk: \/—PkaYkn) =T}
1 8 /rogs 1 9 /rige
- —— (CB oDy Yiy ) - m
\/grag(\/g" km ’"’) \/g-an(\/ng" ’“5)
K K
1 8 [ r? pDimYi [ N Jis® J]
b =2 PZkmk (0 M, — goM,) — 7Y DimM L M i
\/555{\/? o (@Me = ) — D > UMD %2 MiDa
i;&k i#k
r2 DT 1 8| 2 pDimYs
= Te — L M, — g2 M,
+\/§T(Q1§ a:Ty) \/Ean\/EM(qB"ng)
VDM | Z - Ez e ], 2 De” o1, — o) (26)
m M'D » MDDl T BT
1#1:
integrated:
\/EA(ka) + (pU Yk_fﬂpDk Ykg) e+(pV Y, Tz‘lsppk Yi ) i = VETk (—— DimYi ) )
g m g - m - m
At V8 w V8 ", Ve "l
r2go " 7% pDimYi &, g 2
- (ﬁpkaYkE)l + 7 M =" (g1 Mg — 2 My) — 7Y DM [ ; Do
itk

17




K K n
: Jrc ~ J'lz: T Dk
— vYiDpmM [.’L‘gz:; M. Dy 5; M.D, k] \/E (CI3T q2T§)} 27)
itk ik s
energy equation:
8(oT) 8 E8T\ 18 korN _ k (9T, 0T
g\Pr) A ouT — T— 2 2 L%
. T am\" o) Tra\? T e ) T oi\ar e T ar ar
K, K
1 1 & 8T, .. . 0T
= 2 Y b= (ke ) G + (i ) 5 (28)
e T LA
transformed:
8 (pT) 19 r2 rq k 1 9 rlqs k 1 8 /r2q k
-9 TRy g (re®
ot " \/gag(pUg JEo 2 Te) + JZon (ovar Tz o ") \/grag(\/gcp ")
1 0 /g k 1 r? k
- Jeon (e 5T o ekt o @i~ i~ @i, + iy,
K,
- T | (e ) e =) 4 G ) Ty — ) )
\/ng
integrated:
A(pT) r2q € r2gs k r2qs k €
Ve At +(pUgT—— g_TE)w_'_(pVgT_\/Ecp ) = Verk - \/ECZ,T »
r2gy k ) " 1 & k
- | —=—T )| —vV&—) hiri+ [Tz—— 1 Tecp, — 92Tyep, — @2T¢cp, + q37, ]
(\/Ecp 3 . \/_CPXI: cpz( £Cpg nCpe £Cpy, ncpn) .
X
1 c e s ey s
- S e[ s e ) + G ety =] | o
P scv

In the integrated equations (15), (18), (21), (24), (27), and (30), the dimensions of the control volumes
in the transformed coordinate system (£,7) are taken to be unity (A€ = An = 1), and the equations are
divided by 27. 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 7 indicate derivatives with respect to those variables,

respectively; subscripts scv, ucv, and vev refer to scalar, z component of momentum, and 7 or y component
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of momentum control volumes, respectively. The Jacobian of the transformation is given by:

V& =r(zery — TTe). (31)
Other transformation relations are:
o = 1,0+ o2
g2 = ZeZytTeTy
g3 = 9:52 + r§2

Ug = r(ury—vz,) =/gU
Vo = r(vze —urg) =gV (32)

where U and V are contravariant components of velocity (velocity components normal to surfaces of constant
€ and 7 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, respectively; 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 (f = w/r). These equations
reduce to the two-dimensional planar coordinate equations by setting r=1, replacing derivatives r¢ and ry
with y¢ and y,, eliminating the terms (with the exception of the gravitational term) on the right hand side
of Equation (21) that are evaluated over the control volume (those terms that are enclosed in brackets with
the vev 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
Equatibns (18) and (21) are recast into expressions for u and v, which are substituted into (15) resulting
in a Poisson equation for the pressure, p,,, 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 p.,, temperature T', or mass fraction Yy), 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 (ucv and vev) are staggered from the scalar

control volume (scv) as shown in Figure 2b to avoid oscillations in the pressure field [4].
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Figure 2: Control volumes for dependent variables: (a) scalar control volume coordinates; (b) staggered
control volumes for scalar,  component of momentum, and r (or y) component 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 on the 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 (Recen) 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 |Recen| < 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 complex boundary conditions.
This is accomplished by decomposing the problem into contiguous and non-overlapping 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 volumes. Only south faces of
regions can be designated as symmetry boundaries (e.g., Sy in Figure 3). Interpolation of variables between
regions is not required. There must be a one-to-one correspondence between control volumes that are in
adjacent regions and that lie along the common side of the two regions. For example, 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 P, P; connecting regions 2 and 3 match the corresponding nodes
of the west faces of control volumes in region 3 (line segment PP 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 Sg is an inflow boundary). |

Each region has a row of ghost-point control volumes surrounding it for 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 variable value at the boundary
and at the interior control volume adjacent to the boundary (¢f. Figure 4). The 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, ®, 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 ®(1, i, jmax) in region 1 has a ghost-point value, ®(1, i, jmax+1), which is the variable ®(2, i, 2)
in region 2. Similarly, ®(1, i, jmax) is the ghost-point value for variable ®(2, i, 2) in region 2, where
®(2, i, 1)=@(1, i, jmax). The y-component of velocity is located on the interface: in region 1, it is designated

v(1, i, jmax+1) and in region 2 it is v(2, i, 2). The coordinate system, (z,r or y), is global with the z 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 (Pecy, = Re Sckn,, where Re is the Reynolds number and Scgm,
is the Schmidt number for species k in mixture 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:

P = pYil = pYal + 5k, k=1,..., K, (33)

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

o . : . . .
convection and diffusion to 71 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 boundary and the mass average
velocity at the faces of the control volumes that form the inflow boundary are determined 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 has 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 develop into a one-dimensional or

fully developed flow. Then the zero gradient or fully developed flow conditions:
Ve-i=0 (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 variable at the control volume
adjacent to the boundary and the specified boundary condition (cf. Figure 4 where a part of the north side
of region n is shown). For zero slip boundary conditions at nonreacting surfaces, u, = vy = 0; if the surface is
not rotating, f; = 0. For a rotating surface, the rotation rate, f; is specified. For a north adiabatic surface,
T'(n,i,jmax+1) = 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 equivalent to setting a zero
gradient condition for the dependent variable at the boundary. For pressure correction 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 volume through the control
volume face adjacent to the boundary is added into the source term, s,, on the right hand side of the
discretized pressure equation (44).

