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FOREWORD

Postulated loss-of-coolant accidents (LOCA's) for light water
reactors generally involve an excursion in temperature for perts of the
reactor .ore in which the reaction of the Zirceloy fuel rods with the
steam enviromment may become appreciable. The effects of the Zircaloy-
steam reaction mist be considered in the emergency core cooling system
{P2CS) design because of their potential influence on both the thermal
and mechanical behavior of the system. Thus, it is important to demon-
strate a reliasble method of evaluating end predicting guantitatively the
extent of reaction during transient temperature exposures.

The Zirconium Metal-Water Oxidation Kinetics (ZWOK) program in the
Metals and Ceramics Division of the Oek Ridge National Laboratory is
generating kinetic data necessary for the abov:z evaluation. An important
part of this program is an investigation of the applicability of the
models and mathematical treatments that can be used to describe the
details of the reaction under transient temperature conditions. This is
a complicated mathematical problem which can be handled satisfactorily
only by computer technigues. While several analytical solutions and
computer pregrams are available to examine simpler models of Zircaloy
oridation, the computer program, SIMTRAN I, described in this report,
is a sophisticated calculation which ylelds a complete description of
the oxygen distribution and temperature profiles for a variety of input
or boundary conditions. The code is based on an ideal model which will
eventually be tested by comperison of the theoretical and experimental
results for a mumber of transient temperature excursions.

The code was written by Dr. Siegfried Malang, a visiting scientist
on aasigmment to ORNL from Karlsruhe Nuclear Research Center. Since
the editing and pudblicatinn of this report has taken place since
Dr. Malang's return to Germany, we apologize herewith - to Dr. Malang
and to the readers - for any changes in meaning which have occurred as
a result of the editing process. In addition, we would like to emphasize,
as has been done in the body of the report, that while the progrsm has
survived merous tests of its mechanical soundness, no serious testing
has yet been accomplished that examines the individual or group accuracy
of the input physical property, kinetic, or thermodynamic data for the
Zircaloy-steam reaction. Thig aspect of the code's applicetion will bve
reported at a later date when additional information to support a model
verification will. be available.

KRichard E. Pawel
John V. Cethcart
Metals and Ceramics Division



SIMIRAN I - A COMPUTER CODE FOR THE SIMULTANEOUS CALCULATION OF O
DISTRIBTIONS AND TEMPERATURE PROFILES IN 7IRCALOY DVRIE: T POS.
T0 HIGH-TEMPERATURE O-IDIZING ENVIRONMEXTS

YR
RE

S. )hlang'
Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 27937

ABSTRACT

SIMIRAN I is a Fortran IV computer program written for the
IBM 340/°1 system whish solves SIMultaneously the TRANsport
equations for both heat and mass flow for the one-dimensional,
miltiphase, moving-boundary, transient-temperature transport
problem in a finite-geometry system defined by cylindrical
coordisates. The code utilizes an ideal diffusion model which
reqguires uniform layer growth of all phases and assumez the
existence of thermodynmmic equilidbrium at all interfaces at
2)] times. While SIMIMRAN was constructed specifically for
the consideration of cxidati<. phenomena during the reaction
of Zircaloy fuel tubes witn s.eam under high-temperature
transient oxidation conditions, only minor changes are
necessary to make it gemerally applicable to other materials
and a number of oxidation, diffusion, and heat-transfer problems.
A variety >f boundary-condition options permit the mathemmtical
simulation of & wide range of oxidation experiments.

The basic operationsl input to the code, which must Include
physicai pr.perty, thermodynamic, and kinetic data over the
desired temperature range, was selected from a variety of literature
sources. Thus, while the results of the code yield acceptably
accurate and self-consistent results in terms of the model and
the methematical operat.ions, the user is cautioned to interpret
the output results in terms of his confidence in his imput
informtion. The data presently incorvorated into the code were
assembled, at least in part, expediently and have not yet been
subject to a critical emluation either separately or as a
whole (in terms of a model verification). Such information will
be published at a later date.

Jl.()n assignment to ORNL :rom Karlsrute Muclear Resra:ch Center,
West Germany.
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1. INTROCTION

The cladding of ruclear fuel rods in water cooied reactors is the
first barrier against the release of fission products. Its integrity
is especially important in 2 postulated Loss of Cvolant icciient ‘L0C:i)
since in this case the second barrier - the pressure vessel and the
primry coolant cycle - is partly open tc the reactor containment.

The cladding material in all water-cooled power reactors is T“ircaloy.
This alloy has a good corrosion resistance against water at normal opera-
ting temperature. During a L(C’A, however, the claiding termperature may
rise to high levels. At such temperatures, Zircaluy will react vigorously
with steam, and the resulting exothermal reaction can influence sigsnifi-
cantly the temperature attained during such an event.

The amount of oxidation during a LOCA also has an important influence
on the mechanical strength of the clad and therefore its integrity. Wwhile
the total welight gain due to the oxidation is 2 rough measure of the
change in mechanical strength, a complete etamination of the oxidation
phenomena is necessary for a more detailed analysis of the tehavior of
the clad.

In addition to the oxide layer, there are two different metallic
phases which exist for partially oxidized Zircaloy, depending on ~he
temperature and the oxygen concentration. Since the ductility of the
material is strongly influenced by the oxygen concentration, the distri-
buticn of the oxygen is generally a more important variable than the
totel oxygen content. This distribution can be calculated by application
of the basic laws or diffusion to the tnree different layers in an
oxidizing specimen.

A computer code based on a finite difference analysis has been
developed which can simultaneously solve the oxygen diffusion and heat
conduction equations for a material consisting of up toc three different
layers. A wide range of arbitrary boundary conditions for oxidation and
heat transfer on both surfaces of a specimen can be used. Tha code has
been designed primarily for the investigation of Zircaloy oxidation. It
can be used, however, for a variety of oxidation, diffusion and/or heat
transfer problems in other materials. |
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~. TROELEM DEFINTTION

The oxidation of Zircaloy at temperatures above the /8 transition
range involves the -iissolution of oxygen into the metal as well as the
Zrowth of layers of oride and oxygen-stabilized alpha. The particular
case of the reaction ol steam with a Zirecaloy fuel tube Zuring a tymical
hypothetical 2CA iz a complicated example of this gereral sort of
behavior.

As part of an effort to ievelop a predictive capability bty which
to 3escribe the ertent of the Zircaloy-steam reaction auring non-normal
or gccilent cornditions, the computer program SIMIRAK I has been written.
“he tasic assumption invoked in obtaining solutions to the mass-transport
ecuations is that thermodynamic equilitrium is maintained at all bound-
aries, regariless of their rate of movement or the rate of temperature
chan,_2, Supersaturation ir all phases is permissible when arrived at
ty temperature changes, and uust be dissipated by diffusion and uniform
phase growth rather than by precipitation. The growth of 21l phases is
assumed to take place uniformly, in the manner envisioned when applying
the idear diffusion equations. 1In addition, it is assumed that each
transport ecuation is completely characterized ty a single kinetic
parameter, although this parameter is generally a function of the partica-
ular phase, the temperature, andi the orxygen concentration.

SIMIRAII I utilizes finite difference technigues to solve, in cylin-
drical coordinates, the one-dimensional, multiphase, moving boundery
diffusion vroblem in 2 tube wall of finite thickness. Frhysical property
data, as well as kinetic and thermodynamic parameters serve as the basic
input to the code which, cn the basis of the ideal model, can then evamine
similtaneously both the hea* and mass transport processes that occur
during a given reaction. Both isothermal and transient temperature oxi-
dation can be studied as well as oxidation in a particular reaction
environment where self-heating of the specimen might take place. In
addition, the high degree of flexibility in defining the boundary condi-
tions in this program permits the modeling of a large mumber of useful

reaction sequerces.



2. MODEL, METHOLS, AND ASSUMPTIONS

A finite difference approach is used for the calculation of both
temperature profiles and oxygen distriobutions. The general finite dif-
ference methodology for diffusion in a system without moving boundaries
is well known: and will, therefore, be described only very briefiy. ‘lore
emphasis will be placed on the description of the specific methcd used

here to deal with *he problem of the movirg boundaries.

3.1 General Method for the Calculation of Temperature Profiles and
Oxygen Distributions

The method will be explained for a flat wall in order to keep the
description as simple as possible. The code itself uses cylindrical co-

ordinates.
The basic equations for one dimensional conduction and diffusion

in a flat wall are

AT _ . 3°T
EER (1)
3¢ _ . . d%
S0 =S (1a)

where

x Teml = distance

3

fgsec] = time

-3

7°C] = temperature

om?
Tge-—c] = thermal diffusivity

Q

Q

[E-E-:—l'}l] = concentration
(i.e.,oxygen in Zircaloy)

2
D T%n;] = oxygen diffusion coefficient



The use of a finite difference method defines the wall as being
divided into a numter of nodez in whnich all the mass is assumed to be
concentrated. These nodes are connected by "conductors” which "conduct”
heat and oxygen. The differential equations (1) and (la) are converted
to the following difference equations:

T

n_ ‘u
—_— (n.c. = =T ) T

At (p-e-v)y Lt n,oz (Tn—1 T Lt n, a0 ok Ty) +a ()
——— S —— e -

change in stored heat net heat transport hesat generation in
node n

»

Cn —Cn
* =L C
Ar Yn = “¢,n,n-1 ("'n-1-cn) * Lo on,nh (CrerCa) (2a)
—

change in net diffusion

oxygen content

Equations (2) and (2a) show the heat and mass transport balances for the
node n. 'I'n and cn are the mean temerature and concentration values at

the time r; Tn' and Cn' are the corresponding velues at the time v + Ar.
The meaning of the other symbols is:

0 TS-:-:—';-‘] = density

ws
el 1 = specific heat
~gram° K’

v c@® ] = volume

L, {.~¥ ] = conductance, thermal conductor

e Cm ' '
L, '?ZE] = conductance, oxygen 'conductor
q T w ] = heat generated in node during Ar.
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Lt ard Lc can be determined with the eguations

A
L =K- 3 (3)
L=D-é (3a)

where ¥ [em] is the distance between the two nodes and A the cross-
sectional area'.['gmzf of the conductor. K ’[:c_:'il is the thermnl conduc-
tivity and D [%-:—c—'_': is the oxygen diffusion coefficient. "A” is usually
chosen to be 1 cm® for convenience. The equations (2) ani (2a) have to
be solved for each node. The sets of solutions comprise the temperature
profiles ani oxygen distributions as functions of time. Artitrary bound-
ary conditions as well as temperature dependent and concentration depen-
dent material properties car be used with this method.

As part of the basis for the temperature calculation, it is assumed
that a reaction heat | specified as 34330 Eraﬁ__rm ) is generated at
the cxide-a interface. The heat which is necessary to split steam into
0 ard }{2 at tha gas-oxide interface must also be accounted for. The

fraction of this energy supplied ty the specimen is specified as an input.

3.2 Treatment of the Moving Boundaries

The basic assumption of the entire method is that the oxygen concen-
tration on both sides of an interface between two phases is always the
equilibrium concentration. 3Such an assumption is almost universal in
isothermal, diffusion-controlled oxidation processes, but it is difficult
to judge how accurate it is in transient temperature cases. Therefore,

a particularly important check on the validity of the code will be its
ability to predict the results of transient termperature oxidation experi-
ments after the adjustment of the kinetic input parameterg determined '
on the basis of the results of isothermal experiments. The treatment :is
presented without ~~)jlicit consideration of density changes in the phases
during oxidation. The method chosen to account for this effect is ‘
discussed in par. 3.7.

1 oS LKA RIS ok 34 T e e e 4



Two differenrt methods are usei for tie treatment of the moving bound-
aries, depending upon the thicknesses of the oxide and alpha Zircaloy

laysrs.

2,21 Oxide Layer Less Than 4 pm Thick

To avoid excessive computing time, the mesh sizes for the main diffu-
sion calculations are chosen in such a way that the axide layer must be at
least 4 yum and the alpna layer at least ¢ yum thick in order for the
calculations to be made. Tc eaable the code to describe the growth of
very thin layers, a sepirute simplified method was developed that utilizes
cnly two nodes in each of the oxide and alpha layers. This stipulation
results in the assignment of linear concentration gradients to these thin
growing layers. This method will be described with the help of Fig. 1
which shows the oxygen concentration praofile near the surface. Only a few
nodes in the beta layer are shown, but the cnde calculates over the entire
wall.

The three oxygen fluxes, FLUY O, A, and B, are each kept constant
during or.e time step Ar. The movement of the interfaces after each time
step is calculated in the following way.

