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FOREWORD 

Postulated loss-of-coolant accidents (LOCA's) for light water 
reactors generally involve an excursion in temperature for parts of the 
reactor v.ore in which the reaction of the Zircaloy fuel rods with the 
steam environment may become appreciable. The effects of the Zircaloy-
steam reaction must be considered in the emergency core cooling system 
fBCCS) design because of their potential influence on both the thermal 
and mechanical behavior of the system. Thus, i t i s important to demon
strate a reliable method of evaluating end predicting quantitatively the 
extent of reaction during transient temperature exposures. 

The Zirconium Metal-Water Oxidation Kinetics (ZWOK) program in the 
Metals and Ceramics Division of the Oak Ridge National Laboratory i s 
generating kinetic data necessary for the abovs 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 i s 
a complicated mathematical problem which can be handled satisfactorily 
only by computer techniques. While several analytical solutions and 
computer programs are available to examine simpler models of Zircaloy 
oxidation, the computer program, SIMTRAN I, described in this report, 
i s a sophisticated calculation which yields a complete description of 
the oxygen distribution and temperature profiles for a variety of input 
or boundary conditions. The code i s based on an ideal model which will 

! eventually be tested by comparison of the theoretical and experimental 
results for a number of transient temperature excursions. 

The code was written by Dr. Siegfried Malang, a visiting scientist 
on assignment to ORNL from Karlsruhe Nuclear Research Center. Since 
the editing and publication of this report has taken place since 
Dr. Mslang'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 program has 
survived numerous tests of i t s 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. This aspect of the code's application wil l be 
reported at a later date when additional information to support a model 
verification will be available. 

Richard E. Pawel 
John V. Cathcart 
Metals and Ceramics Division 
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TO KTCK-TEMPERAIVPE O'-riTIZING SKVIFONMEKTS 

S. Malang 
Metals and Ceramics D i v i s i o n 

Oak Ridge National Laboratory-
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ABSTRACT 

SMTKAN I i s a Fortran Tf computer program w r i t t e n f o r the 
IS-! 360/^1 system which s o l v e s SIMaltaneously t h e TRANsport 
equations for both heat and mass flow for the one-dimensional, 
multiphase, moving-boundary, transient-temperature transport 
problem in a finite-geometry system defined by cyl indrical 
coordinates. The code u t i l i z e s an ideal diffusion model which 
requires uniform layer growth of a l l phages and assumes the 
existence of thermodynamic equilibrium at a l l interfaces at 
a l l times. While SIMTSAK was constructed spec i f i ca l ly for 
the consideration of cxidatlc« phenomena during the reaction 
of Zircaloy fuel tubes witn s*>eam under high-temperature 
transient oxidation conditions, only minor changes are 
necessary to make i t generally applicable to other materials 
and a number of oxidation, diffusion, and heat-transfer problems. 
A variety of boundary-condition options permit the mathematical 
simulation of a wide range of oxidation experiments. 

The basic operational input to the code, which must include 
physical property, thermodynamic, and kinet ic data over the 
desired temperature range, was selected from a variety of l i terature 
sources. Thus, while the results of the code y i e ld acceptably 
accurate and se l f -cons is tent results in terms of the model and 
the mathematical operations, the user i s cautioned to interpret 
the output results in terms of his confidence in h i s input 
information. The data presently incorporated into the code were 
assembled, at l eas t in part, expediently and have not yet been 
subject to a c r i t i c a l evaluation either separately or as a 
whole (in terms of a model verif icat ioi i ) . Such information w i l l 
be published at a l a t er date. 

On assignment t o ORNL r'rom Karlsruhe Ifoclear Research Center, 
West Germany. 
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i . urrRODfcriox 

The cladding of nuclear fuel rods in water eooiei reactors is the 
first barrier against the release of fission products. Its integrity 
is especially important in a postulated Loss of Coolant Acciient 'LOCA/ 
since in this case the second barrier - the pressure vessel and the 
primary coolant cycle - is partly open to the reactor containment. 

The cladding material in all water-cooled power reactors is "ircaloy. 
This alloy has a good corrosion resistance against water at normal opera
ting temperature. During a LCJA, however, the cladding temperature may 
rise to high levels. At such temperatures, Zircalwy will react vigorously 
with steam, and the resulting exothermal reaction can influence signifi
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. While 
the total weight gain due to the oxidation is a rough measure of the 
change in mechanical strength, a complete examination of the oxidation 
phenomena is necessary for a iiore detailed analysis of the behavior 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
bution of the oxygen is generally a more important variable than the 
total oxygen content. This distribution can be calculated by application 
of the basic laws of diffusion to the trtree 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 to three different 
layers. A wide range of arbitrary boundary conditions for oxidation and 
heat transfer on both surfaces of a specimen can be used. The 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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-':. PROBLEM DEFINITION 

The oxidation of Zircaloy at temperatures above the a/9 transition 
range involves the dissolution of oxygen into the Betal as well as the 
?rovth of layers of oxide and oxygen-stabilized alpha. The particular 
case of the reaction of steam with a Zircaloy fuel tube during a typical 
hypothetical 10CA ic a complicated example of this general sort of 
behavior. 

As part of an effort to develop a predictive capability by which 
to describe the extent of the Zircaloy-steam reaction during non-normal 
or aceiient conditions, the computer prograa SIMTRAK I has been written. 
The basic assumption invoked in obtaining solutions to the nass-transport 
equations is that thermodynamic equilibrium is maintained at all bound
aries, regardless of their rate of movement or the rate of temperature 
chan^i. Supersaturation ir all phases is permissible when arrived at 
by temperature changes, and utxst be dissipated by diffusion and uniform 
phase growth rather than by precipitation. The growth of all phases is 
assumed to take place uniformly, in the manner envisioned when applying 
the ideal diffusion equations. In addition, it is assumed that each 
transport equation is completely characterized by a single kinetic 
parameter, although this parameter is generally a function of the partic
ular phase, the temperature, and the oxygen concentration. 

SBCRAII I utilizes finite difference techniques to solve, in cylin
drical coordinates, the one-dimensional, multiphase, moving boundary 
diffusion Tjroblem in a tube wall of finite thickness. Physical property 
lata, as well as kinetic and thermodynamic parameters serve as the basic 
input to the code which, en the basis of the ideal model, can then examine 
simultaneously 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 number of useful 
"eaction sequences. 
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3. MODEL, METHCHCS, AND ASSUMPTIONS 

A finite difference approach is used for the calculation of both 
temperature profiles and oxygen distributions. The general finite dif
ference methodology for diffusion in a systeD without moving boundaries 
is veil known and will, therefore, be described only very briefly. J4>re 
emphasis will be placed on the description of the specific method used 
here to deal with the problem of the moving 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 

03T 

where 

x i"cnP = distance 

T Tsecj = time 

T [ c c ] = temperature 

or r ~ ] = thermal diffusivity 

C [a—j|n - concentration 
( i . e . , oxygen in Zircaloy) 

-cm . 
"sec = oxy&en diffusion coefficient 
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The use of a finite difference method defines the vail as being 
divided into a number of nodes in which all the BASS is assumed to be 
concentrated. These nodes are connected by "conductors" which "conduct" 
heat and oxygen. The differential equations (l) and (la) are converted 
to the following difference equations: 

T -T n a 
&T ^ C ' v ) n - \ n t ^ ( T n - r V + ^n^WV + * ™ 

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

* C —C 
-^T ' Vn = Lc,n,n-! ( Cn-x^n ) * Lc,n,n+i ^ n + f V ( 2 a ) 

change in n e t diffusion 
oxygen content 

Equations (2) and (2a) show the heat and mass transport balances for the 
node n. T and C are the mean temperature and concentration values at n n 
the time T; T * and C * are the corresponding values at the time T + AT. 
The meaning of the other symbols i s : 

p rS25] = density 
car 

c r W S

 c J = specific heat 

v f can3 ] s volume 

L. [ex? 1 - conductance, thermal conductor 
t K cm3 

L rJJL] S conductance, oxygen 'conductor* c sec 

q T w ] = heat generated in node during AT. 