At a reacting surface, the boundary conditions for species and velocity 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):

I
(pYy 0y - ), = Z ViaTo My (35)
a=1
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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 vy, is the net stoichiometric coefficient for species k in surface reaction a:
1 /
Veka = Vka — Vka (36)

and the reactions are given in the form:

K K
Z uka’Xk = Z Vka”Xk (37)
k=1 k=1

where X; is the k*" chemical species and the summation is over all species K (gas, surface, and bulk). Both
the gas-phase molar production rates, r4, 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 &); 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:

®, = [3®(n, 1, jmax) — &(n,i, jmax — 1}]/2 (38)

where & represents either gas-phase mass fraction Yj or mole fraction Xy. 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 a surface; (¢) mass flux of gas
mixture across a control volume surface adjacent to a reacting surface.
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to the deposition surface:
(PYr . - ﬁC‘U)s = (pYy V- ﬁcv)s + [(;13 +5’};1‘) : ﬁC’U]s (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, (7 - i), where surface chemistry

is the only mass transfer mechanism:

K, Ky I
S (Vb 7y, = (pF ), = Y Y VkaTa M. (40)
k=1

k=1 a=1

Due to the coordinate transformation, the component of the mass average velocity normal to the surface,
(¥-7),, is the contravariant velocity component U or V, depending on whether the deposition surface
corresponds to a constant value of £ or 7, 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:
=, eds S
[ + 3k ) - Flew]s =0 (41)
since in this case the velocity component (7'- 7), 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:
KQ

Ky
{—kVT -7+ (o0 + 55 + 57) - hil}eg = {=kVT -+ > [(pYa¥+ 75+ 7F) - fhel}ep.  (42)
k=1 k=1

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

Ky 1T Ky, I
(—kVT 7)o+ 3> VkaTaMihi = (~kVT - 5), , + > > vkaTaMihy. (43)

k=1a=1 k=la=1

Equation (43) can be solved for the surface temperature, T, if the heat flux in the bulk, (—=kVT - i), ,,
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®y + 0P+ . P +ay®y, + 5y (44)

where a, = Z a; — Sp, and P, are the dependent variables: pr,,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 Y%, and for simplicity assume that

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

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

component:
a, = dn—ecn/2,
as = ds+cs/2,
a. = de—ce/2,

ay = dw+cw/2




0z

ve W

2]

Figure 7: Control volume P for dependent variable ®p in the computational domain.

Relative to Equation (27), the diffusive transport contributions are:

dn = (r°¢3pDim/\/E)n,
ds = (r’q3pDim/\/B)s,
de = (7°q10Dim/V/B)e,
dw = (r*q1pDim/VEB)w,
and the convective transport contributions are:
en = (pVg)n,
s = (Ve
ce = (pUp)er
cw = (pUg)w
and the source terms are:
su = —(cn—ecs+ce—cw)Yi, + VB(PYR)," /At + RHS| 4, 7))

Sp = —8pp"/At.
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The (n — 1) superscript on the one s, term 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 for 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 p,,. The species conservation
equations (27) are solved for K, — 1 species, and the remaining species, Yk, , is obtained from 1 — ZkK_jl_ ! Y.
The species not solved for is the one with the largest mass fraction.

Under-relaxation is applied to the Equations (44) in the manner described 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 have been updated.

Iterations are continued until convergence is obtained. Convergence criteria 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 relative and absolute convergence
criteria can be specified in the input file through the REAL array. However, the default values in CURRENT
are sufficiently small that these criteria are typically not reached for a steady-state 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 intervals). 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 10?° 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 coeflicients.

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 p,,).
8. Update scalar boundary conditions.
9. Solve 8 component of momentum equation ((24), variable f).
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10.  Solve energy equation (30) for the temperature field (variable T).

11. Solve species equations (27) for gas-phase mass fraction distributions (variable Y, k=1,.., K, -}
and determine surface species site fraction distributions on chemically reacting surfaces.

12. Determine Yk, from 1 — szgl_l Y.

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 r 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 sche

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 balances.
24. Print diagnostics, output files, and restart file if requested.

25. Increment time.
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 chemical species mass-flux-
preserving inflow boundary condition. Modifications to the SIMPLER algorithm can improve the solution
times of difficult problems by several orders of magnitude [21], and usually provides 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 chemistry 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 solution algorithms with explicit
updating of boundary conditions, such as SIMPLER. Boundary condition equations should be implicitly

coupled to interior equations with complete solution of the resulting linearized system.

4.1 Peclet Number Scaling and Inflow Boundary Conditions

A scaling problem between convection and diffusion is artificially introduced by using a 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. Yet, for the limiting case of
uniform inflow composition and no chemical reactions, the convective transport term determines the species
distribution within the flow domain. The Peclet number scaling makes it difficult to enforce the convective
part of the boundary condition. The difference between the strength of convection and diffusion makes
it difficult to propagate information in the solution procedure when the boundary condition is enforced
explicitly.