N 0= Py A) - . I

ot _(Fux 0 - Fuy A) - ar 45, - (€ -C,) (%)

0 0~ :"_E

v0 A
=
(FLLY A-F!* B) - Aar+ S, (C,-C, )

s -s = A_A A (5)

A A - ® -

CA —CB
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NODE NUMBER
1 2 3 4q 5 6 7
Co
Coa
—
FLUX O
Cao
—
FLUX A
Caa
q
—
FLUX B Cs 7
e— OXIDE —o=— AL PHA —ofs— BETA l. -
— so—— pag—— S ———mn —-53‘——1-‘- S45+S$‘LSG7 "

Fig. 1. Model for the treatment of moving boundaries for thin

layers.
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The meaning of the symbols is:

At [sec] time step

CsCon
FIWX 0 = Dy —=———
AO
FWX A = D, ——— s,
FIUX B = Dy

Coa

Ca0

Can [ﬂl‘?

Caa -

Cs

PRy Ny G -

€o +Ca [51:'
| J

SO’SA [cn]

» »
So 84 [e=]

2 f[-m]

(see Fig. 1)

(6)
(7) oxygen fluxes

\8)

Aversge oxygen concentration in oxide.

Average oxygen concentration in alpha-
Zircaloy.

Average axygen concentratior in beta
Zircaloy S~tween nodes 3 and 4.

Concentrations at the various
interfaces; see Pig. 1.

Concentrations after time step M.
(can ve different from C.,C

tesperature changed duri& éine step. )

Thicknesses ot axide and alpha layers
at start of time step.

Thicknesses of oxide and alpha
layers at end of time step.

The concentration in the beta phase is calculated by using the general

method degcribed in section 3.1.



10

3.22 General Trestment of the Moving Boundaries

The concentration gradients and interface movement for oxide and
alpha Zircaloy are computed by using the method described in section 3.21
for layer thicknesses up to 4 and § um, respectively. Por thicker layers,
a different method is used which, in general, mmkes use of at least four
nodes in each phase. These methods shall be described focusing on the
profiles at the oxide/alpha interface as illustrated in Fig. 2.

The oxygen fluxes, FLUYX OA and A0, and the concentrations are kept
constant during the time step Ar. After this time step, the movement of
the interface is calculated from the following equations:

C..¥C Cc._+C
Ol “OA . JA0TA e .
s01 " ——+ Sy —_—+ (FLZ OA — FLUY AD) - AT
» » » »
-sT. €01*C0a +s . Coa )
) 2 Al 2
L J
S +S._.=5-+s (a)

€y
01" 0a
FLZ OA = Dy —g—= (10)
o1
CoiC
PUY AO = D, ‘gﬂn 1)

The symbols are gimilar to those uged in per. 3.21, with reference to
vig. 2. The code solves the equations (?) - (11) for cylindrical
coordinates. The movement of the alpha-beta interface is treated in an
identical mmnner.

The concentrations in the nodes ingide the three layers are all
calculated according to the methods outlined in section 3.1. The possible
boundary conditions at the surfaces of the wall are degcribed in the
next gection.
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Fig. 2.
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NODE NUMBER
of Al A2

OXIDE —— ALPHA

o1 S —=1=— S, —te— Sa2 —a>

Model for the general treatment of moving boundaries.



3.5 Boundary Conditions at the Two Surfaces of the Wall

The code allows for ozidation and/or heat transfer at the inner sur-
face, at the outer surface, or at both surfaces of a hollow cylinder. All
boundary conditions can be time dependent.

3.31 Boundary Conditions in Regard to Temperature Profile Calculations

Three kinds of heat transfer associated with each surface can be
specified:

a) Convection, determined wirh n, T oo

b) Radia.ion, determined with ¢, T all
where Tcool is the temperature of the gas stream in contact with each
surface; Tnll is the temperature of the surroundings with which the
specimen exchanges heat by :xdiation; & is the convective heat transfer
coefficient; and ¢ is the Stefan-Poltzmmmn constant.

c) Firxed heat flux (independent of specimen temperature or heat

transfer by convection or raiiation).

1

3.3- Boundary Zonditions in Regard to Concentration Prcfile Calculations

Ar upper limit for the oxygen flux available to either surface can
te specified. As long as the actual oxyzen flux, determined by the dif-
fusion constant and the concentration gradient, is smmeller than this limit,
stoichiometric oxide at the surface is assumed. Otherwise “he concentra-
tion at the surface node is calculated with the equation:

. = 2 - lp —- - ; 2
C = Ca* Yypge " T (12)
“nere
cy_ [ﬂag] = oxygen concentraticn at the surface.
o [E"_‘!] = oxygen concentration at the next node.
n| e J
r -r [c-] = distance between the two nodes.
1 n
g = upper limit for oxygen flux to the surface.
limit on’
-sec

diffusion coefficient.

(3]
[}
a8,

)

W
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The purpose of the wvariable olinit
phase control of the oxidation rate, or "steam starvation,” to be ob-
served. In the present version of the code, olinit
be time dependent. If tnis varisble (for either side) is specified in
the code as uniquely zero, then no oxidation takes place on that side. If
intermittent oxidation (i.e. oxidation-annesling steps or tube-burst
simlation) is desired, then the oxygen flux limit for the periods when

no oxidation is taking place is given by some small mumber greater than

is to allow the effect of gas

is an input which can

zero, such as 1x10 %"

3.4 Selection of Mesh Sizes

Tt can be shown that the stable time step for the integration (see
section 2,5) is proportiomal to the square of the mesh size. Since the
mumber of nodes increases linearly with decremsing mesh size, the comput-
ing time increases approximmtely wita (1/mesh size)’. Therefore, it is
important that small mesh sizes be used only at the places and times vhen
it is really necessary. For example, for temperature calcilations a larger
mesh size should be used ir the metal than in the oxide since the thermml
conductivity in the metal is much larger and, therefore, the temperature
gradients much smsller.

Similarly for diffusion calculations, a larger mesh size can be used
in the beta phase than in the alpba phase or the oxide. In additiom, it
would be desirable to keep the number of nodes in the oxiie and alphe
layer approximetely constant, indepenient nf the layer thickress. For
all these reasons, up to seven 1ifferent mesh sizes may be used to com-
plete a typical calculation. This means that the mesh size can and wilil
vary as a function of purpose [temperature or diffusion calculation),
phage (axide, alpha, or veta), and layer thickness /ani, therefore, time).
To determine the smmllest mesh size, DR, the largest integer M for the
equation

o

- wall thickness 21 (12"

.
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is calculated. This basic ‘minimum) mesh size is used for diffusion
calculations in the thinnest oxile and alpha phases only. For other
purposes, mesh sizes determined by multiplying IR by 2, 4, £, 15, 32,
or & are used. The particular mesh sizes for specific uses can be seen
in Table 1. It should be mentioned, however, that the interfaces between
the different phases do not have to be exactly at the location of a n~de
but may be located between them.
For the selection of the mesh size for diffusion calculations, the
following guidelines are used.
a) mesh size in alpha = mesh size in oxide
b) mesh size in beta = 2 X mesh size in alpha for the 1C meshes
adjacent to the 2/9 interface, otherwise €4 IR.
c) oxide layer is divided into at least 2 mesues
d) alpha layer is divided into at least 3 meshtes
e) not more than 2 meshes in alphe layer if this is not a contra-
diction to c), given condition a)
f] not more than 8 meshes in oxide laycr if this is not a contra-
diction to d), given conditiom z).
"sing these guidelines, the mesh size: can increase or decreise during
the computstion, depending on which direction the interfaces are p-.ing,
in order to create s talance between accuracy and computing time.

3.5 Integration Method

In cases with fast temperature changes, the heat conduction eguation
{2) and the diffusion eguation (2a) have to be solved simultaneocusly
gince the diffusion constants and eguilibrium oxygen concantrations,
especially, ere strongly temperzture dependent. The most simple method
to do Zhis is to use an explicit integration scheme. An explicit method,
however, bas the digadvantage of having a very smll stable time step,
vhich can lead to a very long computing time for smny useful types of
cases. To kezep the option for the implementation of an impli-~it method
open, the concentration and temperature integrations are performed in

SO
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separate subroutines. Ain alternate integratior scheme can, therelore,
te added without too many protlems. s a first approach, a compromise
was mde by using an eplicii integration tilizing =p to four iifferent
time stens.

The appropriste statility criteria are siven by the egcuations:

c'c-\'_‘
A’! < = !'.- ’1—-‘
“¢t,n,m—: ton o
*n
A, S < — f142)
“e,n,n1 2,n,n
where
A-‘ = stable time step for the finite difference equation for the
temperatire caloilationg
A-.b = stable time step for the linite difference ezuation for the

concentration calculations.

The meaning o7 the symbols is the same 2s in S5, ) end /2).

In addition, use is male of rc, 2 mzim] tine increment furing which all
bouniaries and material properties for tempsrature calculations ere kept
constant, and A’d’ a mexima] time increment furing which all boundaries
2n? material properties for concentration calcuiations are kept constant.
Squations (14) end /14a) have to be applied tc each node, and the
smallest of tne two stable time steps, L and L) is used. It can te
seen that Afra and &rb depend only on the megh size and the values of the
therml conductivity or diffusion constant. If Af. or A~ is sxall, then
this smmll step has to be used even for very slow transients to insure
stability of the finite iifference solutions. However, in this cage it
is practical to change the model so that the much larger time increments
Mc and Arv q can be used, Therefore, provisions are made in the code so0
that a number of Ar_ (stable) steps can be performed between a single
Mc step;: similar provisions are made for Mb and Md' The calculations

which have to be repeated for each gtep A«’a and A‘Yb are kept a3 simple




s possible. The test runs showed that this approach togelher itk the
aitommtic time step control ‘see sectior 3. ) ieads %o a watzmatle
computing tine for difficsion calculiaticns for toth high ani low oxlleiic:
tesperatires. mly :if a detailed temperzture calcilation Is fegire: Tor
cases witk low ozidation temperstures will the compiiing “ize te exces-
sively long. 2 lurped see nei. 2.1 temperature cai~iation wouli

te more sppropriate for those cases. = rough rile of thaek Tor ine
somputing tinme in reasonstle cases is, for as IV 3 7/-1  <hat atout T
=in is reguired %or erxchk 1 | i movement o7 ‘he 3% Interface. vie <3
the ax tic time step contmi, the ~coapating time I3 ot Rirtly lepen-

dent on oxiiation temperature and layer thiciress.

2.7 Tizme Step Coutrol

The optimm] time step {or lempernture and concentration cmaisxliation=
veries over 2 viie range. This is kue to the sirong tesmeraiure iZepen-
ience of the mterial prmperties, especially the 1iffusion conetanis. In
eddition, the optiml time st _, depenis o0 the mesh size which varies wiin
layer thickness. Therefore, the time step my Vary froc 1 ~ sec %o 2
fes secondis in @ single esperiment.

I woult be very 2iffTicult if not impossible %o fint mamually =
satisfying compromise tetween pracision and computing time. Therefore,
an sutommtic time sted controi has been chosen. "'sing Lthis feature, the
user haz only to specify the time step for printing ot the res:ilis. The
code uses the four Aifferent time steps mentioned in section .7 for -2i-
culation. There are different levels of control. The first level ass:re:
stable time steps for tuqnntun‘am concentration caiculations. These
time steps are determined with Ty. (14) and [14a), and the values are never
exceeded. They are used for the integration in the explicit method. The
next level controls the time steps during which all boundary conditions
and material properties are kept #omtnnt. Thege steps can be specifie!l
by the user, but they are checked by the code itself. The code calculataes
upper limits which are actually u#ed if the step specifiei by the user
igs larger than the calculated upper limit or if the step size is not
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specified at all. These upper limits sre calculated so that the following
conditions are not exceeded during the time step:
1. For the temperature profile calculations, the temperature at the
wall surface does not change by more than 1°C.
2. For the concentration profile calculations,

(a) the oxygen gain at one surface is limited to the amount
which is necessary for the oxidation of 2.10™° cm Zircaloy
to stoichiometric oxiile;

(b) the oxide - o interface shxll not move more than 2-1C° cm:
and

(¢) the /A interface shall not mcve more than 5-10°° cm.

The values specified above are not inputs to the code. A user, however,
can change them easily if desired. They are only the result of a first

approach and could be optimized later in a sensitivity analysis. It is

not recommended, however, that the user generally attempt to specify the
time steps as an input.