c 

L. acd L can be determined vith the ecuations t c 

L t = K - | (3) 

L = D - * (3a) 
c x 

where 7. [cm] is the distance between the two nodes and A the cross-
sectional area rem2] of the conductor. K [—r=1 is the thermal conduc

ed2 C m 

tivity and D £ 1 i s the oxygen diffusion coefficient. "A" is usually 
chosen to be 1 cm2 for convenience. The equations (2) ar*i (2a) have to 
be solved for each node. The sets of solutions comprise the temperature 
profiles and oxygen distributions as functions of time. Arbitrary 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 i specified as 34330 — l is generated at 

\ gram oxygen / 
the oxide-or interface. The heat which is necessary to split steam into 
0 ard H~ at the gas-oxide interface must also be accounted for. The 
fraction of this energy supplied by 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. Such 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 temperature oxidation experi
ments after the adjustment of the kinetic input parameters determined 
on the basis of the results of isothermal experiments. The treatment is 
presented without -rolicit consideration of density changes in the phases 
during oxidation. The method chosen to account for this effect is 
discussed in par. 3.7. 
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TWo different methods are used for tlie treatment of the moving bound
aries, depending upon the thicknesses of the oxide and alpha Zircaloy 
layers. 

*?.2l Oxide Layer Less Thar. 4 ym Thick 

To avoid excessive computing time, the mesh sizes for the main diffu
sion calculations are chosen in such a way that the oxide layer must be at 
least U \M and the alpha layer at least 6 ^m thick in order for the 
calculations to be made. To enable the code to describe the growth of 
very thin layers, a separate simplified method was developed that utilizes 
only 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 profile near the surface. Only a few 
nodes in the beta layer are shown, but the code calculates over the entire 
wall. 

The thr*e oxygen fluxes, FLUX 0, A, *nd B, are each kept constant 
during one time step AT. The movement of the interfaces after each time 
step 5s calculated in the following way. 

* (FUJX o - rar A? - &T + s Q - (cQ - c*) ( 4 ) 

s Q - s 0 = _ , - ~ 

" 0 " C A 

(FLUX A - FUJX B) - AT •» S A (C„ - C , ) 

A B 
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ORNL-OWG 75-11037 

NOOE NUMBER 
3 4 

FLUX 0 

••-OXIOE 

So-

*0A 

FLUX A 

- ALPHA - » 

FLUX B 

S34-

BETA 

S45- S56- S 6 7—-

Fig. 1. Model for the treataent of moving boundaries for thin 
layers. 
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The Meaning of the syabols i s : (see Fig. l ) 

AT [ s e c ] time step 

FLUX 0 = D. 
C 0 * 0 A 

0 S„ 

FLUX A = D 
C A O " C A B 

A S . 

FLUX B = D. BA * 
B S y. 

fp" "I 
(_cm2- sec J 

(6) 

(7) oxygen fluxes 

(8) 

- VfoA r e a l 

- CAO'*CAB 
C A = ~1 

F - B A * 
C B — r ~ [5] 

Average oxygen concentration in oxide. 

Average oxygen concentration in alpha-
Zircaloy. 

Average oxygen concentration in beta 
Zircaloy V«breen nodes 3 and 4. 

'OA 
: A 0 
: AB 
: BA ft] Concentrations at the various 

interfaces; see Fig. 1. 

_ » _ * 
C 0 ' C A 

0' A 

« * 
S 0 ' S A 

[-] 
[-] 

Concentrations after time step AT. 
(Can be different froa C,C if 
teaperature changed during Viae step.) 

Thicknesses of oxide and alpha layers 
at start of tiae step. 

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

The concentration in the beta phase is calculated by using the general 
method described in section 3.1. 
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3.22 General Treataent of the Moving Boundaries 
The concentration gradients and interface •ovenent for oxide and 

alpha Zircaloy are confuted by usisg the Method described in section 3.21 
for layer thicknesses up to 4 and 6 \m, respectively. For thicker layers, 
a different Method is used which, in general, Bakes use of at least four 
nodes in each phase. These Methods shall be described focusir« on the 
profiles at the oxide/alpha interface as illustrated in Fig. 2. 

The oxygen fluxes, TWX 0A and A0, and the concentrations are kept 
constant during the tine step AT . After this tine step, the Movement of 
the interface is calculated froai the following equations: 

f* +(* C ~4C 
S . 0 1, 0 A + S., • % ** + (TWY. 0A - TO.™ AO) • AT 01 2 Al *-

e • S M ^ O A A c * C A0 4 C A1 (*) 
= s o i ' —5 + SA1 ' — 2 — l ; 

S 01 + SA1 * S oI + S A I ( ° 4 ) 

For a flat wall the oxygen fluxes would be: 

C —C 
TUT/, OA = D - ^ - 2 ^ (10) 

U & 01 

S^Al PITY AO = D "g " Til) 
A 5A1 

The symbols are similar to those used in par. 3.21, with reference to 
Pig. 2. The code solves the equations (0) - (11) for cylindrical 
coordinates. The movement of the alpha-beta interface is treated in an 
identical manner. 

The concentrations in the nodes inside the three layers are al l 
calculated according to the methods outlined in section 3.1. The possible 
boundary conditions at the surfaces of the wall are described in the 
next section. 
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ORNL-OWG 75-11036 

NODE NUMBER 

Pig. 2. Model for the general treataent of moving boundaries. 



3.3 Boundary Conditions a*"- the Two Surfaces of the Wall 

The code allows for oxidation 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 tine 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 , 

* * cool 
b) Radiation, determined with e, T ,, 

' ' wall 
where T - i s the temperature of the gas stream in contact with each 
surface; T . . i s the temperature of the surroundings with which the 
specimen exchanges heat by x^diation; h i s the convective heat transfer 
coefficient; and c i s t>ie Stefan-Boltzmann constant. 

c) Fix-d heat flux (independent of specimen temperature or heat 
transfer by convection or radiation). 
7.32 Boundary Conditions in Regard to Concentration Profile Calculations 

An upper limit for the oxygen flux available to either surface can 
be specified. As long as the actual oxygen flux, determined by the dif
fusion constant and the concentration gradient, i s smaller than this l imit, 
stoichiometric oxide at the surface is assumed. Otherwise *he concentra
tion at the surface node is calculated with the equation: 

C = C + 0 ' (r — *• )/t- (12) 
^l n limit , r l n ; / L l L ~ ; 

vhere 
gam] 
cm3 J 

s r a m l 
cm3 J 

r — r [cml - distance between the two nodes. 
upper limit for oxygen flux to the surface. 

C, 

~n 

oxygen concentration at the surface, 

oxygen concentration at the next node. 

'limit Lcm^•sec J 

[lee J diffusion coefficient. 
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The purpose of the variable 0.. .. is to allow the effect of gas 
1.1 B i t 

phase control o f the oxidation rate , or "steam starvation," to be ob
served. In the present version of the code, 0 . . i s an input which can 
be t ine dependent. If tn i s variable (for e i ther side) i s specif ied in 
the code as uniquely zero, then no oxidation takes place on that s ide . If 
intermittent oxidation ( i . e . oxidation-annealing steps or tube-burst 
simulation) i s desired, then the oxygen flux l imi t for the periods vhen 
no oxidation i s taking place i s given by some small number greater than 
zero, such as l x l 0 ~ 2 ' . 

3 .4 Selection of Mesh Sizes 

It can be shown that the stable time step for the integration (see 
section 3. 5) i s proportional to the square of the mesh s i z e . Since the 
number of nodes increases l inearly with decreasing aesh s i z e , the comput
ing time increases approximately with (l/mesb s i z e ) 3 . Therefore, i t i s 
important that small mesh s i ze s be used only a t the places and times vhen 
i t i s real ly necessary. For example, for temperature calculations a larger 
mesh s i ze should be used in the metal than in the oxide s ince the thermal 
conductivity in the metal i s mucti larger and, therefore, the temperature 
gradients much smaller. 