The scaling is demonstrated using the inflow boundary condition, Equation (33), where the diffusion

flux is simplified by the assumption of Fickian diffusion:

Mg Yy
Tk _ — pD—%, 45
1 = P — pD— (45)
Dividing by the total mass flux gives:
. = D 8Yy :
_v._ D 46
Yi=Ye———>- (46)
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where Y, = g /™ represents the reference inflow mass fraction for species k. The cell-Peclet number, Pea,

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

Az
Pea, = “—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— 1Pep Pe -
Yi,1 = T:%P_e,_\: k.2 T;&; (48)
The ghost-cell mass fraction is Yy ; and the first interior cell value is Yz 2. 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 Y, 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,l = Yk’2 -+ PeAxl_/k. (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 preconditioner. The GMRES
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scheme enhances the implicitness of the line-relaxation scheme. The TDMA line-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 converged at each step; the
nonlinear solution process becomes unstable. In the baseline SIMPLER algorithm, 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 the 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 interior cells of the adjacent
block. The relations for explicitly updating physical boundary conditions are cast 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 information 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 conditions for the pressure-
correction on all boundaries and incomplete convergence of the linear pressure-correction equation. The
zero-gradient boundary condition on the pressure-correction term does not allow outflow boundary velocities
to change. The outflow boundary condition is reformulated so that the outflow velocity can be corrected in
a manner consistent with continuity. Secondly, the matrix-free 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 A, would be required in Equation (44) for the interior volume adjacent to the
outflow boundary. In the baseline SIMPLER algorithm, A, is set to zero. In the modified algorithm, the

matrix coefficient is extrapolated from the interior.

34




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-processing. 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 (é.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/CHEMKIN
.out ~ An ascii file associated with CURRENT/CHEMKIN

The input files mesh.inp, problem.inp, chem.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 and seldom 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 files parser.out, resids.out,
monitor.out, current.out, chem.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 problem.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. Formulate the Problem.
A. Obtain all geometry information, dimensions etc. (cgs units).
B. Determine which equations need to be solved.
C. Determine the boundary conditionms.
D

. Gather up the required chemistry input and data files (cgs units). These are:

chem.inp - The input file for gas-phase CHEMKIN
surf.inp - The input file for surface CHEMKIN

therm.dat - CHEMKIN thermodynamic data for gases present

tran.dat CHEMKIN transport data for gases present

2. 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 CURRENT input file "problem.inp". These pass-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 CURRENT problem formulation.

3. Create a mesh. Run AP and have it read the meshing journal file and write

the AP output file which will be called "ap.out".

4. Make the CURRENT input files. Use your favorite text editor or a supplied
UNIX script to split ap.out into the two required CURRENT input files. These

files are:

mesh.inp - This is an extremely long ASCII file which contains
element and nodal connectivity information. Users
never need to look at this file.

problem.inp - This file contains the complete CURRENT problem
description and is very "readable" both by the
CURRENT input parsing software and the user.
This very important file can be created directly from

a text editor but as mentioned above, it is better to
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generate it via "pass-through" commands in the meshing

journal file.

5. Run CURRENT/CHEMKIN. Using the input files mesh.inp, problem.inp, chem.inp,
and surf.inp together with the data files parser.dat (contains rules for
parsing CURRENT input data), therm.dat (CHEMKIN thermal data file), and
tran.dat (CHEMKIN transport data file), execute CURRENT and
CHEMKIN and 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

(start.s or restart.s).

6. Post process. Use AP to post-process the CURRENT output 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 consideration is shown in Figure 9. The example problem is
representative of a typical CVD process for growing silicon dioxide. Flow enters an axisymmetric reactor
through a hole at the top (diameter 24). The reactor has a maximum diameter of 2(A + B + D) as shown.
A spinning CVD growth surface is located a distance (a + b) from the inlet. Flow exits the reactor through
an annulus having a length d and inner and outer diameters of 2(A + B} and 2(A4 + 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.

Representation of the real geometry with a computational mesh involves dividing the computational
space up into logically (but not necessarily orthogonal) rectangular regions. One can think of each of these
regions as having north, south, east and west sides. In this case, the term “logically rectangular” 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 for this problem is 1 torr. The temperature of the gas mixture entering through
the top is 300 K. The growth substrate is maintained at 1000 K. The top surface (dimension B in 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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Figure 10: Prescribed side wall temperature profile for example problem.

axis of symmetry for the problem and X = 0 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

chem.inp file (See Figure 13).
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We chose the following numbering system:

Species No. Chemical Name
1 N2

2 SI(OH) (0C2H5)3 (we’ll call it "intermediate")

3 C2H50H

4 C2H4

5 H20

6 SI(0C2H5)4 (Tetraethoxysilane or TEQS)

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 and 6 (Nitrogen and TEOS) enter the reactor. Their mole
fractions and the gas mixture velocity vary according to the profiles previously presented in Figures 11 and 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 flow/shroud flow arrangement. The inflow boundary conditions
within the core (0 <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 order 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

1 SIG3(0H)
2 SIG3E

3 SIG(CH)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 Name
1 SIG3(0H)
2 SIGE3
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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, chem.inp and surf.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
tran.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 (chem.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 also not interpreted by AP but merely “passed through” and printed in the AP output file
ap.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:
8 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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ELEMENTS

SIOHCN
END
SPECIES

N2

SI(OH)(OC2HS)3

C2H50H

C2H4

H20

SI(OC2H5)4

END
THERMO
SI(OC2H5)4 40894H 20C 80 4SI 1G 300.000 3000.000 1000.00 01

0.32309456E+02 0.40201847E-01-0.33278952E-05-0.40219956E-08 0.88291446E-12 2
-0.17431191E+06-0.12745566E+03 0.50599384E+01 0.85404783E-01 0.27717997E-05 3
-0.42832159E-07 0.15639958E-10-0.16494597E+06 0.21772026E+02 4
SI(OH)(OC2H5)3 40894H 16C 60 4SI 1G 300.000 3000.000 1000.00 01