3.7 Volume Changes Acsociated with Oxidation

It is assumed that the entire volume increase associated with the
oridation of Zircaloy to Zircaioy oxide takes place in one dimensinn. In
all the calculations, hcwever, the properties of a fictive material are
used instead of those of the "real” oxide i:. order to facilitate the
keeping of the mathematical origin (x = 0) at the original wall surface.
Only for the output of the program is the increase in wall thickness due
to oxidation calculated. To determine the properties of this fictive

material, the following conversion factor is calculated:

‘ FICFAC = fr7R0 — OSTOCH

3 -
DENZ.IR w volume ratio (15)
cm metal

2 manrin
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where
DENZIR | E2B | - density of Zircaloy
. cm) el
parro | E52 | = density of 7ro,
cm

i}

oxygen density in stoichiumetric 2roO

ostocy | £ A
cm

The conversions between the real values of the properties in the oxide and

the fictive values (written with +) are:

s* = sfrIcFAC layer thickness

n* = D/FICFAC? diffusion constant

C+ = C-FICFAC oxygen concentration
+

(Cp p) = Cp P, roz-FICFAC heat capacity

XK' = K/FICFAC thermal conductivity

The volume charnge associated with the transition from 9-Zircaloy to o is

neglected as well as the small effect of oxygen concentration on the
density in all the phases.

4. GENERAL FEATURES OF THE CODE

The features of the code development can be summarized as follows:
1. The code permits simultaneous determination of the temperature
and oxygen profiles for a variety of typical oxidation experiments.
2. All material propeirties imput to the program are located in
separate subroutines so that changes can be made easily.
3. All physical, thermodynamic and kinetic variables are input to
the program as temperature dependent functions.
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4. Diffusion constants may be designated as concentration dependent,
if desired.

5. It is possible to specify an upper limit for the oxygen flux into
the wall, which permits the effects of gas-phase controi of the kinetics
to be examined.

€. Oxidation and heat transfer may occur at either or both free
surfaces of the tube.

7. All boundary conditions may be time Zevendent.

2. Options are included for performing several simpler oxidation
calculations such as total oxygen calculations based on the data of
Baker-Just, Houson, or Lemmon.

9. Options are provided whereby either a complete temperature pro-
file may be calculated, or the temperature calculated on the basis of no
temperature gradient (Lumped). The latter is useful when gradients are
expected to be small, and it results in an appreciable saving in computa-
tion time.

Figure 3 shows the flow chart for the code. The general outline and
the calling sequence for the subroutines are shown. In the following
sections, the purpose of each subroutine is described briefly.

4.1 Main Program, SIMIRAN

This is a short and simple program whick ~alls the different sub-
routines where the variovs computations are accomplished. In additionm,
the time step control and selection described in section 3.6 is performed
here.

4.2 Subroutines INPUT and INDATA

These routines read all the input data and print them out. No
elaborate calculations are made,

O e st
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4.3 Subroutine INITIA

In this routine, initial walues are assigned to a mmber of boundary
condition variables.

4.4 Subroutines TEMPER, TLUMB, and INTTEM

In TEMPER, the temperature calculation is prepared. If the optiom
for a lumped temperature calculation is used, the sudroutine TLUMB is
called and the temperature calculated there. The subroutine INTTEM is
called for the cal:ulation of the temperature distribution scross the wall.

4.5 Subroutines DIFFUS, DSTART, MESHGE, INTDIF, and RATMOD

These are the largest and most complicated subroutines of the code.
They calculate the oxygen distribution throughocut the wall. The comtrol-
ling routine is DIFFUS. Depending upon the layer thickness and other
specified options, the other subroutines are called. DSTART performs the
complete diffusion calculation for thin oxide and 2 layers. For thicker
layers the calculation is prepared in LIFFUS and MESHGE, and the integra-
tions to provide values of total oxygen uptake are performed in INTDIF.
RATMOD is used for the total-oxygen calculations based on the Baker-Just,
Hobson or Lemmon data. With these equations it is assumed that all the
oxygen consumed forms stcichiometric Zr0,.

4.5 Subroutines OUTFUT and PREPAR

OUTPJT prints out the results in specified time steps. It calls
PREPAR to calculate the oxygen content in each phase and to prepare the
variables for plotting.

4.7 Subroutines PROPLO and TRAPLO

PROPLO is a cathode ray tube (VIDEO) plotting routine which plots
the oxygen profile in the wall in specified time steps. The time steps
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ere chosen as miltiples of the cutput time step. The comcentration cen
be plotted in two different scales vhich are selected by the user. With
one scale the profiles in oxide, o- and 8-Zircaloy are plotted; vith the
other, only the 2 and 9 profiles are plotted. The user can select ome
of thea or both.

TRAPLO is & pen-and-ink (CALCOWP) plotting routine vhich plots up
to 25 output varisbles as functions of time or square root of time.

Both routines use the standard plotting package of the ORHL-computers
vhich is described in Appendix A.

4.7 Punctions for Material Froperties

The code must contain s set of functions for the calculation of the
material properties. No claim is made that the egquations presently used
for these functions are the best ones. Thay are rather considered to de
reasorable values vhich may be used for testing purposes.

For every case, & tadble vith the material properties in the range
from 750°C to 1500°C (1382-2732°F) is calculated and printed with the
subroutine MATMAP. The subroutines vhich furnish these data to the com-
putational routines are:

1. INTFAC: Calculates equilidbriua oxygen concentrations at all

phase boundaries.

2. DIFCON: Calculates oxygen diffusion constants for all phases.

3. CONDUC: Calculates thermal conductivity for all phases.

4. SPEC: Colculates heat capacity (product of specific heat and
density) for all phases. This subroutine is presently
utilized to account for the heat of the a-f transfor-
mation by appropristely modifying the specific heat
input.

The temperature application limit of these functions is presently arbi-
trarily restricted to a maximum of 1850°C (3362°FP) (melting poimt of
Zircaloy). A lower limit of 850°C (1562°P) is arbitrarily set in INTFAC
for the solubility dats calculations. Except for specific heat values,
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these temperature limits are used for the calculation of the mterial
properties, and arbitrary constant values are applied cutside thesge
limits. It should be realized, of course, timt the axidation mode.
applied by the program is not valid ocutside the temperature range
approximately 850-1500°C (1562-2732°F) in any event.

5. DESCRIPTION OF THE INFUT AND OUTPUT DATA

All input and output data are listed in Appendix B and C. In addi-
tion, three sample provlems are given in Appendix D. Therefore, the
description here is restricted to the use of the major options.

5.1 Temperature Calculations

The particular option for this calculation is specified with the
variable NIUMB (card 4, field 1-10). There are three different options:

a) NIMB =0

The complete temperature distribution across the wall is calculated.
This calculation increases the computing time considerably. In cases
vhere the temperature gradients are expected to be small, options (b) or
(c) can be substituted with little loss in definition.

b) NUMB =1

Ti.: entire wall is treated as one node only (referred to as a
"lumped” calculation). The temperature is calculated as a function of
heat transfer at the two surfaces and the heat generation assocliated with
the oxidation. The nature of the heat transfer is specified in data cards
5 and 6. Every combination of oxidation, convective heat transfer, radia-
tion, and fixed heat flux can be specified for each surface.

c) NWUMB = 2

With this option, the wall temperature is identical with the variable
TSTEAM(1) (card 5, field 21-30). No heat transfer coefficients have to be
specified. If TSTEAM (1) is zero, TSTEAM(2) (card 6, field 21-30) is
used instead.
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5.2 Concentration Calculations

The surface vhere oxidation occurs is specified with the variables
HDIFF(1) and HDIFF(2) (card 5 and €, field 1-10) vhich set the meximm
oxygen flux available at eack surface. If there is oxidation on onme or
both surfaces, the corresponding HDIFF has to be grester than zero. After
oxidation hes occurred on a given surface, HDIFF can then be made arbi-
trarily smll (but not zero) for the remsinder of the transient or for a
part of it. Thus, intermittent axidation - amnealing steps can be comsid-
ered.

If the axygen distribution in the wall is to be calculated, the
variable NBAKER (card 4, field 11-20) has to be zero. For:

a) NBAKER = O,
the oxygen concentration profile is calcu.ated as a function of time,
starting with a constant concentration across the wall, given by CSTART
(card 11, field 11-20).

b) NBAKER > O,
only the total oxygen gain is calculated. It is assumed in this case that
all the oxygen forms stolichiometric oxide. There are no provisions for
limiting the oxygen supply. Specifically, for:

bl) NBAKER = 1, the Baker-Just equation is used.

b2) NBAKER = 2, the Hobson equation is used.

v3) FBAKER = 3, the Lemmon equation is used.

6. CONCLUSION AND OUTLOOK

A number of cases with a variety of boundary conditions have been
considered with the code for testing purposes. Preliminary results
heve shown excellent mechanical operation and self-congistency in the
calculationg. Further testing and model verification is in progress.

So far, it has been shown that in nearly all practical cases, a
lumped (single-node) temperature calculation is adequate; this leads to
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a considersdle saving in computer time compared to the sore detsiled
tauperature calculation. Genmerully, the mximm tesperature difference
in & specimen exceeds one to two degrees only in cases vhere comparatively
thick oxide layers exist amd vhere a large heat flux through the wall is
specified by the experimsmtal comditions.

No attapt has Desn mede yet to select or to adlust the equations
for the materials properties in order to get the best possidble agreement
between calculation and experiment. To aid in this purpose, a specialized
version of the code will be deweloped which utilizes experimental data
from isothermml axidetion rate measurements as input and selects by an
optinisation scheme the "best” diffusion constants and equilibrium concen-
trations for all three plmses as functions of temperature. We consider
such an optimization step tc be of great importance, and all users of the
code are strongly advised to keep this fact in mind. The variocus material
paremeters contained in the code were selected from a variety of iitera-
ture gources, and at this time we can offer no assurances as to their
correctness despite the fair agreement ve lmve obtained between calculated
and early experimental results. The fimal verification of SIMIRAR I
avaits the completion of the experimentel phase of our program, and not
until that time wil?! we be able to comment on the applicability of the
code to the steam-Zircaloy reaction over a wide temperature range or on
the validity of the material parameters presently incorporated in the
code.
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APPENDY” A
DESCRIPTION GF THE PLOTTIN: ROUTINES™
Al. Calcop Pen and Ink Plotter Subroutines

The Calcomp tape transport accepts a seven-track magnetic tape
written on the IBM/36C computers in & special formet and uses data from
this tape to drive the pen and ink plotters. The basic plotting package
my be caslled by FORTRAN programs. A description of the subroutines and
their calling sequences follows. The basic plotting package performs all
necessary manipulations to generate the tape for plotting.

The package computes the incremental steps necessary to move the
plotter from its current (¥,Y) position ¢o the (,Y) position given in
the calling seguence. The data generated are stored in an array and
vritten onto mgnetic tape each time the array is filled or vhen an end-
of-graph call is given. Sequential graph addresses are generated for
each graph written, and the graph addiress is displayed to the Calcosp
operator as plotting progresses.

Subroutine PLOTS has two entry points. The first eatry, PLOTS, is
used to initialize the routine by transmitting parameters indicating the
location of a storage area available to the routine and the length of the
stoage area, The second entry, PLOT, is used to convey coordimate data
to be converted into incremental plotter cossmands.

Initialization Putry - CALL PLOTS (A, LENGTH)

A is the first location of a storage area wvhich may be used by the
routine for accumlating data to be written on cape. Normally, an array
is set agide for this purpose.

LENGTH is an integer such that 47 £ LENGTH € 8191 vhich specifies
the mumber of consecutive four<-byte locations begimning with lozation A
available to the routine. If A is an array, then LENGTH is the dimension
of the array. For plotting efficiency, the value of LENGTH should be

#*Taken from "Programmer’s Notebook,"” Computer Science Division,
Oak Ridge National Laboratory, Section 13, (June 1975).

R



hetween 3000 and 5000. The progresper ‘ -utwt\u_othtgrtionot
:to&&cnlomtiouhm__’ MtimASImmz at any time between

the initialization of the package and the fimal uge of the routine.

Plotting Batry - CALL PLOT (Y, Y,T)

This csll geaerates the necessary plotter commmnds to move the pen
in the nearest spproximation of a straight line from the curremt (X,Y)
position to the (\,Y) given in the calling sequence. The arguments are
as follows.

¥ 1is the abscissa in inches expressed in floatiag point.

Y is the ordimate in inches expressed in floating poimt.

I 1is sn integer vhich specifies whether or not the pem is to coutact
the paper while moving to the nev (X,Y) position. The sign of I specifies
eit®zr a contimation of the current graph (I = 0) or an end-of-grsph call
(1 <0).