Similarly for diffusion calculat ions, a larger mesh s i ze can be used 
in the beta phase than in the alpha phase or the oxide. In addition, i t 
would be desirable to keep the number of nodes in the oxide and alpha 
layer approximately constant, independent of the layer thickness. For 
a l l these reasons, up to seven different aesh s izes may be used t o com
plete a typical calculation. This means that the mesh s i ze can and w i l l 
vary as a function of purpose 'temperature or diffusion calculat ion) , 
phase (oxide, alpha, or beta) , and layer thickness 'and, therefore, time). 
To determine the smallest mesh s i z e , 3R, the largest integer M for the 
equation 

^ = waU^tWcknefs 2 1 ^ f l , , 
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is calculated. This basic (minimum) aesh size is used for diffusion 
calculations in the thinnest oxide and alpha phases only. For other 
purposes, mesh sizes determined by Multiplying DR by 2, 4, S, 16, 32, 
or r£ 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 node 
but aavy 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 a*sh size in alpha for the 10 meshes 

adjacent to the »/s interface, otherwise 64 at. 
c) oxide layer is divided into at least 2 meshes 
d) alpha layer is divided into at least 3 meshes 
e) not more than ? meshes in alpha layer if this is not a contra

diction to c), given condition a) 
f) not more than 8 meshes in oxide layer if this is not a contra

diction to d), given condition a}. 
Using these guidelines, the mesh sizes can increase or decrease during 
the computation, depending on which direction the interfaces are pc.ing, 
in order to create a balance between accuracy and computing time. 

3.5 Integration Method 

In cases with fast temperature changes, the heat conduction equation 
(2) and the diffusion equation (2a) have to be solved simultaneously 
since the diffusion constants and equilibrium oxygen concentrations, 
especially, ere strongly temperature dependent. The most simple method 
to do this is to use an explicit integration scheme. An explicit method, 
however, has the disadvantage of having a very small stable time step, 
which can lead to a very long computing time for many useful types of 
cases. To keep the option for the implementation of an implicit method 
open, the concentration and temperature integrations are performed in 
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Table 1. Mesh sizes uti l ized in coaptations 

MESH S I Z E 

1 DP " - * * DR ? DR I* DR 3 2 DH •?•* DR 

z 
c l - t 

t- < • 

<: = < ~ ^£ V 

Q 3 f t 

< 1 

1 ac 1 
p. fa: 

1 
• 

<c c 1 
«t n •* » u: X j £ O • 
UE-

t - . 
eo • 

5£ 
^ I : * • • < u: 

3= C 5 
< u: 
3= C i 

p ^ •4 >' • 1 
| < o i i 

o 
S= i 
O 
K l < ^ 
GO < 

i 
fa. ( t I 
1 1 
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separate subroutines. An alternate :nte>sratior. scheme can, therefore, 

be aided without too nany problems. As a f i r s t approach, a coBpromise 

was cade by using an expl ic i t integration u t i l i z i n g up to four i i f ferent 

steps. 

T̂ ie appropriate s t a b i l i t y cr i ter ia are driven by the equations: 

' c -s -v 1 

*-.*— r*. M 
t,n,n—i t ,n,n+i 

* < , ! H ^ (i/*y 
c,Ti,n— i -,n,ft»". 

where 

A- = stable t i a e step for the f in i te difference equation for the 

teoperatsre caLculatior-s 

AT = stable time step for the f in i te difference equation for the 
o 

concentration calculations. 
The aeaning of the symbols is the sane as in 3s. ••') and •'*}. 

In addition, use is made of V , » maximal tiae increment during which all 
boundaries and aaterial properties for temperature calculations are kept 
constant, and A* , a maximal tine increment during which all boundaries 
and atterial properties for concentration calculations are kept constant. 

Equations (14) and fl4e) have to be applied tc each node, and the 
smallest of toe two stable tine steps, A* and A* , is used. It can be 
seen that AT and AT depend only on the mesh size and the values of the 
thermal conductivity or diffusion constant. If AT or A*, is stall, then 
this small step has to be used even for very slow transients to insure 
stability of the finite difference solutions. However, in this case it 
is practical to change the model so that the auch larger tiae increments 
AT and AT can be used. Therefore, provisions are aide in the code so 
that a number of AT (stable) steps can be performed between a single 
AT step; similar provisions are made for AT. and AT.. The calculations 
which have to be repeated for each step AT and AT. are kept as siaple 



as poss ible . The t e s t rur.s showed that th i s approach together v i t h the 
a-^toaetic t i a e step control 'see section 3.-1? leads to a r*erc-3tcle 
commuting t i n e for diffusion calculations for both hi^h as i low oxiiaticr. 
teaperetures. Only i f a detailed teapereture calculation i s i e s i r e i f i r 
cases v i th low oxidation teaperatures v i l l the conputisg t i=e b» exces
s ive ly lone- A ~lunped~ fsee per. 5.1? teaperatuLre calculation voul: 
be aore appropriate for those cases . A rough r i l e o f thud: fcr the 
coaputing t i n e i s reasonable cases i s f for an I3M 3- ' / - I , that elou- '.'. 
s i n i s required for etch 1 1 •&. Boveeeat of the a,'5 interface, rue to 
the autoeatic t ine step control, the 'junputiar t i a * i s :»t highly ierer.-
dent on oxidation temperature and layer thickness. 

3.-' Tiae Step Control 

The optiaml t ine step for teaperature and concent ration c a l c u l a t i o n 
varies over a v i i e range. This i s iue to the strong teapereture ieper.-
ience of the xaterial properties, especia l ly the diffusion constants. In 
addition, the optinal t i a e s t j depends on the nesh s ixe which varies with 
layer thickness. Therefore, the t i n e step m y vary from I "" stc t c i 
few seconds in a s ingle experiment. 

It m u l l be very d i f f i cu l t i f not impossible to f in i sanually •*. 
sat isfying coaproaise between precision and computing t i n e . Therefore, 
an autoaatic t i a e step control has been chosen, "sing th i s feature, the 
user has only to specify the t in* step for printing out the resu l t s . The 
code uses the four different time steps cautioned in section ".5 for ca l 
culation. There are different l eve l s o f control. The f i r s t level assures 
stable t i a e steps for teaperature and concentration calculations. These 
t i a e steps are determined with S?i (14) and (14a), and the values are never 
exceeded. They are used for the integration in the exp l i c i t method. The 
next l eve l controls the t i a e steps during which a l l boundary condition* 
and material properties are kept constant. These steps can be specified 
by the user, but they are checked by the code i t s e l f . The code calculates 
upper l imits which are actually used i f the step specified by th* user 
i s larger than the calculated upper l imit or i f the step s i ze i s not 
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specified at all. These upper limits are calculated so that the following 
conditions are not exceeded during the tine 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 oxiie; 

(b) the oxide - y interface sh&ll not move more than 2-10 cm; 
and 

(c) the -y/n interface shall not move 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 Associated with Oxidation 

It is assumed that the entire volume increase associated with the 
oxidation of Zircaloy to Zircaloy oxide takes place in one dimension. In 
all the calculations, however, 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: 

[cm3 oxide I 
cm1 metal I FICF4C = D E W 7 I B | c m, o x i a e | volume ratio (15) 

riup.Hb DENZRO - 0ST0CH ' y -'-*' 
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density o f Zircaloy 

density o f Zr02 

oxygen density in stoichiometric ZrOL 

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

the f i c t i v e values (written with +) are: 

S •-- S/V'ICFAC layer thickness 

D = D/FICFAC2 diffusion constant 

C = C-FICFAC oxygen concentration 

(C *p) = C -p„ _ -FICFAC heat capacity 
p p r̂Op 

K+ = K/FICFAC thermal conductivity 

The volume change associated with the transit ion from 9-Zircaloy to » i s 
neglected as well as the small e f fect of oxygen concentration on the 
density in a l l the phases. 