0.30722271E+02 0.30770605E-01-0.25774402E-05-0.30498899E-08 0.66850084E-12 2
-0.17340573E+06-0.11836710E+03 0.89422655E+01 0.70058122E-01-0.53697897E-06 3
-0.37873331E-07 0.15943972E-10-0.16629886E+06-0.43492889E+00 4
SI(OH)2(OC2HS5)2 40894H 12C 40 4SI 1G 300.000 3000.000 100000 01

0.26000654E+02 0.22271410E-01-0.18192239E-05-0.21698796E-08 0.47313976E-12 2
-0.17143084E+06-0.98501183E+02 0.76863847E+01 0.56552853E-01-0.14430059E-05 3
-0.32509597E-07 0.14469464E-10-0.16559706E+06 0.15393066E+00 4
SI(OH)3(OC2HS5) 40894H 8C 20 4SI 1G 300.000 3000.000 1000.00 01

0.19800476E+02 0.14579202E-01-0.11543475E-05-0.13929080E-08 0.29806677E-12 2
-0.16889798E+06-0.68544312E+02 0.75322161E+01 0.39030805E-01-0.22118543E-05 3
-0.23559673E-07 0.11338996E-10-0.16516952E+06-0.30923195E+01 4
SI(OH)4 40894H 40 4Si 1 0G 300.000 3000.000 1000.00 01

0.14569509E+02 0.49252058E-02-0.34521807E-06-0.40573092E-09 0.83636453E-13 2
-0.16601905E+06-0.42529125E+02 0.85398741E+01 0.21113478E-01-0.45791253E-05 3
-0.16384208E-07 0.10137381E-10-0.16468839E+06-0.12136473E+02 4
O=SI(OC2HS5)2  40894H 10C 40 3SI 1G 300.000 3000.000 1000.00 01

0.20602577E+02 0.20795811E-01-0.18450947E-05-0.20959716E-08 0.46654770E-12 2
-0.10564674E+06-0.71234840E+02 0.43081031E+01 0.49828056E-01-0.14389319E-06 3

-0.27417245E-07 0.11348846E-10-0.10028161E+06 0.17160416E+02 4
END
REACTIONS
SI(OC2H5)4 = SI(OH)(OC2H5)3 + C2H4 4.9E13 0.0 61460.
END

Figure 13: chem.inp - CHEMKIN input file.
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AP journal file for the example problem.
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sur n=substrate iso=on t=1000 r=on 0=3.142 rea=on &

s=.,96541152,2.1666e-2,7.8848e-4,3.4648e-3,8.6692¢-3

In AP and CURRENT input files, the “&” character can be used at the end of a line to indicate to
the command parsing software that the command is continued on the next line. Hence when lines 41-43 are
passed through by AP to ap.out, they will be converted to one very long line which exceeds 80 characters.
Since the maximum line length that the parsing software can accommodate is 80 characters, the long line
will have to be split up into shorter lines using the “&” 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 “I” 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 “1&” 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 ¥ = 0 must correspond to the axis of symmetry. Notice the
ofientation 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:

1. Define a set of points (P1,P2,...,P9).
2. Define a set of curves connecting the points (Ci,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 west
side. In the finite difference world we refer to such meshing as

being logically rectangular.
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5. Ensure that when regions share the same internal boundary that the
corners of the regions as well as the corners of all elements along
the internal boundary align exactly. In the finite element world
we would say that all the nodes along the sides of the two regions

sharing the same internal flow boundary coincide exactly.

6. Merge all regions and eliminate duplicate node numbering along

internal boundaries.
7. Renumber nodes to minimize the nodal connectivity bandwidth.

8. 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.

9. Instruct AP to write the ap.out file which contains pass through
commands and an ASCII description of the mesh which can be directly

read by CURRENT.

The actual AP meshing commands for the example problem begin on line 119 of Figﬁre 15. Lines
119 through 127 define “macros” for important key dimensions and for the conversion factor for used to
convert inches to centimeters when writing the ap.out file. CURRENT expects all units in the input files to
be CGS (centimeters-grams-seconds).

Lines 129 through 137 define the nine points in the mesh diagram (Figure 15). Note that numerous
macro definitions have been used to specify the X — Y coordinates of the points. This makes changing
key dimensions in the reactor model quite simple since only one command (the macro command) need be
changed to change a dimension.

Lines 139 through 144 define the six curves we will 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 a region we merely
give it a unique number and designate the four curves which form its bounding sides. The ordering of the

curves is important! CURRENT expects the curves to be ordered as follows:

south side, east side, north side, west side.
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Figure 16: Mesh generation diagram for the example problem.
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Note that the regions, while being logically rectangular, do not necessarily need 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 of 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, and 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 AP 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 quadrﬂateral 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 ”17, 72" |
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 above.

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 chem.inp and surf.inp and the data files therm.dat, tran.dat and parser.dat are all that is required
to run CURRENT with CHEMKIN; the file restart_inp.bin is also required for restarts. Actually we have
already prepared mesh.inp and problem.inp in the form of the AP-generated output file ap.out. The only
step remaining is to divide the ap.out file into mesh.inp and problem.inp using whatever means necessary (a
text editor, a UNIX script, etc.).

A listing of the ap.out file is shown in Figure 17. Lines 1 through 108 contain all the commands
necessary for the problem.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 ap.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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Figure 17
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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 “last_iteration” 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.ﬂoﬁv 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 chem.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 field variables in the problem.
Don’t forget to replace the string “!&” with “&” to enable a proper line continuation. (Recall that the symbol
“I” 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 restart file, restart_in.bin, and
not from the initial command. The only exception to this is the pressure level (in this case 1333 dynes/cm?)
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 0 and 1) for all field
variables. These parameters may be altered on restarts. This command is required.