If !I! 2 3, the pen will be lifted prior to execution of the movement
to given (X,Y) position; if 'I! =2, the pen will be lowered and a
straight line drawn to the given (X,Y) position; and if |I| = O or 1, the
pen vill not be altered. If I <0, the commnd will be interpreted as an
end-of-graph call, and following movement to the given (X,Y) positiom,
the X reference point will be set to O to establish a new origin for the
following graphs. Note also that |I| will determine whether the pen is
lifted on this fimal call for each graph. The end-of-graph call also
causes any data remaining in the storage area to be written out and the
sequentisl graph mumber to be incremmnted. PLOT keeps track of the cur-
rent stetus of the pen so that redundant psn commands are not generated.

Subroutine SYMBOL. - This routine provides the programmer with the
ability to drawv alphamumeric characters. It may be used for labeling,
annotation, data point plotting, legends, etc. It allows the programmer
to choose the size of the characters and the orientation to suit himself.
One hundred twenty-seven slphamumeric characters are available in the
SYMBOL routine.

The calling sequences and arguments are given below.
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Batry - SHBO.. - Tvo functions are served by this entry point.
Although the calling sequencer are very similar, each will be described
individually to svoid confusion. 7The normal ewmtry is used for titles,
identifrication, etc. The calling sequence is

!
%

BKCD

THETA

CALL SY™BOL (¥, Y,H,BCD, THETA,N),

is the abacissa of the left edge of the first character to be
dyrewmn.

is the ordimte of the lower edge oOf the first character to be
drevmn.

is the beight, in inches, of the charecters to be drawn and

H 2 0.035. Best results will be obtained if H is an integral
multiple of 0.035; e.g., 0.035, 0.07, 0.105, 0.14 ... . The
width of a character is four-sevenths of the height.

specifies, in either of two forms, the alphanumeric characters
to be drawvn. The argument my (1) list the BCD charmcters;
e.8., ..., L7HALPHANUMERIC DATA, ..., or (2) be the address of
the first element of an array comtaining BCD characters; e.g.,
..., BCDARY(1l), ... .

is the angle, In degrees, expressed in floating point at which
the characters are to be written. THETA is measured counter-
clockwise from the positive X axis; hence for THETA = 0.0, the
characters are drawn left to right parallel to the X axig. For
THETA = 0.0, the sine and cosine are not computed, but for any
other angle, SIN and COS are called. If a string of characters
is to be drawn at an angle other than 0.0, the entire string is
rotated with the (X,Y) giver in the calling sequence as the
pivot plant.

is an integer which specifies the mumber of characters to de
drawn.
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If N> 1, spacing between the characters is accomplished automati-
cally and is one-half the width of the characters.

The second function of this entry is to provide plotting of data
points with the option of connecting consecutive data points with a
straigit line. The calling sequence is

CALL SYMBOL (*,Y,H,ICHAR,THETZ,L),
where
is the alscissa, in inches, of the center of the character.

Y is the ordinate, in inches, of the center cf the character.

H is the height, in inches, of the character and H > 0.02. Best
results in this sequence will be obtained if H is an integral
maltiple of 0.02.

ICHAR is an integer which determines which symbol is to be plotted.
THETA is the angle of rotation as previously descrited.

L is a negative integer which indicates whether or not the points
are to be connected with a straight line. If L = -1, the
character will be plotted without a straight line being drawn
from the previous (¥,Y) position.

If L < -1, a straight line will be drawn from the previcus (7,Y) %o
the given {7,Y) and the symbol will then be drawn. Note that L must be
negative or the subroutine assumes a normal calling sequence as previously
described. Only one character per entry is drawn in this calling sequence.
At the completion of any of the centered symbols, the pen is at the (*,Y)
position given in the calling sequence and the pen is DOWN.

Subroutine NUMBFR. - This is 2 subroutine tc convert a machine format

number to its decimal equivalent and plot it according to a specified
format. The calling segquence is

CALL MIMBER (S, Y,H,A,TFETA, nHFORMAT),

where 7,Y,H, and THETA are as described in the normal entry to subroutine
SYMBOL. A is the name of the machine format mumber to be converted and

REC TR T R e

%
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plotted. The type [integer or real) must conform to tte FORMAT specified.
nHFORMAT is a BCD argument which specifies the manner in which the mumber
is to be converted and plotted. The nH portion of this argument is the
normal FORTRAN method for transmitting BCD characters to a subroutire.
The FORMAT portion is one of the four numeric format specifications I, I,
¥, or D. Eramples of this argument are SEZ1..5, 4:F°.3, Z¥IZ, S¥T17.3.
The FORMAT specification mist not exceed six characters, an? scale factors
mst not be used. The total field width must not exceed 7 characters.
The numbers are converted by the standard litrary conversicn routines and
are right-adjusted in the field. This subroutine is designed primerily
for annotation where a single number is involved.

A2. Subroutine CRT for the Cathode kay Tube Flotter

Sutroutine CPT writes the plot commands on a “-track tape for the
cathode ray tube plotter. The basic calling sequence is

CALL “RT /ARGl, ARG2,IAR53,MODE)

The action taken depends on the value of MODE. The possitie actions
are descrited in the following sections and summarized in Table Al.

It is convenient to think of this plotter as writing on a page with
a2 normel plotting area of 11" x 17" plus a margin on each side of about
17. If the user does not specify his own origin and scaling factors, the
subroutine CRT will set up an 117 x 177 coordinate system with origin at
the lower left corner of the normel plotting area. A request to move the
beam from position {P.,D0.) to position (4.,0.) will then produce a hori-
zontal line along the bottom of the normal plotting area. Whether or not
this line will be visible depends on the beam intensity requested for this

beam movement.
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Table Al. Summary of modes in CRT(ARG1,ARG2,IARG3,MODE)

arc1! ARGt rc> | mope ACTTON
buffer buffer 'your spse s .
rame length names 0 Initialization
/integer)
asition beam 1 Move the beam
® intensity
Y indicator
17 -1 Find present beam
coordinates
position see 2 Write block numbers
v,Y Table 3 or advance film or
close tape file
durmny
YIOUIM, YIUM IBLOCK -2 ind last block number
7ORG YORS beam ES Change offset values
intensity
of set
I70RG -3 Find present offset values
YFACT YFACT Y 4 Change scale factors
UM
~4 Find present scale
factors
point
position intensity 5 Plot a point
,Y indicator
17
position beam 6 Ignore 1imit switches and
Y intensity move beam
irdicator
7
dummy I73ET 7 Change IZSET
“DUM, YOUN -7 Find present I7SET

ART1 and ARG2 are floating-point numbers, REAL*4 or REAL*8 (except

when MODE=0).

1ARG3 1is a 4-byte integer (except when MODE=0).
MODE is a 4-byte integer.

Comin v A
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As this line is produced on the cathode ray tube it is also recorded
by a 35 mm camerse. The film is advanced to a new frame for each nev plot.
Later, the film is developed and sent to the user.

Subroutine CRT may be called by Fortran programs and is included in
the standard Fortran librery on disk.

WODE=0, Initialization

CALL CRT (BUFFER,NBUFF,®YOUR NAMES™,0)
This is an initialization call and must precede all other calls to
CRT. Normally it is done only once and normally the subroutine will
ignore further initislization calls. However, it is possible to force
the system to reinitialize by setting NBUFF < O.
BJFFER is the symbolic mame of an array that CRT may use
as an output buffer.
INRUFF|  is the muaber of 4-byte words in the array that CRT
may use, Normally, it is the DIMENTION of JUFFER.
3000 < NBUFF < 5000 iz recommended.
'YOUR NAMES' Your name (12 characters or less) followed by a &,
within apostrophes. This will be used to plot a
special identification frame on the film strip.

MODE=1, Moving the Beam and Plotting Lines

CALJ, CRT (X,Y,I1Z,1)
X,Y represents the poiition to which the beam will be
moved from its pregsent position. However, 7 and Y
will be translated and scaled, as desceribed below.
Y and Y must be floating-point mumbers, either single
or double precision, REAL®*4 or REAL®S.
IZ indicates the intengity to be used, as described below.
All movements are made to positions defined by coordinates relative
to an origin. The initial origir (0.,0.) is always in the lower left
corner of the normal plotting area. However, by using a call with MODE=3,
a translated origin (XORG,YORG) may be obtained, and subsequent plotting
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will be relative to the nev origin. Each movement is made in a streight

line approximation from the present position to a new position (ABSC,ORD)
calculated from the first two arguments (¥,Y) of the call statement. The
coordinates are translated and scaled as follows:

ABSC = (X+7ORG) ®YFACT

ORD = (Y+YORG) ®YFACT

(ABSC,0RD) are tne translated and scaled coordimtes, in
inches, relative to the lower left corner.

(X,Y) are the rirs* two arguments given in the calling
sequence n.d represent the new position in the
user's coordinmate system.

(YORG, YORG) 1is the present position of the origin relative
to the lower left corner, in user’s units. YORG
and YORG are initially O. but they may be changed
by a call with MODE=3.

“FACT and YFACT are scaliing factors for abscissa and ordinate
vall »s respectively. For a movement parallel to
the “.axis, YPACT *(distance in user's units) =
distance in inches. YFACT and YFACT are initially
1.0 but they may be changed by a call with MODE=4.
If "PACT=YFACT=1.0, a line of length 1.0 will be
1.0 inches long on an 11" x 17" print. If ¥ and
Y vlues both range from 0. to 100. and if one
wants a square picture, then appropriate scaling
factors are “FACT=YFACT=0.1l.

With the Model S35 plotter it is possible to have 30 different
intensity levels. The beam intensity is calculated from the third argu-
ment (I7) in the call statement. If the value of IZ is zero, the beam
is turned off. If the value is 99, the routine uses a value IZSET
stored in the subroutine. IZSET mey be changed by a call to CRT with
MODE=7.
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If IZ is ot O or 99, the true beam intensity IZTRUE is IZ offset
ty the value of IZORG.

IZTRUE = O itIZ=-0
IZTRUE = IZ+IZORG iIrtIZf0amd IZ £ 9
IZTRUE = IZSET+IZORG it 1Z =99

IZTRUE is the beam intensity request transmitted to the plotter.

IZ is the value specified by the argument in the call statement.

JZORG is a positive or negative intensity lewvel offset. IZORG

is initially O tut may be changed by a call with MODE=3.

IZSET is a value stored for use wvhen 1Z=99. Initially, IZSET-16.

If IZTRUE is zero or negative, the beam will be turned off. If
it is between 1 and 30, it is the intensity level used, and the beam
will be turned on. If IZTRUE is grester than 30, the intensity used
is [(IZTRUE+L) mod 32 ~ 1].

IZTRUE:16 is a typical intensity for plotting lines. Intensgities
less than 7 are scarcely visible. A shift of four intemsity units
corresponds roughly to a factor of two change in brightness.

A line plotted with MODE-1 my not cross from inside to cutside
the normel plotting area. See Figure Al and MODE=6.

MODE= -1

CALL CRT (XWHERE, YWHERE, IZWHAT,-1)
This call is used to return the values of the present beam location
and intensgity.

YWHERE,
YWHERE ig the present beam pogsition, in the user's

coordinate gystem.

IZWHAT ig the pregent intengity level. This is
the lest positive non-zero value of IZTRUE
uged in plotting.
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Table A°. Block mumbers and film adwzace with CRT(X, Y, IB,2)

3%

Value Block Film Output
of Number Advance and Tape File
IB Produced Reorigin Closed
0 Next Yes No
Sequential
1-000 1B Yes No
1000 Next o o
Sequential
-+
1001-.1929 IB - 1000 No No
9000 Next Yes Yes
Sequential
9001-9999 B - 9000 Yes Yes

Figure Al. Plotting area available
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MODE=2, Ending a Graph

CALL CRT (X,Y,I8B,2)

This call is used to generate block mwmbers. A block mmber is
a separator between two adjacent grephs or plots on the tape. It is
possible for the cperator of the Model 835 plotter to search the plot
tape for a particular block mmber and plot the corresponding graph.

A block mmber may be written with or without advancing the film.
If the film is advanced, the origin for the next plot will be the
final value of (YORG, YORG) of the presemt plot. A move to (X,Y) will
alvays be mmde vhether or not the film is advanced. The beam will
alvays be turned off when the move is made.

X,Y 4is the position to which the beam will
be moved.

IB 1is a four digit decimml musber with a wvalue
from O to 9999. The three least significant
digits specify the block mmber to be written.
If nonzero, & block mumber consisting of those
three digits will be written; if zero, the next
sequential block mmber (starting with 1) will
be written. The most significant digit is used
to control film advance and to close the output
file. If the most significant digit is zero,
the film will be advanced. If it is 9, the
output tape file will be closed and no further
plotting commands may be written during the
execution of this source program. See also
Table A2; ranges of IB not described in Tadble A2
should not be used.