4 . GENERAL FEATURES OF THE CODE 

The features o f the code development can be summarized as follows: 
1. The code permits simultaneous determination of the temperature 

and oxygen prof i l es for a variety of typical oxidation experiments. 
2. All material properties input to the program are located in 

separate subroutines so that changes can be made eas i ly . 
3 . All physical, thermodynamic and kinetic variables are input to 

the program as temperature dependent functions. 

D E K 7 I R TIE"! = 

O S T O C H N ^ 



2Q 

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 vail, vhich permits the effects of gas-phase control of the kinetics 
to be examined. 

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

7. All boundary conditions may be time dependent. 
3. Options are included for performing several simpler oxidation 

calculations such as total oxygen calculations based on the data of 
Baker-Just, Kooson, or Lemnon. 

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, SIMTRAN 

This is a short and simple program which calls the different sub
routines where the various computations are accomplished. In addition, 
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. 



0 
S*»IN 

STA»T | 

~n 
INOATA I 

INITIA I -v 

Fig. 3- Flow chart for SIMTHAN I 
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4.3 Subroutine 1R1T1A 

In this routine, initial values are assigned to a number of boundary 
condition -variables. 

4.4 Subroutines TEMPER, TUJMB, and I3TTEM 

m TEMPER, the teaperature calculation is prepared. If the option 
for a luaped teaperature calculation is used, the subroutine TUJMB is 
called and the tenperature calculated there. The subroutine UTTEM is 
called for the calculation of the teaperature distribution across the vail. 

4.5 Subroutines DIFFUS, DSTART, MESHCE, IBTDIF, and RATMOD 

These are the largest and nost coaplicated subroutines of the code. 
They calculate the oxygen distribution throughout the wall. The control
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 oocide and » layers. For thicker 
layers the calculation is prepared in DIFFUS and MESICE, and the integra
tions to provide values of total oxygen uptake are performed in IKTDIF. 
RATMOD is used for the total-oxygen calculations based on the Baker-Just, 
Hobson or Lesnon data. With these equations it is assumed that all the 
oxygen consumed forms stoichiometric Zr0 2. 

4.6 Subroutines OUTFUT and PREPAR 

OUTPUT 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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art chosen as sultiples of tat output tiat «tap. Tat concentration oaa 
bt plotted in tiro different scales vhich art selected by tat user. With 
oat scalt tat profilts la oxide, »- tad 9-Zirceioy art plotttd; vlth tat 
other, only tat a aad 9 profiles art plotttd. Tat user oaa select oat 
of tbta or both. 

TRAPLO is a pea-end-iak (CALCC*f») plotting routlat vbieh plots up 
to 25 output variables as functions of tiat or squart root of tiat. 
Both routines use tat standard plotting paekaft of the OltBL>coapaters 
which is described la UpptwHr A. 

L.a Functions for faterial Properties 

The code aust contain a set of functions far the calculation of the 
aaterial properties. Mo claia is sade that the equations presently used 
for these functions are the best ones. They are rather considered to be 
reasonable values which aay be used for testing purposes. 

For every cast, a table vith the aaterial properties in the range 
froa -?50*C to 1500'C (1382-2732T) is calculated and printed with the 
subroutine MATKAP. The subroutines vhich furnish these date to the coa-
putatlonal routines are: 

1. BRFAC: Calculates equillbriua oxygen concentrations at all 
phase boundaries. 

2. DIFCOR: Calculates oxygen diffusion constants for all phases. 
3. COKDUC: Calculates tberaal conductivity for al l phases. 
4. SPBC: Calculates beat capacity (product of specific beet and 

density) for e l l phases. This subroutine is presently 
utilized to account for the heat of the o-0 transfer* 
nation by appropriately aodlfylng the specific heat 
Input. 

The teaperature application l lait of these functions i s presently arbi
trarily restricted to a anxlaun of 1?50*C (3362°F) (aeltlng point of 
Zircaloy). A lower l ia i t of S50*C (1562'p) is arbitrarily set in IHTFAC 
for the solubility data calculations. Except for specific heat values. 
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these tempi i stain limits are used for the calculation of the arterial 
properties, and arbitrary constant values are applied outside these 
l imits. It should be realized, of course, that the oxidation nodci 
applied by the umgiasi i s not valid outside the teaperature range 
approximately S5O-1500rC (1562-2732*F) in any event. 

5. DESCftlFTIOH OP THE HPUT AID OUTPUT DATA 

All input and output data are l isted in Appendix B and C. In addi
tion, three sample probleaa are given in Appendix D. Therefore, tbe 
description here i s restricted to the use of tbe major options. 

5.1 Temperature Calculations 

The particular option for this calculation i s specified with tbe 
-variable BTUMB (card U, f ie ld 1-10). There are three different options: 

a) HUJMB « 0 
Tbe complete temperature distribution across the wall is calculated. 

This calculation increases the computing time considerably. In cases 
where tbe temperature gradients are expected to be small, options (b) or 
(c) can be substituted with little loss in definition. 

b) HZUMB = 1 
Tus entire wall is treated as one node only (referred to as a 

"lumped" calculation). Tbe temperature is calculated as a function of 
heat transfer at tbe two surfaces and the beat generation associated with 
tbe oxidation. Tbe nature of the beat transfer is specified in data cards 
5 and 6. Every combination of oxidation, convective beat transfer, radia
tion, and fixed beat flux can be specified for each surface. 

c) KLUMB = 2 
With this option, tbe wall temperature is identical with tbe variable 

TSTEAM(l) (card 5, field 21-30). Ho beat transfer coefficients have to be 
specified. If TSTEAM (l) is zero, TSTEAM(2) (card 6, field 21-30) is 
used instead. 
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5.2 Concentration Calculations 

The surface where oxidation occurs is specified with the variables 
HDIFF(l) and HDIFF(2) (card 5 and 6, field 1-10) which set the maximum 
oxygen flux available at each surface. If there is oxidation on one or 
both surfaces, the corresponding HDIFF has to be greater than sero. After 
oxidation has occurred on a given surface, HDIFF can then be aade arbi
trarily snail (but not sero) for the remainder of the transient or for a 
part of it. Thus, intermittent oxidation - annealing steps can be consid
ered. 

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

a) NBAKHR = 0, 
tbe oxygen concentration profile is calculated as a function of tine, 
starting with a constant concentration across the wall, given by CSTART 
(card 11, field 11-20). 

b) HBAKES > 0, 
only tbe total oxygen gain is calculated. It is assumed in this case that 
all tbe oxygen forms stoichiometric 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 Hbbson equation is used. 
b3) NBAKER = 3, the Lemaon 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 
have shown excellent mechanical operation and self-consistency in tbe 
calculations. 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 



a considerable savins in conputer tin* uanjarail to the sore detailed 
tanparatiira calculation. Generally, the naxinun tanpaiatun difference 
in a •pirlnsn exceeds one to two Jegreei only la cases where conperatively 
thick oKide layers exist and where a large heat fin through the wall is 
specified by the mnsi I—Hal conditions. 