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 to 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 0 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. Grear [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 order 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 “side.wall.” Functional 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.




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 (v) or circumferential (w) velocity components. The
velocity variation results from the product of the user defined function “screen_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 “f0” for four of the six species and the functions named “screen_s1” and “screen_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
certainly 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 problem.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 “0” 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 present example, the surface
names are “substrate”, “top.wall”, “side.wall”, and “in-side.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 66 defines 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 origins 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 account 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, i.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 placed 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 be written to separate ascii
files at the print frequency (line 5). The output file names take the form pathname.variablename. Hence

lines 73 through 81 will produce the following files:

substrate.h_flux
substrate.m_flux

substrate.s2_flux




substrate.s6_flux
substrate.sl_site
substrate.s2_site
substrate.s3_site
substrate.s4_site

substrate.sb_site

Figure 18 contains a listing of the file substrate.h_flur printed after 100, 200, 300, 400, 500 and 600
iterations. Some lines have intentionally been omitted from the listing to save space. The first line printed
in each cycle of printing is a comment line indicating which variable is being printed. Column 1 of the file is
the distance from the origin of the path. In the case of the path “substrate” this column is the Y-axis and
Y = 0 corresponds to the location of the axis of symmetry. Column 2 of the file contains the heat flux in
CGS units (ergs/cm?-s). The remaining two columns in the substrate.h_fluz file are the X and Y 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 2 versus column 1 will result in a plot of the substrate heat flux distribution. Such
a plot is shown in Figure 19 for all the first three printing cycles and the 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 ap.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 ap.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.inp 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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: VRONANLUNK

ok ok ok ok
AUWUNWO

c Start of heat flux profile plot

0.219850E+00 -0.130721E+07 0.508001E+01 0.219850E-+00
0.655679E+00 -0.130878E+07 0.508001E+01 0.655679E+00
0.108383E+01 -0.131175E+07 0.508001E+01 0.108383E+01

0.121425E+02 -0.238335E+07 0.508001E+01 0.121425E+02
0.123683E+02 -0.302815SE+07 0.508001E+01 0.123683E+02

0.125901E+02 -0.681206E+07
c Start of heat flux profile plot
0.219850E+00 ~-0.956382E+06
0.655679E+00 -0.957452E+06
0.108383E-+01 -0.959603E+06

0.121425E+02 -0.191311E+07
0.123683E+02 -0.248253E+07
0.125901E+02 -0.565751E+07
c Start of heat flux profile plot
0.219850E+00 -0.850656E+06
0.655679E+00 -0.851590E+06
0.108383E+01 -0.853511E+06

0.121425E+02 -0.171435E+07
0.123683E+02 -0.223938E+07
0.125901E+02 -0.511304E+07
c Start of heat flux profile plot
0.219850E+00 -0.814260E+06
0.655679E+00 -0.815147E+06
0.108383E+01 -0.816985E+06

0.121425E+02 -0.161993E.+07
0.123683E+02 -0.211994E+07
0.125901E+02 -0.483521E+07
c Start of heat flux profile plot
0.219850E+00 -0.801425E+06
0.655679E+00 -0.802294E+06
0.108383E+01 -0.804104E+06

secoce

0.121425E+02 -0.157675E+07
0.123683E+02 -0.206372E+07
0.125901E+4+02 -0.469870E+07
c Start of heat flux profile plot
0.219850E+00 -0.796876E+06
0.655679E+00 -0.797740E+06
0.108383E+01 -0.799540E+06

sescce

0.121425E+02 -0.155806E+07
0.123683E+02 -0.203875E+07
0.125901E+02 -0.463533E+07

0.508001E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.125901E+02

0.219850E+00
0.655679E+00
0.108383E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.121425E+02
0.123683E+02
0.125901E+02

0.219850E+00
0.655679E+00
0.108383E+01

0.121425E+02
0.123683E+02
0.125901E+02

0.508001E+01
0.508001E+01
0.508001E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.219850E+00
0.655679E+00
0.108383E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.121425E+02
0.123683E+02
0.125901E+02

0.508001E+01
0.508001E+01
0.508001E+01

0.219850E+00
0.655679E+00
0.108383E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.121425E+02
0.123683E+02
0.125901E+02

0.508001E+01
0.508001E+01
0.508001E+01

0.219850E+00
0.655679E+00
0.108383E+01

0.508001E+01
0.508001E+01
0.508001E+01

0.121425E+02
0.123683E+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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t vs. distance along curve 1 (state 6)
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STate 10000
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Figure 20: Reactor centerline temperature distribution plotted with AP.
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Set ECho ON )
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STate 10000

Set REFlection x

Zoom Find Nodes

Set DEVice 0
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Plot Contour Fill Variable si(oc_ml

GRAphics Hardcopy Device 11
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Figure 21: Contours of Si{OCyH3)4 (TEOS) concentration plotted with AP.
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Set ECho ON

REAd SOLution ap.bin Seaco

STate 10000

Set REFlection x

Zoom Find Nodes

Set DEVice 0

Set Contour Colors Range Start blue End red N 32 Clockwise
Plot Contour Fill Variable t

Set Contour Extrema OFF Overlay

Set Contour Colors Range Start black End black N 11 Clockwise Overlay

Set Contour LAbels Size 0.0 Xnudge 0.0 Ynudge 0.0 Overlay
Plot Contour Lines Variable stream Overlay

GRAphics Hardcopy Device 11

Set Device 15

Figure 22: Contours of temperature with superimposed streamlines.
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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 CURRENT computing environment.

2. Type the following UNIX command:

zcat current.tar.Z | tar xf -

This will produce the CURRENT computing enviromnment which consists of a
top level directory “"current" and four subdirectories beneath it called "bin",
"tools", "example”, and "data."