MODE= —2

CALL CRT (XDUM, YIUM, IBLOCK,=2)
This routine is used to return the value of the last block mumber that
was used.
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YDUM, YDUM are not used at this time.
DBLOCK is the last block mumber.

MODE=3 the in

CALL CRT (XORG, YORG, IZORG,3)

This call sets the intermal values of XYORG, YORG, and IZORG. It
is used to establish a translated origin for subsequent movements. IZORG
functions as a besm intensity origin. These values are all initialized
at 0. If any of these walues are changed, all subsequent movements
will be made with the specified translation until the velues are again
changed by another call with MODE=3.

YORG, YORG is the new position of the origin relative to
the lower left corner of the normal plotting
area.

IZORG 18 the value to be used for translation of
beam intensity.

MODE= -3

CALL CRT (XORG, YORG,IZORG,=3)
This call is used to return the current origin and beem translation
values in effect.
XORG, YORG are the positions of the present origin
relative to the lower left corner.
IZORG 1is the present translation wlue for beam
intensity.

H)DE:lol Chngg:lgg Scale Pactors

CALL CRT (XFACT, YFACT,IDUM,4)

The purpose of thig call is to set scaling factors for the X and
Y coordinates. Scaling of abscigssa and ordinate values are completely
independent. XFACT and YFACT are both initialized with a wvalue of 1.0.

et sAaees b e ke
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If YFACT=YFACT=1.0, a line of length 1.0 will be 1.0 inches long on an

11" x 17” print.

YFACT
YFACT
IDUM

MODE= —4

is the scaling factor for the abscissa.
is the scaling factor for the ordinate.
is not used at this time.

CALL CRT (XFACT,YFACT, IDUM,~4%)
This call returns the values of the scaling factors currently in

use.

MDE=5, Plotting a Point

CALL CRT (XPOINT, YPOINT, IZ,5)

This call moves the bam to the position (XPOINT,YPOINT) with the
beam off and, when the beam arrives at that position, turns the beam
on. This produces a point at the intengity level indicated by IZ at
the position (XPOINT, YPOINT).

YPOINT, YPOINT

IZ

is the position where the point will be
produced.

indicates the intengity to be used, as for
MODE=1.

As with MODE=l, the beam movement performed with MODE=5, may not
cross from inside to outside the normal plotting area.

MODE=6, Plotting Outside the 11" x 17" Ares

CALL CR?T (X,Y,I12,6)

This call is used to bypass the limit gwitches and to plot outside
the normal 11" x 17" area. Because of distortion outside the normal
plotting area, this call should be used only for labelling or plotting
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which does not require the full accurecy of the system. The action
is done as for MODE=]1, except that if MUYE=6 the besam is allowed to
pass the lindt switch boundaries.

MODE=7, Changing IZSET
CALL CRT (XDUM,YDUM, IZSET,7)
This cell sets the intermal paremeter IZSET to any desired walue.

XDUM,YIUN  are not used.
IZSET This is the wlue of the intensity lewvel

to be used in calls with WODE=1, 5, or

6, and IZ=99, or in calls to CRTSYM.
After translation, IZTRUB=-IZSET+IZORG.
IZSET ‘is indtialized at 16. If it is
changed by this call, the new setting will
remin in effect until changed again.

MDDE= -7

CALL CRT (xnm,!wn,xzszr,-v)
This call returns the value stored in IZSET.
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APPENDIX B

DESCRIPTION OF THE INPLT DATA

SIMIRAX 1

Formmt for the Input Data Cards

Card No.
(Pormmt) Field Variedle Units Generel Description
1 He:1line for printed output
(20 A%) 1-20 NTITLE - sod plots (only 1-67 used for
plot title).
1-10 r) cm outer reiius of tube.

11-20 WALL cm wall thickness (prior to
oxidation).

21.30 OLAYER(1) cm thickness of oxide layer at the
outer surface. {Initial)

2
{6110.9) 3140 ALAYER(1) - thickness of the alphs layer st
(Initisl geometry) the cuter surface. (Initial)

41-50 OLAYER(Z) cm thickness of the oxide layer at
the imner surface. (Initial)

5160 ALAYER(2) = thickness at the alphs layer at
the inner surfauce. (Initisl)

1-10 THMAX sec maximm time of experiment.

11.20 MTer sec mx. time step for temperature
calculation (if O, then DITEWP=
DTPRIN will be set).

3 21-30 DIDIFP sec max. time step for diffusion
(4D10.9,410) calculation (if O, then DTDIFP=
DTPRIN will be set).
(hun condit ions 3140 DTPRIN sec time step for printed output
and output) {can be function of time, then
next variable > 0).

4150 NSTEP - nusber of changes in output time
steps. (If > O, then card 3A
has to be supplied.)

51-£0 MPRINT - muaber of printed cutput steps

between oxygen concentration -
distance plots (not used if
there are no plots of this
type to be made).
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Card ¥Wo.
(Pormat) Field Varisble Units General Description
€1-70 NUMBER - identification mmber for first
oxygen concentration-distance
plot (if O then mo plots of this
type are made).
71-90 NSCALE - NSCALE = 0 : Type A plots
(y-axis:0 to Zg,)
NSCALE = 1 : Type B plots
(y~axis:0 to O. )
KSCALE = 2 : Type A + Type B plots
TDeSTP(K) sec time at which change in output
3A time step takes place.
gsmos) K=1, WSTEP
card omly if
ESTEP >0) DTSRV (K) sec nev output time step.

NI - BL/MB = 0 : complete tempersture
distridution in wall
is calculated.

1-.10 KLU'MB =1 : uniform wall tempera-
ture, but calculated
as function of heat
transfer and heat
generation.

NU/MB = 2 : uniform wall tempera-
ture, set equal to
TSTEAM(1) or TSTEAM{2)
4 it TSTEAM(1) = O.
(210)
1120 NBANER - NBAKER = O : oxygen distribution

(Type of calculation)

in wall ig calculated.

NPAKER = 1 : total oxygen calcule-
tion on basis of Baker-
Just Sg.

NBAKER = 2 : total oxygen calculs-

tion on basis of Hobson
data.

NBAKER = 3 : total oxygen calcula-
tion on basis of LesmOn

By.
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Card No.
(Format)

Field

Variable

Units

Genersl Description

5
(£010.9)

(Initial condi-
tions at outer
surface. )

1-10

HoIPF(1)

oa” -3ec

vaper limit for oxygen flux into
the wall at the ocuter surface
(it 0, then no oxidation et this
surfuce).

11-2C

HCOOL (1)

convective heat transfer coef-
ficient at the outer surface.

21-30

TSTEAM(1)

coolent temperature at the ocuter
surface.

3140

ERADIA(L)

thermel emigsivity at the outer
surface.

£1-50

TWALL(1)

tesperature of surface to which
outer surface is radiating.

51-C

QFI¥ED(1)

additional heat flux at culer
surface (independent from HCOOL,
TSTEAM, ERADIA, TWALL).

©
(6D10.%)

{Initia} conditions
st inner surface.)

identical meaning as card 5 but
for inner surface. (Either card
5 or card 6 can be ty if there
is heat transfer and oxidation on
one surface only.)

o
(~N0)
ime iependent
fun-tions,
uter surface.

1-10

KDIFIN(1)

nueber of oxygen flux limit-time
pairs for outer surface (O if
constant).

11-20

WCOEFF(1)

mumber of heat transfer coeff.-
time pairs for outer surface
(0 if constant).

)

21-30

NTCOOL(1)

musber of coolent tempersture-
time pairs for outer surface
(0 if constant;.

N0

NRADCO(1)

number of emissivity-time pairs
for outer surface (O if constant).

41450

NTWALL(1)

nusber of redistion temperature-
time pairs for outer surface
(O if constant).

51«/0

NQFLIY (1)

mumber of hes? flux-time pairs
for outer surface (O if constant).




Card No.
(Format) Fi:=ld Variable Units General Description
3 identical meaning as card 7 but
{e110) for inner surface. Either card
7 or € or both cards can be empty
Time dependent if there are no time functiions.
functions, For each »f the variables in card
imer surface 7 or card £ that is greater tham O,
e corresponding card 2% to °F or
104 to 10F has %o be supplied.
A time functions for wariables
(2D10.9) K=1,RDIFIN{1} WDIFIR{1.K) TIMPIF(1,K) pertsining to outer surface.
oB omit if corresponding wvariable
{3mo.2) K=1,NCOEFF(1) HCOEFF(1,K) TCEPF(1,K) in card 7 is Q.
--------------------------------------------------- separate card(s) for each function.
9¥
(2p10.9? K=1,MQFLUX{1) QFLUX(1,K) TQFUT(1,K! up to 25 cards for each type of
peir can be used.
10a identical meaning as curds °A
to 9F, but for inner surface.
10F
1-10 TSTART ‘c initial temperature in wall.
11-20 CSTART gram/cn’ initial oxygen concenmtration in
beta-phase.
21-30 QSPLIT ?_%f-c-?n- endothermic reaction heat for
11 € v converting steam into oxygen and
- . hydrogen, subtracted at the
(3p10.2, koY )
surface. (Full value is 15,650
nn)
wec/gram 0,)
1.0 EMTY
71-80 MPLOT number of graphs and/or tables,

to be plotted using variables
determin:d as functiong of time.
{(Ir 0, omit cards 12 and 13.)
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Table Bl. Variables availadble for GRAPHICAL OUTHUT

(Defined variables 3-12 refer to outer surface of tube;
variables 13-22 refer to inner surface of tube.)

NPLOTY
NPLOTY VARIARLE UNITS
1 time sec.
2 square-ryot of time (sec)yz
3 steam (or coolant) temperature ‘c
4 temp. of surface to which specimen is radiating ‘C
5 surface temperature of specimen °C
g thickness of oxide layer wmn
7 thickness of alpha layver m
2 E-layer thickness (oxide + alpha) um
2 oxide/€ ratio -
10 oxygen gain mg/cmz'z’
11 square of oxygen gain (mg/cm® )
12 square of £-layer thickness (wm)?
13-22 identical to 3-12 above, except that variavle
apnlies to inner surface of tube,
2% total oxygen consumption ng/cm®™
24 avg. oxygen concentration in Feta phase g/cm’
25 F_, beta layer thickness/orig. wall thickness -

#area reference is outer surface.

AN R oA e o
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APPENDIX C

DESCRIPTIOR OF THE QUTPUT DATA

In addition to the printing of the input data, (except for cards 3a,
9a-9f, 10a-10f, 12, and 13), and tables of values of the msterials prop-
erties utilized for each run, the following variables are printed for
each specified time step (where applicable, for both inner and cuter tube

surfaces):
TIME
PLOT NO.
H.T.COEFF

STEAM TEMP
EMISSIVITY
RAD. WALL

SURFACE TEMP
OX/MET TEMP
FIX. HEATFLUX

CON. HEATFLUX

RAD. HEATFLUX

QCON + QRAD
O.FL.LIMIT
OXYGEN FLUX
0.IN OXID

0.IN ALPHA

[sec]

(-1

Cxidation time.

Identification mumber for oxygen concen-
tration profile plaots (0 if there are no
plots of this type).

Convective heat transfer coefficient.

Steam temperature.
Thermal emisgivity.

Temperature of surroundings with which
radiation heat is exchangsd.

Surface tesperature of Zircaloy.
Tewperature at the oxide/> interface.

Fixed heat flux at the surface of the
Zircaloy (in addition to convection and
radiation).

Convective heat flux.

Radjiative heat flux.

Sum of radiative and convective heat
fluxes.

Upper limit for oxygen flux; identical
with HDIFF.

Actual (instantaneous) oxygen flux.
Oxygen content in oxide layer.

Oxygen content in o layer.



0.1IN BETA [E,-] Ocygen content in remining 8 layer.
OXYG. TOTAL" (251 Total oxygen content.

OXYG.GAIN" t%] Oxygen gain.

OXIDE LAYER  (ya) Thickness of axide layer.

ALPHA LAYER :[;n] Thickness of a layer.

BETA LAYER (um] Thickness of § layer.

If there is oxidation and/or heat transfer on both surfaces, the first
line of the variables is for the cuter surface, the second line for the
inner surface. In each case, the variables 0.IN OXIDE to OXYG.GAIN are
calculated with the outer surface as reference ares.