So attaint has been nade yet to select or to adjust the equations 
for the aaterials properties In order to get the best possible agreanant 
between calculation and experinent. lb aid in this purpose, a specialised 
version ot the code will be developed which utilises experimental data 
from isothemal oxidation rate neasurenents as input and selects by an 
optinlsation schene the "best'* diffusion constants and equilibrium concen
trations for all three phases as functions of tenperature. We consider 
such an optinlsation step tc be of great inportancc, and all users of the 
code are strongly advised to keep this fact in nind. The various Material 
para—ters contained in the code were selected fron a variety of litera
ture sources, and at this tine we can offer no assurances as to their 
correctness despite the fair agreenent we have obtained betueen calculated 
and early experlnental results. The final verification of SDfFRAH I 
awaits the eoapletion of the experlnental phase of our program, and not 
until that tine will we be able to consent on the applicability of the 
code to the stean-Zircaloy reaction over a wide tenperature range or on 
the validity of the Material paraneters presently incorporated in the 
code. 
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APPBtPP: A 

DESCRIPTION OF TIC PLOTTIin ROUTINES* 

Al. Calcomp Pen and Ink Plotter Subroutines 

The Oalcoap tape transport accepts a seven-track •agnatic tape 
written on the IBH/360 computers in a special format and uses data from 
this tape to drive the pen and ink plotters. Tbe basic plotting package 
•ay be called by FORTRAN programs. A description of tbe 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 ("tY) position to the (?,?) position given in 
the calling sequence. The data generated are stored in an array and 
written onto magnetic tape each time tbe array is filled or when an end-
of-graph call is given. Sequential graph addresses are generated for 
each graph written, and tbe graph address is displayed to the Calcomp 
operator as plotting progresses. 

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

Initialization Entry - CALL PLOTS (A, LENGTH) 

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

LENGTH is an integer such that »V7 < LENGTH < 3191 which specifies 
the number of consecutive four-byte locations beginning with location A 
available to the routine. If A is an array, then LENGTH is tbe 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). 
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between 3000 and 5000. The aiuajaa—i east not use that portion of 
storage from location A through location A (iflPIH) at any tin* between 
the initialisation of the package and the final use of the routine. 

Plotting Entry - CaLL PLOT (X.Y.l) 

This call generates the necessary plotter i IB—niU to move the pen 
in the nearest approximation of a straight line from the current (X,Y) 
position to the (X,Y) given in the calling sequence. The aim—nits are 
as follows. 

:•: is the abscissa in inches expressed in floating point. 
Y is the ordinate in inches expressed in floating point. 
I is an integer which specifies whether or not the pen is to contact 

the paper while moving to the new (X,Y) position. The sign of I specifies 
eit»?2r a continuation of the current graph (I * 0) or an end-of-graph call 
(I < 0). 

If 'i! * 3, the pen will be lifted prior to execution of the novaaant 
to given (X,Y) position; if !l! = 2, the pen will be lowered and a 
straight line drawn to the given (x,Y) position; and if III - 0 or 1, the 
pen will not be altered. If I < 0, the i nana ml will be interpreted as an 
end-of-graph call, and following movement to the given (X,Y) position, 
the X reference point will be set to 0 to establish a new origin for the 
following graphs. Rote also that 11| will detersdne whether the pen is 
lifted on this final call for each graph. The end-of-graph call al*o 
causes any data refining in the storage area to be written out and the 
sequential graph nunber to be lncrenanted. PLOT keeps track of the cur
rent status of the pen so that redundant pen commands are not generated. 

Subroutine SYMBOL. • This routine provides the programmer with the 
ability to draw alphanuneric characters. It nay be used for labeling, 
annotation, data point plotting, legends, etc. It allows the prograaner 
to choose the sice of the characters and the orientation to suit hinself. 
One hundred twenty-seven alphanuneric characters are available in the 
SYMBOL routine. 

The calling sequences and arguments are given below. 
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Entry - 3t»0L. - TWO functions are served by this entry point. 
Although the calling sequencer are very similar, each will be described 
individually to avoid confusion. The normal entry is used for titles, 
identification, etc. The railing sequence is 

CALL SYMBOL (Y,Y,H,BCD,THETA,H)f 

is the abscissa of the left edge of the first character to be 
drawn. 

Y is the ordinate of the lower edge of the first character to be 
drawn. 

H is the height, in inches, of the characters to be drawn and 
H > 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.U .... The 
width of a character is four»seventb* of the height. 

BCD specifies, in either of two form, the alphanumeric characters 
to be drawn. The argument nay (l) list the BCD characters; 
e.g., ..., 17HALPHMUIBtIC DATA, ..., or (2) be the address of 
the first elenent of an array containing BCD characters; e.g., 
..., BCDARY(l), ... . 

THETA is the angle, in degrees, expressed in floating point at which 
the characters are to be written. THETA is neasured counter
clockwise from the positive X axis; hence for THETA = 0.0, the 
characters are drawn left to right parallel to the X axis. For 
THETA s 0.0, the sine and cosine are not computed, but for any 
other angle, SIR 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) given in the calling sequence as the 
pivot plant. 

N is an integer which specifies the number of characters to be 
drawn. 
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If N > 1. spacing between the characters is accomplished automatic 
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 
straight line. The calling sequence is 

CALL SYMBOL (",Y,H,ICKAR,THETA,L), 
where 

7 is the acscissa, 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 s 0.02. Best 

results in this sequence will be obtained if H is an integral 
multiple of 0.02. 

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

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 (X,Y) position. 

If L < —1, a straight line will be drawn from the previous (x,Y) to 
the given (>!,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 NUMBER. - This is a subroutine to convert a machine format 
number to its decimal equivalent and plot it according to a specified 
format. The calling sequence is 

CALL NUMBER (S, Y,H,A,TKETA,nHF0RMAT), 

where ",r,Y,H, and THETA are as described in the normal entry to subroutine 
SYMBOL. A is the name of the machine format number to be converted and 
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plotted. The type (integer or real) Bust confom t o the FORMAT specified. 
nHFORMAT i s a BCD arguaent which specif ies the Banner in which the nunber 
i s to be converted and plotted. The nH portion of t h i s argument i s the 
normal FORTRAN method for transmitting BCD characters to a subroutine. 
The FORMAT portion i s one of the four numeric format specif ications I , E, 
?, or D. Examples of t h i s argument are 5ES12.5, 4.HF?.3, 2HI5, 5KT-1C.3. 
The FORMAT specif icat ion oust not exceed s ix characters, and scale factors 
aust not be used. The to ta l f i e ld width Bust not exceed ?:• characters. 
The numbers are converted by the standard l ibrary conversion routines and 
are right-adjusted in the f i e l d . This subroutine i s designed primarily 
for annotation where a s ing le number i s involved. 

A2. Subroutine CX7 for the Cathode Hay Tube Plotter 

Subroutine CP7 writes the plot command* on a °-track tape for the 
cathode ray tube p lot ter . The basic cal l ing sequence i s 

CALL CRT fARr.l, ARC*,2,IAP.~3,>©DE) 

The action taken depends on the value of MDDE. The possible actions 
are described in the following sections and summarized in Table Al. 

It is convenient to think of this plotter as writing on a page with 
a normal plotting area of 11" x V7" plus a margin on each side of about 
1". If the user does not specify his own origin and scaling factors, the 
subroutine CRT will set up an 11" x Y7" coordinate system with origin at 
the lower left corner of the normal plotting area. A request to move the 
beam from position (0.,0.) 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,IABG3, MODE) 

ARG1 1 ARG2 1 IARG3~ MODE3 ACTIOK 

buffer 
name 

buffer 
length 

(integer) 

'your 
nameS* 0 In i t i a l i za t ion 

posit ion beam 
intensity 
indicator 

IZ 

1 

- 1 

Move the beam 

Find present beam 
coordinates 

posit ion 

dUfflBQT 

XDuHYDUM 

see 
Table 3 

IBLOCK _2 

Write block numbers 
or advance film or 
close tape f i l e 

Find las t block number 

XORG YORG beam 
intensity 
o f set 
IZORG 

3 

- 3 

Change of f se t values 

Find present o f f se t values 

/FACT YFACT dummy 
IWM 4 

-A 

Change scale factors 

Find present scale 
factors 

posit ion 
>:,Y 

point 
intensity 
indicator 

IZ 

5 Plot a point 

posit ion beam 
intensity 
indicator 

IZ 

6 Ignore l imit switches and 
move beam 

dtumy 
xuuM, YDVM 

IZSET 7 

- 7 

Change IZSET 
Find present IZSET 

1 ARTl and ARG2 are floating-point numbers, REAL*4 or REAL*8 (except 
when MODE=0). 

1' IARG3 i s a 4-byte integer (except when M0DE=O). 
3 MODE i s a 4-byte integer. 

i 
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As this line is produced on the cathode ray tube it is also recorded 
by a 35 a* camera. The fila is advanced to a new frame for each new plot. 
Later, the film is developed and sent to the user. 