3. Change directories to the "bin" directory and if necessary edit the "code_size.h"
file to reflect the size of your problem. The parameters in the "code_size.h"
file are sufficient to run the example problem. If your problem is larger you

MUST modify this file.

4. Edit the file "makefile" to reflect the UNIX platform type (SGI, Cray, Sun, etc.).

This involves "commenting" and "uncommenting" appropriate lines in the file.
5. Type the following UNIX command:
make
This will result in a compilation of all source code required to run CURRENT with
CHEMKIN and SURFACE CHEMKIN. Executable images "current.exe, tran.exe, chem.exe,"
and "surf.exe" will be produced. This step must be performed each time the code is
installed or whenever the code is "resized" for a new problem.

6. Change directories to the "example" directory.

7. Type the following UNIX commands:
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chmod a+x start.s

chmod a+x restart.s

This will make the CURRENT execution scripts "start.s" and

restart.s executable.
8. Execute the start.s script by typing:
start.s

If your installation is correct, this will cause CURRENT to perform the first 10

iterations of the example problem.

Except for Step 5, the above steps take very little computer time. Step 5 could take 3 to 30 minutes

depending on the platform type and level of compiler 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 bin directory contains the largest number files. Within the bin directory, most
users need only be concerned with the code_size.h and the makefile files since these are the files which MUST
be edited by the user to customize the computing environment to the size of the problem and the type of
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
makefile
code_size.h

&
source code,
executables

Example Directory

makefile

README

chem.inp

surf.inp

problem.inp
mesh.inp

start.s

restart.s
example_journal_file

Data Directory

parser.dat
therm.dat
tran.dat

Tools Directory

ap2cur
change.f

Figure 23: Directory structure of the CURRENT computing environment.
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c
¢ This file sets the problem size and is included in
¢ each subroutine in the code.

C
(ke i 3 o s sie sl s ke ke e sl sl ke e sk sk sk 2 ok Sl Sie 3o sl s sfe sk e ke sie e e e sk sl s ke ke 2o 3k sk 36 ke sk sk S e ke sle ok 3l e sk ke sfe sl sk sk sk sk

c
¢ The parameters the USER SHOULD SET are as follows:

maxXdim - The axial (x) dimension for a region.
This is the maximum dimension a region may have.

max¥Ydim - The radial () dimension for a region.
This is the maximum dimension a region may have.

maxBlox - 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.

e 3ie ¢ 3k Sk 3K 3K o6 i 3k 3¢ 3K 3K 3k 3¢ 26 ok 3 vl 3 3k 3k e e 3k i ok e sl v 2 sk 3 3 3k S s ok 3k 3k 3k o i ofe e ke sk e st sk sk sl R R SR R Sk sk e e ke

snenonnnonnnnnnnnnnnll

integer maxXdim,maxYdim,maxBlox,maxGspec,maxSspec
parameter( maxXdim = 20,

maxYdim = 40,

maxBlox =3,

maxGspec = 6,

maxSspec = 5,

maxSmat =2)

<

C
€ 35 2 3k i e 3ie v vfe ol oo 3k s s o o sk e e sk i s sk i 3k 3 3K i sie vl s 2k sl sie 3k o ok ke o ke ke i 3¢ sie sfe sk s v vl of o o ofe sk sk die she sle sleske s ok
¥ ot e sk 3k sfe sk sk sk o ok ok o o o sk sk s ok s ok sk sk sfe sie s sk sk sk sk Sk sl s o ok k¢ e s ke sk 3 3 s s sde s sl ok ke sk o sl sl sk s sk ke s sl ke ok

c
¢ DO NOT CHANGE THE PARAMETERS BELOW:

it - The axial (x) array dimension for a region.
The number of control volumes in
this direction within any single
region cannot be greater than maxXdim-3.
jt - the radial (r) array dimension for a region.
The number of control volumes in
this direction within any single
region cannot be greater than max¥Ydim-3.
ng - the maximum number of regions, maxBlox.
kk - the maximum number of gas phase species, maxGspec.
kksrf - the maximum number of surface species, maxSspec.
maxmat -~ the maximum number of surface materials, maxSmat
nelmax - element size (used in PRE).
nnomax - node size (used in PRE).
maxbuf - buffer size (used in PRE).

aoneBOOOOBOONGO00

integer it,jt,ng kk,kksrf,nelmax,nnomax,maxbuf
parameter(it=maxXdim+3,jt=maxYdim+3,ng=maxBlox,
2 kk=maxGspec,kksrf=maxSspec,maxmat=maxSmat,
3 nelmax=10000,nnomax=10000,maxbuf=10000)

Figure 24: Listing of the code_size.h file.
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The makefile is configured to build a CURRENT/CHEMKIN executable on the HP 735. Executables for
other platform types can be built by first “commenting” lines 29 through 34 with “#” characters and
“uncommenting” 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 ezample 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 the name of the appropriate
run script (see discussion below). Execution will proceed and all output files will be written/overwritten to
the example directory. ‘

The files listed in the ezample 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 ezample directory). The process is most easily explained

using the following UNIX command sequence:

cd current
mkdir current/new_problem
cp example/* new_problem

cd new_problem

The file new_problem/example_journal_file must be edited to build a journal file for the “new prob-

lem”.

Using the procedure described in Section 5, the input files problem.inp, mesh.inp, chem.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 be written to that directory.

6.3 The date 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 in 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 the change utility.
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1 #

g ;: Makefile for creating CURRENT and CHEMKIN

4 # Users: Find your machine type in the section below
s # and un-comment the variable definitions.

6 # Comment out (#) any variables defined for other
7 H# machines.