In addition, for each calculated node the following variables are
printed out:

POINT WMBER [ — 1 Nusber of the node vhich indicates the
position from the outer surface.
DISTANCE [cm] Distance of the node from the origimal

outer surface. Since the volume of the
oxide is larger than the volume of
unoxidized Zircaloy, DISTANCE will be
negative for some point(s) if oxidation
occurs at the outer surface.

TEMPERATURE [ °C] Tempersture of the node.
comcemrRarIon  [E Oxygen concentration in the node.

"Hote: OXYGC.TOTAL is determined by an integration of the axygen
concentration over the entire wall for each output time. OXYG.GAIN is
determined by an integration of instantaneous flux over the time. The
difference between the two wvariables can vary slightly from the walue
of the initial oxygen content (OXYGC.TOTAL = 0) due to mumerical inaccuracy
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APPENDIX D

EXAMPLE PROBLEMS

Three test cases have been selected as serple probless to illustrate
the preparation of the input and to show typical cutput results.

Test Case 1. A Comparison of a SIMIRAX Result with an Anslytical Solution

A simple nonmoving-boundary diffusion problem wvas chosen since there
are no amlytical solutions kmown for the problem of the two moving bound-
aries in a well vith a finite thickness. To emadble a comparison to be
mde, the code vas "degraded” by giving all three layers the same material
properties. The properties of beta-Zircaloy were used for the basis
material. The concentration at the "interfaces” was set ardbitrarily at
75% and 25% of the equilidbrium oxygen concemtration. The initial and
the boundary conditions for the problem were chosen as:

T = constant = 1400°C
at Tt =0:
C =0.00649 tor 0 <x s f

c=¢C = 0.058356 for x = 0

B/a
at x = 0O
czca/a fa’OS‘rST-x
atx = [
o -
8; 0 fqu“l’ST-x

The analytical solution C(x,T) is given by:

c-=c,+ {c,-c} ;1 - ;‘:-.E) %oy sin [‘?%b!]up [-‘?'—lg"—z‘h] §\'In)

H R AT BB Vs s

Aoivs BN ROS L
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The results of Eq. (Dl) are plotted in Fig. D1 for v = 5, 15, and 60 sec.
Also shown in this figure are a number of concentration values calculated
with SIMTRAN. The agreement is seen to be quite govod.

Table D1 shows the complete listing of the input data and the output
for three selected times. The computing time for this problem was 27 sec
on an IBM 360/91.

Test Case 2. Isothermal Reaction at 1000°C (1832°F), Two-Side Oxidation

This case simulates an ideal isothermal oxidation experiment at
1000°C (1832°F) with an oxidation time of 30 min. Figure D2 shows the
thickness of the axide and £ (oxide plus alpha) layers as functions of
time. Figures D3 and Dk show the concentration profiles across the wall
after 30 minutes in two different scales. The input data and the output
data for three selected times are listed in Teble IR. The computing time
was 13 sec. ]

Test Case 3. PRurst Test of a Zircaloy Tube in Steam

This case represents an application of SIMTRAK to a2 simple tube-
burst problem. In this problem, a Zircaloy tube is visualized as being
heated by an internal electrical heater having a constant rate of
temperature increase. The gap between tube and heater assumed to be
filled with helium under pressure. The intention is to cut off the
electrical power as soon as the tube bursts in order to measure the
existing deformation. The test is assumed to be made in a steam environ-
ment. The question was: can the steam-Zircaloy reaction generate suf-
ficient heat at higher temperatures so that the Zircaloy temperature would
continue to rise even after the heater power vas cut off? ‘

The calculation has been made with no initial oxide layer which leads
to the meximm resction. Heat transfer to the steam has been neglected
for simplicity, (although it could be considered if desired).

o, B g, W
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The Zircaloy temperature and the temperature of the heater surfuce
are plotted vs time in Pig. D5. In the same figure the penetration of the
a/B-interfuce into the wall is shown. Pigure D6 shows the cxygen concen-
tration in the o and § phages after 35 gsec. Input snd cutput are listed
in Table I0. Computing time wasz 11 sec.

In order to show the difference between the lumped temperature
calculation (NUMB=l), vhere the entire wall is trested as a single node
and the more detailed calculation (NIUMBsO), where the complete temperature
profile in the wall is calculated, test case 3 vas repeated as case 3A
with NLUMB=0.* The ocutput for three selected time steps for this latter
case is printed in Table Dt.

.'l'bomqutiutiuimsdhvn factor of 3.

A e AN et S B U A R

s

or e AN o MPRASREY

« e N R BT E 2



R b Tetet ol i donne Te sty e dtie RN -

008

0.07

o
&

o
[
o

OXYGEN CONCENTRATION (9/cm3)
) o
e b4

0.02

0.01

o

Fig

52

ORNL-DWG 75-11038

- | ' |

D=93817x 10" % cm%sec
©® VALUES FROM SIMTRAN
- ANALYTICAL SOLUTION

SPECIMEN THICKNESS =0.064 cm

003 004 005 006
DISTANCE (cm)

o 001 0.02

Dl. Comparison of SIMIRAN result with snalytical solution

for single-phase, nonmoving-boundary case. Test Case 1.
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OUTSIDE ALPWA LATER

POINT NUNDER = (1] [ 3] 97
DISTANCR s 0,00%% 0.,008000 0.00%0
TEAPERATORE = 1000.00 1800.00 800,00
CORCRUTRATION= 0.03127 0.00%7% 0.0416)

BETA LAYRP
POTAT RGNBRR = 230 "7 89
2ISTANCE s 0.02288 0.02540 0.02800

TERPRRATORE = 1800.00 1800.00 1800.00
CONCRUTRATIONs 0,.01709 0,08V 0,.01207

RTA LAY
POINT BGNBRR o [ 1))
bIstanC? s 0.06000

TENPRRALURE = 1800,00
CORCRNTRATION® 9,.006%)

o0 o TMME = €0.000 ¢ s 0 e

N. 7. CORPP  STRAR PENP missIviTY

9.0 1%00.00000 9.0
0.0 0.0 9.0
O.PL.LINIT OXIGEN PLUX O.IR OXIOR
10.0000 0.04)? 0.7099
OUTIINE ORIDE LATER
POINT MUndER = 1 17 3}
DISTARCY = 0.0 0,00160 0.00)20

TENPERATORRE = V800.00 1800.00 1800.00
CONCRUTBATION= 0.0403 00,0640 0.04347

OUTSIDE ALPEA LAYTER

POINT NONBRR * 120 29 s
POINT ROWIRR = 11 123 %)
ISTANCE s 0.0118 0.01200 0.01800

BRITANCE = 0,03200 0,030 0.93920
TRUPRBATORE + 100.00 1000,00 10.00
TRAPERATURR = 1800.00 1800,00 1800.00
CORCRNTRATYON® 0,.09127 0,0%002 0.7
CORCRETRATION® 0.02788 0,02¢83 0.02%M

TA LAYER
POINT ROABER * a0 89, a8
BISTARCE = 0.,0879%0 0,09120 0.03%0

TENPRRATORR =  V400.90 V1000.00 100,00
CORCRUTRATION® 0.01708 0.0199) 0.0189)

"
0,020
1600, 00
0.0377

M

mn
0.04200
1600, %0
0,00

RAD.WALL SURPACE TRNP

0.9
0.0

0. IR ALPNA
1. 1277

(3
0.00800
1800, 00
0.06V %

140
0.01400
0.03480
1800, 00
1400, 00
0.08%9%
0,023

!
0,039740
1000, 00
0.010322

129
0.01200
1800.00
0.0)e00

%)
0.03%20
1800,00
0.0000%

148
0.01u60
1000, 00
0.0%460

s
0.0)e80
1809, 00
0.9079¢

1800.00000
1800, 00000

S.IN NETA

"M

09
0.01760
0.03080
16:0,00
1800.900
0.08370
0.02269

609
0.06000
1800, 00
0.01379

2308

[}
0.00000
1400, 00
0,087

193

(11
0.01920
0.00000
1400, 00
1800, 00
0.08109
0,.0219)

(1))
0.96e00
18400, 00
0.01344

161
9.01600
800,00
9,027%¢

"
0.00160
1800.00
0.007Y?

.?
0.00%40
1800.00
0.03%808

.7
0.02000
0,08140
1400.00
1400.90
0.0)9M)
09,0200

CX/RET TRAP
1800,.00009
1800, 00000

oL1vae, TOTAL
762

177
9,017¢0
1800.00
0,02¢7

(11}
0.08000
1800, 00
0.00700

0,00670

200
0.03080
1600.00
0.01907

11)
0.0912¢
1600, 00
0.00649

PIX.NBA® LUK CON.NBATPLUX
9 0.0

.
0.0

OXVG.GAIN OXTOR LAVER
1.4908

(2 )]
0.02280
¢.08330
1800, 00
18060.00
0.0)700
0.0198%2

0.0104)

110, qu 9}

97

(13
0.02%60
0.08600
1006, 00
1480, 00
0.0)82e
0. 01701

130
0.02200
1800, 00
0.01700

L1 1)
0. 09040
1800, 0C
3. 00097

RAD.NBAT
0.0

0.0
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0. 01709

877
A 03760
1400, 00
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POT 0 o
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1000,.00
0,000%3
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® s o TINE = 300,000 % & v o PLOT 0 o 300

N.T.CORFPPF STRAR TRNP  BNISSIVITY PAD.VALL SURPACE TERP OX/NRT TRAP PIX.NRATPLOX CON,NRATPLUX RAD.NBATPLUK QCONeQRAD
<0 1000.00000 0.0 0.0 1000.00000 1000. 00000 0.0 0.0 0.0 .0
0.0 0.2 0.0 0.0 1000.00000 1000.00000 0.0 0.0 0.0 0.0

O.PL.LINIY ORIGEW PLOZ O.IV OXIDE O.IN ALPNA 0.10 B3TA OXVG.TOTAL OXYE.QAIN ONIOE LAYRR ALPHA LAYER BETA LAYER
<0000 0.00? 2.2008 0.4982 0.6262 5.0209 1.0706 15,501) 31,0200 62).3002
1.0000 0.007) 1.9907 0.0 % 0.0 0.0 2,911 19,9983 20.929) 0.0

OUTIIDE OIIDE 1AYER

POINT WONDERE = 1 S 9 "
0ISTANCE ® -0.00032 0.00012 0.00077 0.00103
TRUPBRATORE = 1000.00 1000.00 1000.00 1000.00
CORCENTRATION® 1,.51000 1.47%580 1.03710 1.42180

JUTSIDE ALPHA LAYER

POINT WOROER = " 13 " 2 2% 30
DISTANCE = 0.00103 0,0012% 0.00172 0.002'¢ 0,002%?

0.00314
TRAPRRATURR = 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
CONCRUTRATION®= 0.033% 0.39096 0.29136¢ 0.,208%0 0.1036% 0,07010
BETA LAYRR
POINT NONIRR = 30 L) uy $? 3 73 [ 3] (34 b 24 108 " 129 19)
BISTANCE ® 0.00314 0.00029 0.0.,515 0.00600 0.00606 0.00772 0.00050 0.00%43 0.01029 0.01113 0,01201 0,01072 0,02090
TRAPRERATOAR = 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.0C 1000,00 1000.00 1000.00 1000.00 1000,00 1000.00
COUCRUTRATION= 0.01738 O0.0166% O0.01618 0.01367 O0.013%0 0.014¢9 0.01822 0.0937¢ O0.01331 0.01288 O,.01204 0.01187 0,00920
BETA LAXRR
POINT NEABER = %7 an 3es (11 £33 29 93?7 949 93) 961 69 877 0
BISTANCE ® 0.02M& 0.03430 0.04116 0,08802 0.09488 0.03660 0.03783 0Q.0583% 0.09917 0.0600) 0,06000 8.04174 0,80200

TRUPRBATONR = 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000,00 1000.00 1000.00 1000.00 1000.00 1000,00 1000,00
CONCRUTRATION= 0.00785 0.00742 0.00760 0.009%2 0,0%1%6¢ 0,0123% 0.0%277 0,01321 0,016 O0.0181) 0,08 09,0150 0,01962

BTA LATRR
POIET WONBRR = 593 601 612
DISTANCE = 0,066 0.06037 0.06540

TINPERATERR = 1000.00 1000.00 1000.00
CONCRETPATION= 0.01613 0.01666 0.01738

INSIDR ALPRA LAYIR

POIDT NONBER = 612 e 630 23 29 (3 1]
BISTANCE ? 0.06340 0.06603 0.06646 0.06409 0.06731 0.06797
TERPARATUAR = 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
COBCRRTRATION= 0,07070 0.18226 0.2072) 0.29029 0.39021 0,436