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

O D E O . Initialisation 

CALL CRT (BJFFra,!IBUFP,,TOUR MAJ€**',0) 
This is an initialization call and aust precede all other calls to 

CRT. formally it is done only once and normally the subroutine vill 
ignore further initialization calls. However, it is possible to force 
the system to reinitialize by setting NHJFP < 0. 

BUFFER is the symbolic naae of an array that CRT say use 
as an output buffer. 

!NHJFF| is the number of 4-byte words in the array that CRT 
•ay use. Normally, it is the MMEBSIOH of HJFFER. 
3000 * NRJFF * 5000 is recommended. 

•YOUR NAMES' Your nave (12 characters or less) followed by a t , 

within apostrophes. This will be used to plot a 
special identification fraae on the film strip. 

MDDEsl, Moving the Bean and Plotting Linea 

CALL CRT (X,Y,IZ,l) 
X, Y represents the position to which the bean will be 

aoved frost its present position. However, X and Y 
will be translated and scaled, as described below. 
X and Y oust be floating-point numbers, either single 
or double precision, REAL*4 or REAL*8. 

TZ indicates the intensity to be used, as described below. 
All movements are made to positions defined by coordinates relative 

to an origin. The initial origin (0.,0.) is always in the lower left 
corner of the normal plotting area. However, by using a call with M0DE=3, 
a translated origin (X0RG,Y0RG) maybe obtained, and subsequent plotting 
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will be relative to the nev origin. Each movement is nade in a straight 
line approximation from the present position to a nev position (ABSC,ORD) 
calculated from the first two arguments (X,Y) of the call statement. The 
coordinates are translated and scaled as follows: 

ABSC = (X+XORC) *XFACT 

ORD = (Y+YORG) *YFACT 

(ABSC,ORD) are the translated and scaled coordinates, in 
inches, relative to the lover left corner. 

(X,Y) are the firs* two arguments given in the calling 
sequence '-.ud represent the nev position in the 
user's coordinate system. 

(XORG,YORG) is the present position of the origin relative 
to the lover left corner, in user's units. XORG 
and YORG are initially 0. but they may be changed 
by a call vith M0DE=3. 

'TACT and YFACT are scaling factors for abscissa and ordinate 
valr*s respectively. For a movement parallel to 
the X-axis, '/TACT * (distance in user's units) = 
distance in inches. XFACT and YFACT are initially 
1.0 but they may be changed by a call vith M0DE=>4. 
If XFACT=YFACT*1.0, a line of length 1.0 vill be 
1.0 inches long on an 11" x 17" print. If X and 
Y vtlues both range from 0. to 100. and if one 
vants a square picture, then appropriate scaling 
factors are XFACT=YFACTs0.11. 

With the Model 535 plotter it is possible to have 30 different 
intensity levels. The beam intensity is calculated from the third argu
ment (TZ) in the call statement. If the value of IZ is zero, the beam 
is turned off. If the value is 9°, the routine uses a value IZSET 
stored in the subroutine. IZSET may be changed by a call to CRT vith 
M0DE=7. 
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I f IZ i s not 0 or 99, the true beam intensi ty IZTRUE i s IZ o f f se t 
by the value o f IZOBG. 

IZTRUE = 0 i f E = 0 
IZTRUE = E+EORG i f I Z / 0 a n d I Z / 9 9 

IZTRJE = IZSET+EORG i f IZ = 99 
IZTRUE i s the bean intens i ty request transmitted t o the p lo t t er . 
IZ i s the value specif ied by the argument in the c a l l statement. 
IZORG i s a pos i t ive or negative intensi ty l e v e l o f f s e t . IZORG 
i s i n i t i a l l y 0 but amy be changed by a c a l l with MDDE=3. 
IZSET i s a value stored for use when E=99. I n i t i a l l y , IZSET=16. 
I f IZTRUE i s sero or negative, the beam w i l l be turned off . I f 

i t i s between 1 and 30, i t i s the intens i ty l e v e l used, and the beam 
w i l l be turned on. I f IZTRUE i s greater than 30, the intens i ty used 
i s [(iZTRUE+l) mod 32 - l ] . 

IZTRUE=16 i s a typical intensi ty for plott ing l i n e s . In tens i t i e s 
l e s s than 7 are scarcely v i s i b l e . A s h i f t of four intens i ty un i t s 
corresponds roughly to a factor of two change in brightness. 

A l i n e plot ted with MDDE=1 may not cross from inside t o outside 
the normal p lot t ing area. See Figure Al and M0DE=6. 

K)DB= - 1 

CALL CRT (XWHERE, WHERE, EWFAT,-l) 
This c a l l i s used t o return the values of the present beam location 

and intensi ty . 

XWHERE, 
WHERE i s the present beam pos i t ion , in the user ' s 

coordinate system. 
IZWHAT is the present intensity level. This is 

the lest positive non-zero value of IZTRUE 
used in plotting. 



36 

Table A2. Block numbers and film advize with CRT(X,Y,IB,2) 

Value 
of 
IB 

Block 
Number 
Produced 

Film 
Advance and 
Reorlgin 

Output 
Tape F i l e 
Closed 

0 Wart 
Sequential 
Waakmr 

Yes Ho 

1_OQO IB Yes No 
1000 Wert 

Sequential 
Humber 

Ho Ho 

1001-1999 IB - 1000 Ho Ho 

9000 Hext 
Sequential 
Sumber 

Yes Yes 

9001-9999 IB - 9000 Yes Yes 

Figure M. Plotting area available 

h* 
M-

3400 

4000 
Nbrmtl Plotting Area (Limit Swftch Boundaries) 
Dimensions in Plotting Points 
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HDDB=2, Ending a Graph 

CALL CRT (X,Y,IB,2) 
This call is used to generate block numbers. A block number is 

a separator between two adjacent graphs or plots on the tape. It is 
possible for the operator of the Ibdel 835 plotter to search the plot 
tape for a particular block nunber and plot the corresponding graph. 

A block nunber nay be written with or without advancing the filn. 
If the film is advanced, the origin for the next plot will be the 
final value of (XOBG,T0RG) of the present plot. A nove to (X,l) will 
always be nade whether or not the filn is advanced. The beam will 
always be turned off when the nove is nade. 

X,Y is the position to which tbe beam will 
be aoved. 

IB is a four digit decimal nunber with a value 
fron 0 to 9999. The three least significant 
digits specify the block number to be written. 
If nonzero, a block nunber consisting of those 
three digits will be written; if zero, the next 
sequential block nunber (starting with l) will 
be written. Tbe most significant digit is used 
to control filn advance and to close tbe output 
file. If the nost significant digit is zero, 
the film will be advanced. If it is 9, tbe 
output tape file will be closed and no further 
plotting 11 iniHi ii nay be written during tbe 
execution of this source program. See also 
Table A2; ranges of IB not described in Table A2 
should not be used. 

M0DB=-2 

CALL CRT (XDUM,YLUM,IBL0CK,-2) 
This routine is used to return the value of the last block nunber that 
was used. 
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XTXJM,YDLTM are not used at t h i s t ine . 
IBLOCK i s the l a s t block nusl>er. 

WDE=3, Changing the Origin 

CALL CRT (XC*G,YORG,IZORG,3) 
This call sets the internal values of XORG, YORG, and IZORG. It 

is used to establish a translated origin for subsequent novenents. IZORG 
functions as a bean intensity origin. These values are all initialized 
at 0. If any of these values are changed, all subsequent novements 
vill be Made vith the specified translation until the values are again 
changed by another call vith MDDB=3. 