8 #

10 #

11 # Compiler Flags:
12 # Define machine dependent compiler flags here

#
14 #&####### GNU, g77
#H

17 #E77 = g77 -Wall -fugly -fno-underscoring -fcase-upper
18 H#HHET7 = g77 -Wall -fno-underscoring -fcase-upper

19 HLD =77 -g

20 #OPTIMIZE =

21 #DEBUG = -g

22 #EXIT = exit.o

24 #
#

26 #H###HH$EE HP735, HPUX 9.0.5
#

29 ¥E77 =177

30 LD = fort77

31 #OPTIMIZE =

32 OPTIMIZE = +0O3
33 DEBUG =

34 EXIT =

#
37 ##H#EE SGI R8000
#

40 H#ET77 = £77 -mips4
41 HLD =77

42 H#OPTIMIZE = -O2
43 #DEBUG =

44 HEXIT = exit.o

#
47  #H#R#HERE SGI R4X00
#

50 #¥F77 =f77 -mips2
S1 #LD =77

52 #H#OPTIMIZE = -O2
53 #DEBUG =

54 #EXIT = exit.o

#
57 ######H#4# DEC Alpha
#

61 #LD =f£77

62 H#OPTIMIZE = -O
63 H#DEBUG =

64 #EXIT = exit.o

65

66 #

67 H#H#H#HAH# Suan, Solaris
-

71 #LD =f£f77

72 #HOPTIMIZE = -O
73 #DEBUG =

74 #H#EXIT = exit.o

#
77  ###HEEE CRAY, J90
#

80 #HF77 =cf77

81 #LID = cf77

82 #OPTIMIZE = -Zv
83 #DEBUG =

84 #HEXIT =

87 #HH##H #1H# HHEH# HIHF S Ridid
88  ##4 H A AV A A HIE

#

90 # WARNING! WARNING! WARNING! WARNING! WARNING! WARNING! WARNING!
#

92 # ONLY CODE DEVELOPERS SHOULD CHANGE VARIABLES BELOW THIS LINE
#

94 i HH H#1HHH4EH HH1EE11 HHH HitHEH

OS5 HHfHHH#IY 44 4 I FHHHH S HILHEH

Figure 25: Listing of the top portion of file current/bin/makefile.
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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 of the 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....7 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 messages 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 ¢, the species number having the highest residual,
its residual value and finally the size of the mass adjustment factor. The mass adjustment 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 calculation you must edit the

problem.inp file and make the following changes:

1. Increase the last_iteration perameter to 600.
2. Change the print_frequency to something more managable, say 100.

3. "Switch On" the restart flag.

Restarts of CURRENT can be accomplished using the script restart.é which is identical to start.s
except that prior to CURRENT execution, the file restart.out.bin is copied to restart_in.bin.
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Running CURRENT.

Data Pass
Data Pass
Data Pass
Data Pass
Data Pass
Successful Reading Input

time step = 0.100000E+21

time = 0.100000E+21

WP O

GR 38 = 1.8464883138383977E-08
Convergence detected in GMRESRY, p0= 8.9226104216547710E-09
GR 31 = 1.3663460432497613E-08
Convergence detected in GMRESRY, pO= 6.0534385286380289E-09
GR 30 = 2.2240782410324929E-08
Convergence detected in GMRESRY, p0= 9.5665845603206908E-09
GR 24 = 1.5725822048027858E-08
Convergence detected in GMRESRY, p0= 8.9604645746279549E-09
GR 18 = 6.7216854650632555E-04
GR 20 = 2.4532796589896058E-08
ic.# res_u res_v res_w res_m res_t sp.no
1 0.000E+00 1.000E+02 2.167E+21 2.165E-02 7.122E-01 3
GR 38 = 1.2911295586399183E-08
Convergence detected in GMRESRY, pO= 4.9833437366114029E-09
GR 16 = 2.0844770455555368E-08
Convergence detected in GMRESRY, pO= 7.9356781562401793E-09
GR 24 = 1.0532524587209776E~-08
Convergence detected in GMRESRY, pO= 5.9931286016690229E-09
GR 21 = 1.5184130276595063E-08
Convergence detected in GMRESRY, pO= 7.6266336098086135E-09
GR 18 = 1.2260756662118672E-08
Convergence detected in GMRESRY, pO= 7.0678054174232336E-09
GR 19 = 1.7212868646599862E-04
GR 19 = 1.2846096298786143E-08

2 7.529E-02 1.873E-01 1.393E-01 1.894E-02 1.561E-01 2

...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, p0O= 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

10 4.860E-02 3.213E-02 1.460E-02 1.926E-03 2.067E-02 2

Fri Jan 26 15:18:36 PST 1996

CURRENT is finished.

res.sp adj_mas
7.167E+15 1.000E+00

1.024E+15 1.001E+00

res_sp adj_mas
6.801E+16 1.000E+00

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 eguals 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: ANGLE = -1.5708
angle -1.5808

Remarks: 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: List I.D. numbers of the regions bordering a particular region.

Example: CONNections Region 6 North O Socuth 3 East 1 West 4

connr 6wéds3el

Remarks: 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 0 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 four

sides of a region.

Example 1: CONDitions Region 2 East INTernal West OUTflow South SYMmetry &

North INTernal

cond r 2 w=out, s=sym

Example 2: CONDitions Region 1 North=SURface reactor_wall South=INTernal &

Remarks:

East=INFlow reactor_inlet West=INTernal

cond r=1 n=sur reactor_wall e=inf reactor_inlet

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 boundaries
are assumed to be internal boundaries. In example 1, region 2
has an internal boundary on east, an outflow boundary on the west,
a symmetry boundary on the south, and another internal boundary
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 named
"reactor_inlet". The attributes for "reactor_wall" and
"reactor_inlet" would have to be specified elsewhere in the

CURRENT input file using the SURface and INflow commands.
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Dump

Purpose: Determines the size of the diagnostic output file "parser.out"

Example: Dump Small
d s

Remarks: The user may specify Small, Medium, or Large (abreviated 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: Group Elements Region Name "1" Append

gern"1i" a

Remarks: One of these mesh generation commands must be placed in the
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 "1" with "n". AP
will produce its own set of group commands containing the actual
list of elements for each region. These AP generated lists

must appear in the problem.inp for each region.