INSIDR OXIOR LATRR

UT NONARR = on (31 N (13
01STANCE e 0.06737 0.06783 0.06068 0,06912
TRUPRAATONE = 1000.00 000.00 1000.00 1000.00
CORCRUTRATION® 1, 82150  1.83697 1.42331 1,51400

4 4
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% ® %0 TINR = 600,000 s ¢ 00 PLOT 0 = 08

N.T.CORPPF STRAN TENP  IMISSIVIZY AAD.WALL SURPACE TERP OI/NET TEAP PIX.UEATPLUX CON.HEATPLOX RAD.NBATPLOUX QCONeQRAD
0.0 1000.00000 0.0 0.0 1000.00000 1000.00000 0.0 0.0 0.0 0
0.0 0.0 0.0 V.0 1000.00000 1000.00000 0.0 0.0 0.0 0.0
O.PL.LINXT CRIGEW PLUX O.IN OXIDE O.IN ALPNA O.IN SBTA OUYG.TOTAL Olll GAIn oOIKIoB lllll ALPNA LAYER BETA LAYED
1.0000 0. 0082 3.957% 0.8707 0.7991 8.790) 6,999 27.01 36, 7969 $76,0701
1.0000 0.0082 J.eu9b 0.76138 0.0 0.0 I.l.)l 26, ’llO 6. 5432 0.0

OUTSIDE OXIDR LAYERR

POIET WONBER = 1 9 18
0ISTANCE = -0.000%) 0.00038 0.00179
TEAPRBATURE = 1000.00 1000.00 10W.00
COUCENTRATION= 1.31800 1. 46961 1,02151

OUTSIDE ALPNA LATER

POINT RUNDED = 10 2% 3 (3 82
DISTANCE = 0.00:79 0.002%7 0.0038) 0.00829 0.00%87
TENPERATURE = 1000.00 1000.00 1000.00 110OV.00 1000.00
COBCENTRATION= 0,033 0.307%% 0.28159 0.16212 0.07010

SETA LAYER

POIRT NUABER = $2 (1] [ 3 97 1"y 129 149 161 "7 19) 9 ’I? ’!;
DISTANCE 0.00%87 0.00686 0.00050 0.0102%9 0.07207 0©0.01372 0,015884 0.0171% 0,0V007 0,02098 0,022)0 0.03748 0,008
TEWPRRATONE = 1000.)0 1000.00 1000.00 1000.00 1000.00 1000.00 1000,00 10060.00 1000,00 1000.00 1000.,00 1006.00 1060,00
COMCRUTRATION= O0.01738 0.01699 0.0150 0.01603 0.01537 0.01512 0,01870 0.01430 0.0139) O0.01389 0.01)28 0.01237 0.01218
SRTA LAYER

rolNT l'llll - 3 )3 (314 s (1)) "7 91} 329 a9 6 977 990

DISTANCE 0. 086 0.0863% 0,06802 0.04978 0,05%S 0,09317 0,05000 0,095660 0.0903V 0,0600) 0,06178 0,06316

TENPRRATURE = 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.0C 1000.00 1000.00 1000.00 1000.00 1000.00
CONCRNTMATION= 0.0128% 0.01319 0.01389 0.01303 0.01820 0.01060 0,01303 0.01509 0,.01996¢ 0,01608 0,019 06,0170

TUSIDR ALPNA LAYER

POINT NONBER = 990 (3] 609 (34 [ 1%
8I3TANCE a 0,00316 0.06831 0.06317 0,06603 0.06601
TENPROATURE = 1000.00 1000.00 1000.00 1000.00 1000.00
CONCRUTRATION= 0.07010 0.15967 0.2392¢ 0.38378 0,85368

JNSIDE ORIDR LAYRR

POINT HONBER = 628 633 (1))
DISTANCE = 0.06681 0.0682) 0.069%1
TERPRRATURE = 1000.00 1000.00 1000.00
CONCERUTRATION= 1,82151 1. 46988 1,3510400
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686 IN8 « 1000.000 ¢ ¢ 8 @

2. T.COBPP STEAN TRAP
¢.0 1000.00000

0.0 0.0

0.FL.LINIT OXXIGEE PLOX

1.0000 0. 0028
1.0000 0.002%

OUTSIDR ORIDE LATRR

POIST WONIRR » )\
BISTANCE = =0, 0038
TRRPBIATUNE = 1000.00
CONCENTRATIONT 1, 51800

OUTSIDE ALPNA LATER

POINT WONBEN = 30
BI3TANCE = 0.,003%2
warantear = 1000.00
CONCRUTRATION= 0.03M8

BT LARER

OIVT BOADRR = 9%
BISTANCE = 0.01032
TEEPRBATERE = 1000.00
concaEtmtION= 0.01230

2T2 LAYER

POIET AONBEN = 0
DISTANCYE = 0.08200
TWNLRRATERE = 1000.30
COPCEATRATION= 0.01709

INSIDR ALPEA LAYER

*OINT NONRRR = b odd
DISTANCE = 0,.05030
THPBAATOARE = 1000.00
coRcCEnRTaATION= 0.07010

INSIDR OLIDE LAYED

POINT NENBER = 02
XSTANCE s 0.06%9
TRANERATIAR = 1000.00
CORCENTBATION® 1.48219Y

b4
«0.00029
1000.00
1.40048

(3
0.00829
1000.00
0.36%

"
0.01201
1000. v
0.0V73%

“"?
0.0848%9
1000.00
0.017MN

33
V. 09917
1000. 00
0.0%200

o
0.06430
1800.00
1.7

INIISIVITY
0.0
0.0

G.1I8 OX102

6.003)
6.003?

n
0.00100
1000. 00
1.46296

(3]
0.008 15
1000. 00
0.29740

139
0.00372
1000, 00
0.0173

43
0.08821
1000, 00
0.0171)

340
0.0600)
1000. 00
0.11818

623
0.0479%9
1000. 00
1.442%98

RA0.WALL SURPACE TENP

0.10 aLPNA
1.9000
1.8048

3
0.00229
1000.00
T.03762

357
0.006400
1000.00
0.20 108

"s
0.01544%
1000.00
0.01727

"
0.08802
1090.00
0.0171¢

569
0.06080
1000.00
0.13112

432
0.00088
1900, 00
V.48822

1000

1000.00000

20
0.00312
1000.00
.42 131

L 3]
0.00486
1000.00
0.1939%7

161
0.01718
1V00.00
0.01723

463
0.0497¢
1000, 00
0.01719

N
0.0617
1000.00
0.19118

(L))
0.070%0
1000.00
1.91400

. BETA
0.7709

m
0.00722
1000.00
0.15330

m
0.0188?
1000.00
0.01730

L1 )]
0.0% 183
1000.00
0.0172)

1900, 00000
1000, 00000

011G, T07AL
16,651

L}
0.00050
1000, 0¢
0.1201¢

19)
0.02088
1000. 00
G.0171?

(1}
0.0831?
1000, 00
0.0172¢

$9)
0.0634¢
1000. 00
0.294 7

OX/0u¥® TENP PIX.RBA

OXI70.0AI8 OXIDE LATER
6370

71.960

309
0. 02230
1000.00
0.01718

$13
0.05%00
1000.00
0.91730

601
0,0642)
1000.00
0.3992¢

28
0,02401
1000.00
0.01792

29
0.09640
1000.00
0.0173¢

412
0.00349
1000,00
0.05448

47,0097
%.0108

0.01738

TPLUT CON.KRATPLOK RAD.NBATPLUZ
0 0.0 0.0

ALPNA LATER
71, 9701

PLOT & »

71,0008

sty

3
0. #3036
1000, 00
0,.01708

t R}

CoNeQRAD
0.0
°I°
PETA LATER
0. 2988
9.0

308
0.08114
1096, 00
0.01707
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WBIONTINR TNPUT
ALL THPIT DATA ARE RIAD IN THIS SURAONTYNE
THPLICTIT NEAL®S !A~H,0-2)
RZAL®N PLO
CRRYON 323 DL/ PLO(2S, 200) , KM LOT, HPLOT
CONNON /GRONET/ P 11000} ,A7XTID 12) (NALPA 12) ,VALL, DOXIN {2} ,DALPA }2), DF
COMMIM/TENP /7 T(1000) ,TOXIN{2) ,TALFA(2) (TEART, TSTEAN {2) ,TWALL '2)
1,7INNP 12)
CONNDN ZTINTTN/ TCOIL (100,2), TTCOOL 1100,2) - TRAD (100, 2) ,27RADL100,2)
CORNAN/H®AT 7 NP (100) ,HCOOL{2) ,FRAETA{) ,HEATPL(2),QPIXFD (),
1 QSPLIT ,MCAP (100) , HSTEAM $2) ,HRADTA {2)

*QSURP (2) (UCON (2} ,QRAD(2) ,QR®AST(2)
CANMGN JHEADLN/ WTITLE {30)
COMNIN/CONCENZ € 11000) ,COXTD 12),CORAL $2) (CALBP™!2) ,CPT™A (2},

1 OXIAPL(2) JMNDTPP(2) ,CSTAN™ ,AATN(2)
2. ACAP {500) . OVER {500) ,ADTHI ¥ '8 00)
. COM{2) ,CADE2) (CABL2) ,COALL,

OCAFOM 12) ,OCAPAL 12) ,OCAPAB {2), OCA®BA {2}
cor*ﬂl/t!'t 7 TINE,TAAY, DM ENP,DTDTPP,DTPR™N, DTRAK (100)
WTEN2, NDITP, 4PRINT
CONNON /NESH  /NGADSS,RPINE,RKOXTDL2) , AOTT ()
WLUNB,NSTART,NALPA (2)
COMONJ1TSHTE/NT 1100) , NTCOOL §2) (NSWALL 12) ,KTCAOL 12) ,K*WALL {2) , NG®S
CONNNN /YRS HCO/RC (800) , RBAKER o NATS NN (3) ,HAR (2)

Y WOM {2) o NAO (2}, WAB (2}, BBA (2}, INTOXT (2) , INTB
2. NOAVL NAO Y, RABY, NOA 1, NORYNY , MALPA Y
), NOA2, WAO2, WA B2, WOA2 ,NORI D2, NALPA 2

CONNON/SATPRO/ DENZIR,DERE IO, ORTOCH, OXTCON,NENRAT, PICPAC (OXNEAT
CANMIN/PRAPIL, CO(300) ,X {30C) ,OLATEP 123, ALATRP 12), BLAYIR,00%ID (2},
10ML®A $2) (IGAIN [2) (OBETA, OTOTAL,ABY™AS, STOWP,
2RV, N2, 03, N0, NS, NUNDPEA, NSCALP
CONNDY MTINPUT/ HDIPLINI100,2) ,TINDIF (166, 2) ,HCOPPPI100, 4 ,
TCORP?P {100, 2) , WKADCO 1109, 2) ,TRADCO 100, 2) ,
QPLUXI (100, 2) , TQPLDX (100, 2) ,“INSTP(100) (,DTHEV (100),
KDIPINI2) LNRTPINI2),RQPLUR (D ,NQPLIX D)
RCORPP(2) (NCORPP(2),XRADCO (7 (NRADCNH (2) (NTEP

[ WY V)

L))

AEAD (N, 150,END 1001) (NTITLF (K),Ke1,20)

SLANAT (204 8)

READ (R,200) 0 1V),UALL,OLAYFR V) (ALAYPRIY: (ILAYER2) ,ALAYER:2)
v0° < 18D10.9)

A ,2%50) THAR,DTTENP,DTOIPP DTPRIN, NETEP, NPRINT, NONBPR, HSCALY
POPRAT {8D10, 9, a2 10)
IPINYTEP.G™.0) READ (N, 200) (TTRETP(A) , DTN U (K} K21 ,RETPP)
RRAD (N ,800) WLORNB,RBAKER

PEAD (N,1300) (WDIPP(K) o ACOOL (X) , TSTPAN (K), RPADIA (X)), “WALL(M) ,

1 QPIXRD(K) ,R=1,2)

POPRAT 16010.9)

ATAD (N ,200) (NDIPIN(R) , NCOEPP (K) (R TCOOL (K) (NRADCO (K} , RTHALL{F) ,
' QPLUXIR) ,R=1, D

PORMAT (6T10)

e 100 Rel,2

TPINGIPINGK) .RQ.0) GO TO 20

NeUNIP YN (R)

RRADY,200) (NDIPINIL,K) ,TIRDTPIL,K) ,Lot,N)

TP(ICORPP(N) .2Q.0) GO TO 30
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0002