XORG, YORG is the nev position of the origin relative to 
the lover left corner of the noroal plotting 
area. 

IZORG is the value to be used for translation of 
bean intensity. 

M)Dfe -3 

CALL CRT (X0RG,Y0RGtIZORG,-3) 
This call is used to return the current origin and bean translation 

values in effect. 
XORG, YORG are the positions of the present origin 

relative to the lover left corner. 
IZORG is the present translation value for beam 

Intensity. 

MDDE=4, Changing Scale Factors 

CALL CRT (XFACT,YFACT,HJUM,4) 
The purpose of this call is to set scaling factors for the X and 

Y coordinates. Scaling of abscissa and ordinate values are completely 
independent. XFACT and YFACT are both initialised vith a value of 1.0. 
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If XFACT=¥FACT=1.0, a line of length 1.0 will be 1.0 inches long on an 
11" x 17" print. 

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

MPDE»-4 

CALL CRT (XFAC^YTAC^IEUM,-*) 
This call returns the values of the scaling factors currently in 

use. 

K)DB*5, Plotting a Point 
CALL CRT (XP0IHT,YP0INT,IZ,5) 
This call aoves the bat m to the position (XPOIHT, YPOINT) with the 

bean off and, when the bean arrives at that position, turns the bean 
on. This produces a point at the intensity level indicated by IZ at 
the position (XP0INT,YP0IHT). 

XPOIMT, YPOIHT is the position where the point will be 
produced. 

IZ indicates the intensity to be used, as for 
»DE*1. 

As with MDDB=1, the bean movement performed with MDDE=5, nay not 
cross from inside to outside the normal plotting area. 

MDDB=6, Plotting Outside the 11" x 17" Area 

CALL CRT (X,Y,IZ,6) 
This call is used to bypass the limit switches 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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vfa'ch does not require the fa l l accuracy of the system. The action 
i s done as for M0DE=1, except that i f N0IE=6 the bean i s aliened to 
pass the l i a i t snitch boundaries. 

MDDfeff. Changing IZSET 

CALL CRT (XHJH,YDUM,XZSET,7) 
This call sets the internal paraaeter IZSET to any desired value. 

XDUKvYDJM are not used. 
IZSET This is the value of the intensity level 

to be used in calls with MDDEsl, 5, or 
6, and IZs99, or in calls to CRTSTH. 
After translation, IZTRUB=IZSEr+IZOI»G. 
IZSET is initialized at 16. If it is 
changed by this call, the new setting will 
renain in effect until changed again. 

HOPE* -7 
CALL CRT (XmM,YDUM,IZSEr,-7) 
This call returns the value stored in IZSET. 
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APPEKDDt E 

DESCRIPTION OF THE UOCT DATA 

SIWRAK I 
Format for the Input Data Cards 

Card Rb. 
(Foimmt) Field Variable L'nits General Description 

1 
(20 A*) 1-30 •TITLE 

Keii l ine for printed output 
and plots (only 1-60 used far 
plot t i t l e ) . 

2 
(6D10.9) 

f ln i t ia l geometry) 

1-10 »fl) CB outer radius of tube. 

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

21-30 OLAYER(l) cm thickness of oxide layer at the 
outer surface. (Initial) 

31-40 ALATBR(l) - thickness of the alpha layer at 
the outer surface. (Initial) 

41-50 0LAYH»(2 ) en thickness of the oxide layer at 
the inner surface. (Initial) 

51-60 ALAYBt(2) thickness at the alpha layer a t 
the inner surface. ( In i t i a l ) 

3 
(4010.9,4110) 

(Run conditions 
and output) 

i-io rmx 

5i-60 wnnrr 

sec t ine of experiment. 

11-20 DREW sec •ax. tine step for temperature 
calculation (if 0, then DREW 
DTPRIK will be set) . 

21-30 
1 

DTD IFF sec •ax. tine step for diffusion 
calculation (if 0, then DTDIPF* 
DTPRBI will be set). 

31-40 DTPRIK sec tine step for printed output 
(can be function of tine, teen 
next variable > 0). 

41-50 IISTEP - number of changes in output time 
steps. (If > 0, then card 3A 
has to be supplied.) 

number of printed output steps 
between oxygen concentration -
distance plots (not used i f 
there are no plots of this 
type to be made). 
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Card so . 
(Fount) Field Variable Units General Description 

61-TO wmat identification nunber for first 
plot (if 0 then no plots of this 
type are nade). 

71-90 R3CALE BSCALE = 0 : Type A p l o t s 
(y-axis:0 to 2 g , ) 

•SCALE = 1 : Type Bjplots 
(y-axis:0 to 0 . 5 g p ) 

•SCALE = 2 : Type A + Type B p lots 

3A 
(8TO.0.9) I « l , WTEP 
(card only i f 
•STEP aO) 

TMSTP(K) sec t ine at wbicb change in output 
t ine step takes place. 

DTRBT(K) sec new output tine step. 

RIL'M 

1-10 

4 
(2no) 

RUIHB = 0 : conplete tenperature 
distribution in wall 
i s calculated. 

R a w = 1 : unifom wall tenpera
ture, but calculated 
as function of heat 
transfer and beat 
generation. 

NUMB = 2 : unifom wall tenpera
ture, s e t equal to 
TSTEAK(l) or TSTEAK(2) 
i f TSTEAM(l) = 0. 

11-20 RBAKER 

(Type of calculation) 
RBAKER = 0 : oxygen distribution 

in wall is calculated. 
R?AKER = 1 : total oxygen calcula

tion on basis of Baker-
Just Sq. 

RBAKER = 2 : total oxygen calcuia-
tion on basis of Hobson 
data. 

RBAKER « 3 : total oxygen calcula
tion on basis of Leanon 
Bq. 
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Card Ho. 
(Format) Field Variable Units General Description 

1-10 HDIPF(l) 

(6D10.9) 
(Initial condi
tions at outer 
surface.) 

viper limit for oxygen flux into 
car-sec the vail at the outer surface 

(if 0, then no oxidation at this 
surface). 

11-2C HCOOL(l) 
w connective heat transfer coef11-2C HCOOL(l) « * -*C ficient at the outer surface. 

21-30 TSTEAM(l) *c coolant temperature at the outer 
surface. 

31-40 ERADIA(l) - thermal emissivity at the outer 
surface. 

41-50 TWALL(l) 'C tenperature of surface to which 
outer surface i s radiating. 

51-C QFIXED(l) -— v 
cm* 

additional heat flux at outer 
surface (independent froa HCOOL, 
TSTEAM, ERADI A, WALL). 

(6D10.9) 
( Ini t ia l conditions 
»t inner surface.} 

identical Meaning as card 5 but 
for inner surface. (Either card 
5 or card 6 can be empty i f there 
i s heat transfer and oxidation on 
one surface only.) 

1-10 KDIFIK(l) number of oxygen flux l imi t - t ine 
pairs for outer surface (0 i f 
constant). 

11-20 WCOEJT(l) 

f'-no) 

number of heat transfer coeff. 
time pairs for outer surface 
(0 i f constant). 

Cine dependent \ 
functions, I 

uter surface. / 

21-30 irrcooL(i) number of coolant temperature-
time pairs for outer surface 
(0 i f constant). 

31-40 NRADCO(l) number of emissiTity-tiae pairs 
for ou*.er surface (0 i f constant). 

41-50 KTWALI.(ll number of radiation temperature-
time pairs for outer surface 
(0 i f constant). 

51-<0 HQFUjy(l) number of heat flux-time pairs 
for outer surface (0 i f constant). 
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Card Ha. 
(Fommt) Fisld Variable rn i t s General Description 

(tno) 

( Tim dependentX 
functions, I 

inner surface / 

identical awaiting as card 7 but 
for inner surface. Either card 
" or S or both cards can be canity 
i f there are no t i ae functions. 
For each of the variables in card 
7 or card $ that i s greater than 0, 
a corresponding card *>4 to 4>? or 
10A to 10F has to be supplied. 

a A t ine functions for variables 
(?D10.o) fel,ITOIFIK(l> KDirntfl.K) TI»IF(1,K) pertaining to outer surface. 

a B oai t i f corresponding variable 
(?D10.o) fc=l,K0ErT(l) HCOEFF(l.K) TO0EFFfl,K> In card ? i s O. 