INflow

Purpose: Indentifies the attributes of an inflow boundary.

Example: INflow Name tube_inlet U_velocity=1.0 UFunction=screen_u &
V_velocity=0.0, W_velocity=0.0 Temperature=300. &

Species=1.0,0.0,1.0 SFunction=screen_sl1,dummy,screen_s3

in n tube_inlet u 1 uf=screen_u v=0 w=0 t=300 &

5=1,0,1 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 specified
piecewise linear functions "screen_s1" and "screen_s3." Note
that in this 3 species example, three functions were specified
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_si" 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 "Vfunction", WFunction", and TFunction" respectively.

Whenever a function is specified for a boundary quantity, the
constant following the name of the boundary quantity (1.0 in
the above case for U_velocity) serves a multiplier for the value

interpolated from the piecewise linear function.

INITial

Purpose:

Example:

Remarks:

Assign flow field initial conditions at problem startup.

INITial U_velocity=0 V_velocity=0 W_velocity=0 P=1333. &
Temperature=300. Species=.1,.2,.7

INIT u=0,v=0,u=0,p=1333,%t=300,s=.1,.2,.7

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_itefation

Purpose:

Example:

Remarks:

Specifies the last SIMPLER iteration to be taken before advancing

the time step.

LAST_iteration 1000
LAST=1000

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
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also occur if convergence is achieve during a time step.

MATerial

Purpose:

Example:

Remarks:

Node

Purpose:

Remarks:

PATH

Purpose:

Example:

Remarks:

Identifies the material model for a particular region.

MATerial Region 3 Name chemkin

mat r=3 n=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.

Specifies nodal coordinates for a node.

These commands are generated automatically by the mesh generator
AP. They are a required part of the "mesh.inp" file. There should

be one Node command for each control volume in the problem.

Lists the segments which make up a user defined path.

PATH Name part_surface Segments 1,2,3,7,8,10,11,45,49
path n=part_surface s=1:3,7,8:11,45,49

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
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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=100
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=0.5 V_velocity=0.5 W_velocity=0.5 &
P=1.0 P_Correction=1.0 Temperature=0.3 Species=.4,.4
REL u=.5 v=.5 w=.5 p=1 p_c=1 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: Indentifies the attributes of a surface.

Example 1: SURface Name disk ISOthermal=0N Temperature=1.0 TFunction=tdisk &

REAction=0N Material=2 Site_fractions=.9,.06,.04 &

ROTation=0N Omega=3.142
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Example 2:

Remarks:

sur n iso=on disk t=1.0 tf=tdisk rea=on m=2 s=.9,.06,.04 rot=on 0=3.142

SURface Name wall ISOthermal=0FF REAction=0FF ROTation=0FF

sur n wall

One SURface command must be present for each surface type. Example 1
describes a surface named "disk" as having a temperature distribution
defined by the user 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 command. An
adiabatic surface is specified by turning the ISOthermal keyword "OFF."
If the surface is declared isothermal the Temperature and 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 the three surface

species site fractions are .9,.06 and .04. One site fraction guess

is required for each surface species in the surface chemistry mechanism.
Finally in Example 1, the "disk" surface is described as rotating

with a speed of 3.142 radians per second.

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 "OFF", i.e. not including the keywords

implies that they are turned "OFF."

An additional keyword "Accom" (surface accomodation factor) 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 DESCRIPTION

Restart OFF Designates a run as a restart
MASS_adjustment OFF Provides mass adjustment at outflows
U_velocity OFF Activates "u" momentum equation
V_velocity OFF Activates "v" momentum equation
W_.velocity OFF Activates "w" momentum equation

P OFF Activates pressure equation
P_Correction OFF Activates pressure correction equation
T_emperature OFF Activates energy equation

Species ' OFF Activates species equations

Chemistry OFF Activates gas phase chemistry
MULTicomponent_diffusion OFF Provides for multicomponent diffusion
THERMAL_diffusion OFF Provides for thermal diffusion
PLANar_geometry OFF Planar (not axisymmetric) geometry
NET_flow ON Activates "net flow" option at inlet
Dump OFF Enables printing of ".out" files
Hybrid_differencing OFF Provides for hybrid spacial differencing
Quick_differencing OFF Provides for quick spacial differencing
GMRES_Pressure OFF Enables GMRES acceleration of Pressure
GMRES_P_Correction OFF Enables GMRES acceleration of P_C
GMRES_Species OFF Enables GMRES acceleration of Species egns.
GMRES_Temperature OFF Enables GMRES acceleration of Energy eqn.

Switch commands that place switches in their default positions need

not be included in the input file.
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SEGment

Purpose:

Example:

Remarks:

Defines a line segment.

SEGment Number 12 Region 4 Side North Orgin East

segnil2r 4snoe

A segment is a straight line that coincides with the side of 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: STREAMline PATHnames perimeter

stream path perimeter

Example 2: STREAMline PATHnames outside part_1_surface part_2_surface

Remarks:

stream path outside part_1_surface part_2_surface

This command is required if streamlines are to be displayed 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 commands.) 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_i_surface" and "part_2_surface."

SPECies

Purpose: Defines the maximum number of gas phase and surface species.

Example 1: 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: One SPECies command is required for each problem. In Example 1, there are
six gas phase species and one surface chemistry mechanism 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.

TITle

Purpose: Assigns a title to the database produced in the "ap.bin" file.

Example: TITle "CURRENT Example Problem"
tit "CURRENT Example Problem"

Remarks: This command is optional. The title phrase must be enclosed in quotes

if spaces are present.

TRANSient

Purpose: 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

Remarks: This command is required for all transient problems.
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