0001}
¢ 008
0008
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000?
008
0009
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001
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SUDPONTTNT NATHA?
A TABL® WITR ALL PATRRIAL PPOPEN™TES IS CALSULATRD AND PRINTED
TNPLICIT ARAL®*S (A-N,0-2)

CONNON /NSAOLN/ NTITLE (20)

CORTON/9ATPRO/ DRNZIR,DERIN,NOTOCH, CXITON,DENRAT, PICPAC,OANTAT
Jug

e reR(J, 10)

10 PORMAT(INO// /TR, ISH © o ¢ MATERTAL FRNPERTIPS o ¢ o /"
*pITRI3,29) DENRIR, DEWZRO,OXHEAT

20 Io!nl?(!no 1SHNBTAL DENSITY = ,P7.3,5%,16KONID DENSITY » ,97.3,8X,

AOMRGRAN/CA®®Y ,V0R, 1SHREACTION WEAT = ,¥10,2,3%,
z 141NS BC/GRAN OXTYGRN )
wiTe(J,10)
30 POPNAT (1H0 /20X ,80NEQUILIOE YR CONCENTPATION !ARAM/CHOOY) 2%,
TINNDTPPOSTIAN COUSTANT (CROSQ/SUC) ,1X,1EHTH, "ORDUC, W/ (CHoC) 9K,
220NSP. REAT WSSEC/ KR.C) )

NI~ e (Y, 40)

40 POPNAT (1RO, 90R  TENP, {C) ,10N STOCH.OX,, 104 OX./AL.,10H AL, /OX,
1, 100 AL./DETA,1OR BRTAZAL.,1ON  OXID 10K  ALPNA
2, WA BETA  ,10M  OXTP  L10M NETAL ,10H  OXID
3, 100 AZTAL )

Te?80,

50 170 Lat,1?
CALL TW®PAC (T, COXAL,CALOX, 1)
CILL INTPAC({T,CALBR,CORAL,2)
BARs DIPCON '™, T,0KICON,COXAL,V)OPICPACE®2
CORALSCORAL/PICPAC
DALs DI®CON Y, T,CALOR,CALDE, 2)
DBEs DIPCONIT, T,CORAL,O.,))
THCONOSCONDTIC(T,T, 1) *PICPAC
THCONNCORDOC (T, T,2)
SPHTORIPRC LT, 1) /{PICPACHPINEND)
SPHPNESIIEC (T, 2) /DENSIR
MWITRII, M) *,08TOCA,CORAL,CALOX,CALBE,CBRAL,DOR, DAL, NP,
1 THCONO, THCORN, SPAROY, SPHEAR

S0 "ORRAT 1IN ,P10.2,5P10.5,3D10.3,4P10. %)
TatTe80,

100 conTIRDER
PRITR(I,900) IWTITLE IR),K=1,20)

SO0 PORMAT (1M1 ,29X (2008//)
wpTnaY
o
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IPINOXOUT. 1%.2) 6O TO %0

00 4C K»2, ROXODY

NTIR)uNT IK=1)e1¢

NTaRY ()

NCAP !R) =16 . SDR®R (NT) SSPRC(T(NT) V)
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SUBROUTING DSTART

DSTART PERPORNS THE CORCRUTPAYION CALCOLATION IP OXIDE OR ALPNA

LATER ARE TRAIM

TAPLICIT RRAL®E (A-K,0-8)

CONNON/GRONET/ R 1000) ,ROXID {2} onalPA(2) (NALL,DOXID {2) (DALPA (3) , DR

CORMN/TRAP / T{1000) ,TOXID(2) ,ALPA(D) ,TSTAP T, TSTEAN (2) ,TWALL(D)

1, TSORP 12)

COllO!;TllTII/ TCOIL (100,2),3TCOOL(100,2) ,TRAD {100,2) , STRAD{10%,2)

CONNOR/NRAT / RVER (100) ,NCOOL(2),BRADIA(2) ,NBATPL (2) ,QPIXED (D),

1 QSPLIT, NCAP (100) ,MSTRAN {2) ,NRADIA {2)

2 +QIVURP(2) (QCON(D) ,QPAD(D) QREACT(D)

CONMON/MEADLI/ WTITLE (20)

CDlIO./CDICIII € 11000) ,COXID {2),COXAL ¢ ?)oClLIIT'1)-CIITIlI).
ol!l't(?).lDl"(?).clfll? GAIN(D)

2. OCAP 1500) ,OVER {300) ,ODTHAT {300)

I, COA(2) 4CAO (2) ,CAB(2) ,CBA(2)

., OCAPOA $2) ,OCAPAD [2) ,OCAPAD {2), OCAPBA {2)
conmonsieIr ﬂll.ﬂul.uﬂlv.uun.nru N, DTRAR {100)

1, RTEND, RDIPP, APRINT

CONNON /MBS N /NGROS S, APINE,NOXID (D) , NOXT (2)

1, WLONS, NSTART,NALPA(2)

CONNOR/NES RTR/ BT .wo) .ncool. 2) (MTUALL {2) (KPCOOL [2) ,RTUALL {2) , NGRS

CONNON/HES NCO/RC (300) , RDAKER, NGRS ,NOA(2) ,NAD (2)

e WOA {2) ,WA0 :z).num.nn 12) ,INTOXRT {2) , INTH

2. ROAY, MAOY, MADY WBAY MO RIDT , WALPA Y

3, WOA2, WAO2, WA B2, NWBA2, ,NORIC2, WALPA 2

CONNON/NATPRO/ DENEIR,DENSNO,OSTOCH, OXICON,DENRAT, PICPAC ,ORNERT

CONNON /PROPIL/ CO(300) ,X (500) ,OLAYRR (2),ALAYER (2), DLAYER,0082B (2),

10ALPA 12) ,OGAIN {2) ,CDRTA,OTOTAL ,088TAS, ST RND,

NI,02, NI, N, NS, NWORDER, WICA LR

CORRON/MINPUT/ NDIPIN {100, z).uuur'too. ), HCORPP100, D),
fcoln'wo.m.lmco 100,2) ,TRADCO( 100, ) .
QPLUXY (100, ) , TQPLUX (100, 2) ,TIN lnnoo) .Mln (100),
RDIPIN i2) .nxnu'z).lo-l.u-a JNQPLOX D) ,
RCORPP(2) ,NCORPP(2) ,KRADCO (2) ,WRADCO {2) ,NITEP

DIAERSION CW(1000),3T0R0A (D) ,3TORAD (D)

3, 0AL0L B !2) ALPAPL {2) ,DETAPL!2) ,COXOLD (2} ,CALOLD!D) ,COROLD (D)

IP(NSTART. NE.2) GO TO 9300

NGTI=NGROSS

90 29 K=1,2

IPIRDIVP IK).2Q.0.) GO TO 29

0SERP=C 1)

IP{R.%Q.2) OSVAPSC(NPINE)

COET=C {¥P1)

IP(R.BQ.2) CIRTSC MP2)

COROLD {X) =0, 3¢ (OIVRPCOA (K))

CPROLD (K) =0, 3¢ {CORT+COA {K) )

CALOLD (R) =0, %0 (CAO(R) *CAD(T))

DALOLD (%) = DALPA {X) -DOXID (K)

CALL IWTPAC !TOXIDN) ,COA (K),CAOK), 1)

CALL IWTPAC(TORID(K) (CAD(R),COA(R),D)

TP 'COXOLD IK) .1LT.COA (K)) COROLD !K) =0, 3¢ (COA (K) *OR ICOW)

TP ICALOLD !%) .LT.CAD (K)) CALOLD (K) =0.9%% XAB(K) ¢CAO(N))

IP(X.7Q.2) €0 TO 2

1T )
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INPUT DATA POD PLOTS OF VARIAGLES AS PUICTIONS OF TINE ARE READ
AWD THE PLOYING BOUTING DATPLO I8 CALLID

CONNON /R3S 0L T/ PLO (29, 200), RPLOY, APLOY

CONRON /DATAPA D {3,200) , DN (2) ,DYS (8) , DIV, DRT,WA(20) , WPTY (4)
CONRON/NEADLR/ WTITLE[20)

l!l;:!:gg lPlO?l(l)
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| 11}
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PO 10 Lui,NVAR
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PONMAT (110, zt\o.'.:\o.:Ol.ia-,
RAsRge Y
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conrIRmR
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2090 Lev, RVAR
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IPLLINLOT/2)¢D) . Q. IPLOT) GO O 7Y

L I
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20 70 Isy
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POMRAT (10 ,9120.9)

CONTinge

IPALLLIPL0T/10) 72) 0 2) L MR, (TPLOT/V0))

1CALL DATPLO (700, WUA R, KPLOT,NTITLE)
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NP QUTINE PRORLO
PROGPAR TG CAT PLOT DATA POD PROGRAR JIW"AAY 1, 0%<14.74
AOTROA: AN AngS, UCNC CSD OWNL, PO BOX X, OAK PIDAR, TN, Y7010

VABYASLEY ARQUYARD ARR IN CONNON, PARABOLIC INTRAPOLATION '8
OONE BPTNIEN RLEARNTS |C|L).l" "), ctn, I"‘.!?).lt!ll.llll,ﬂ||
FOA GRAPN TYPY 1, PLUS 'Ll.t'l!,!ll AND ICIN) JNeRa NS) PN
GRAPN TYPEY 2 DRPRNDING ON [ 12442 'IF!"(!I-4 6 nr 0,60,
R=ARIY SCALRY YT XNV}« l|1).ﬂl.° SCN, 1 THCH » 0,008 CN, TYIE ¢,
08 XMS)=T 1) .GE.O.0%CH, t JNCW « P 008 CR, ?YPE 2,
STNYLANLY, 1P l'l!)-l{‘).l‘.ﬂ OSCH, 1 TUCH = 0,0029CH, TVPR 1,
OF XN} <R11) AT A N9CH, VY THCH » ”.GOI‘CH. Tves 1.
START AND ll. EoARTS VITH NIVISTON (17, R11) AND AT, XINY) OR

AL
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AND R1 = N2 » Y AR 4% & 3 0 2
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PRAW LINEIS) 13,314) PROM ALPA (1), 12) AS ALPHA LYY, !2)
P = 2}

CALL CRTITN: XR, YR, HGTE,*ALPNA ¢,0.3,6 )

xR = XN ¢ C.0°WDTAX

DO 8% K = K1,K2

CALL CRTNUM{ XM, YR, HGTX,ALPA (K),0.0,9:197.2) )

TR = YR - DY

8% co¥rIUmR

DRAY LINE 1% PON BETA

N = XX

CALL CRTSYR{ IR YR, HGTX,*BFT4 ',0.0,9% )

KR = XR ¢ 5, 00UDTHX

CALL CUTWUN XN, YR,NGTY, wETA,0.0,°P8.2)"* )

DRAY LINE 16 PRON TOTAL

0 = XX

TR = TR - DY

CALL CRTSYM! XN, YR, NGTX,*TOTAL *,0.0,8 )

XP = XR ¢ 6, 0%UDTUX

CALL CATHOA{ XR YR, HGTX, TOTAL,0.0,° (P?7,2)" )

DRAW LINT 17 FAON BRTAS AS CO

xR = XX

TR = YR - DY

CALL COPTSYN({ XR,YR,HGTX, 'CO *,0.0,) )

XR = XR * 3,00 UDTHX

CALL CFTHON] XM, YR, HGTR, BETAS,0.0,% (P10.2)" )

DRAW LIWR 18 FRON GAIN

o DRAR GAINIK) VALUB(S), 02-24-75,

xR = XX

YR = YR - DY

CALL CPPSYN( XR, YR, HUTX, *GAYR *,0.0,5 )

XN = xR + S,000DTHX

DO 90 K = R1,K2

CALL CRTWUR XR, YR, HGTX,SAIN(N),0.0,° (78,2} |

90 YR = YR - DY

DRAW PLOT RDADER PROR NOUAPLT
WUNPER LCORS LIKR=-= 012273007 (I% POMIAT)

*e DRAAV KOMPLT AT LOWER RIGHT, SANER LEVEL A? X-AXIS NPADING, C2-24-7%,

XPM = XX ¢ 6.0%WDTHX
YR s Y0 - 0.8
CALL CRTNOUR] XPW,YPN,NGTY,WHPLT,0.C, (1) )

TERRINATR RBACH GPAPR, ADVANCY PILAN

®¢ CARCK IWTEGRR END PLOT PLAG YEPP-- IF = 9000, THIS IS PINAL PLOT.

Wy = 0,0
Mo = 0,0
CALL CRT? XNO,YINU,IRPP,2 )
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