<»F 
(?D10.?1 

10A 

10F 

separate card(s^ for each function. 

K=l,«KJFUrX(l> aFLl'X(l,K) TQFU'X(l,K) up to J5 cards for each type of 
pair can be used. 

identical Meaning as curds a A 
to °F, but for inner surface. 

11 
f"Dio.",«»oy 

no) 

1-10 

.U-30 

31-70 

71-ao 

TSTiorr in i t ia l temperature in wall. 

11-20 CSTABT graa/car i n i t i a l oxygen concentration in 
beta-phase. 

CSPL1T wsec endotheraic reaction heat for 
graa oxygen <„,„,,„* i n g s t e w B i n t o oxygen and 

hydrogen, subtracted at the 
surface. (Pull value i s 1 V , < ? 0 

viec/graa 0^) 

EMPTY 

WLOT nuaber o f graphs and/or t a H e s , 
to be plotted using variables 
determined as functions of t ine. 
(If 0 , omit cards 12 and 13-) 
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Table BL. Variables available for GRAPHICAL OUTR'T 
(Defined variables 3-12 refer to outer surface o f tube; 

variables 13-22 refer to inner surface o f tube.) 

*TPLOT>: 
NPLOTY VARIABLE UNITS 

1 tine sec. 
2 square-r->ot of t ine (sec) "2 
3 steam (or coolant) temperature 'C 
L tenp. of surface t o which specimen i s radiating "C 
5 surface temperature of specimen "C 
C thickness of oxide layer wn 
n thickness of alpha layer urn 
- 5-layer thickness (oxide + alpha) um 

a oxide/5 ratio 
10 oxygen gain n^/cm2* 
11 square of oxygen gain (mg/cm-) 
12 square of ?-layer thickness (um)2 

13-22 identical to 3-12 above, except that variable 
applies to inner surface of tube. 

?.:• total oxygen consumption ng/cm2 

?A avg. oxygen concentration in Eeta phase g/cm' 
->*. F , beta layer thickness/orig. wall thickness 

*area reference i s outer surface. 
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APPENDIX C 

DESCRIPTIOR OF THE OUTPUT DATA 

In addition to the printing of the input data, (except for cards 3a, 
9a-9f, lOe-lOf, 1?, and 13), and tables of values of the Materials prop
erties utilized for each run, the following variables are printed for 
each specified time step (where applicable, for both inner and outer tube 
surfaces): 

TIME 
PLOT NO. 

H.T.COEPF 

STEW TEMP 

EKISSIVITY 

RAD. WALL 

SURFACE TEMP 

OX/MET TEMP 

FEC.HEATFLUX 

CON.HEATFLUX 

RAD.HEATFLUX 

QCON + OFAD 

O.FL. LIMIT 

OXYGEN FLUX 

O.IN OXID 

O.IN ALPHA 

[sec} 
C-] 

I'd 
1-1 
[•c] 
[;c3 
t ;ca 

' * 

a 

cm • sec 

en 

Oxidation time. 
Identification number tor oxygen concen
tration profile plots (0 if there are no 
plots of this type). 
Convective heat transfer coefficient. 

Steam temperature. 
Thermal emissivlty. 
Temperature of surroundings with which 
radiation heat is exchanged. 
Surface temperature of Zircaloy. 
Temperature at the oxide/a interface. 
Fixed heat flux at the surface of the 
Zircaloy (in addition to convection and 
radiation). 
Convective heat flux. 

Radiative heat flux. 

Sum of radiative and convective heat 
fluxes. 
Upper limit for oxygen flux; identical 
with HDIFF. 

'•2 

car-sec 
[—_5B—1 Actual (instantaneous) oxygen flux. 

Oxygen content in oxide layer. 

Oxygen content in cr layer. 
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O.IM BETA &1 Oxygen content i n namln iug e l a y e r 

OXTR3. TOTAL 

OXYG.GAIN* 

OXIDE LAYER 

ALPHA LAYER 

BETA LAYER 

turf 
Cum] 
CIP3 

Total oxygen content. 

Oxygen gain. 

Thickness of oxide layer. 
Thickness of o layer. 
Thickness of 8 layer. 

If there i s oxidation and/or heat transfer on both surfaces, the f irst 
l ine of the variables i s for the outer surface, the second l ine for tbe 
inner surface. In each case, the variables O.IH OXIDE to OXYG.GAUI are 
calculated with the outer surface as reference area. 

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

POINT NUMBER 

DISTANCE 

C - l 

tofl 

TEMPERATURE 

COKCERTRATIOW r 

Number of tbe node which indicates tbe 
position from tbe outer surface. 
Distance of the node from the original 
outer surface. Since the volume of the 
oxide is larger than the volume of 
unoxidised Zircaloy, DISTANCE will be 
negative for some point(s) if oxidation 
occurs at tbe outer surface. 
Temperature of the node. 

Oxygen concentration in tbe node. 

*Rbte: OXYG.TOTAL is determined by an integration of the oxygen 
concentration over the entire wall for each output time. OXYG.GAIN is 
determined by an integration of instantaneous flux over the time. Tbe 
difference between the two variables can vary slightly from tbe value 
of tbe initial oxygen content (OXYG.TOTAL » 0 ) due to numerical inaccuracy. 
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APPEHDIX D 

EXAMPLE PRGBIEW 

Ttnraa test cases have bean selected as s*-ple problems to illustrate 
toe preparation of tha input and to shew typical output results. 

Test Case 1. A Conparison of a SD0RAX Result with an Analytical Solution 

A siaple nenmnving-boundary diffusion problem was chosen since there 
are no analytical solutions known for the problem of the two moving bound
aries in a wall with a finite thickness, lb enable a conparison to be 
aade, the coda was "degraded" by giving all three layers the sane material 
properties. The properties of beta-Zircaloy were used for the basis 
material. The concentration at the "interfaces'' was set arbitrarily at 
15% and 25% of the equilibrium oxygen concentration. The initial and 
tha boundary conditions for the problem were chosen as: 

T = constant = 1400'C 

at T = 0: 
C = 0.00649 for 0 < x * / 

C = C / a - 0.068236 for x * 0 

at x = 0 

C * CL / r f or 0 * T s T 

at x * / : 

3 ^ = 0 f o r 0 * T * T 

The analytical solution C(X,T) i s given by: 

C = C 
o {0. - C0} h - *£ sh -n [*$*] . . [-<*¥**] |»> 
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The results of Eq. (Dl) are plotted in Pig. Dl for T * 5, 15, and 60 sec. 
Also shown in this figure are a nusber of concentration values calculated 
with SDfTRAN. The agreement is sttn to be quite good. 

Table Dl shows the complete listing of the input data and the output 
for three selected tiaes. The computing time for this problem was 27 sec 
on an IBM 360/93-

Test Case 2. Isotherael 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 tiae of 30 Bin. Figure D2 shows the 
thickness of the oxide and ? (oxide plus alpha) layers as functions of 
tiae. Figures D3 and Vk 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 Table D2. The computing tiae 
was 13 sec. 

Test Case 3- Burst Test of a Zircaloy Tube in Steam 

This case represents an application of SDflRAK to a 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 was cut off? 

The calculation has been made with no initial oxide layer which leads 
to the maximum reaction. Heat transfer to the steam has been neglected 
for siaplicity, (although it could be considered if desired). 
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The Zircaloy tenperature and the tenperature of the beater surface 
are plotted -vs tine in Fig. 05. In the sane figure the penetration of the 
a/B-interfece into the wall is shown. Figure 06 shows the oxygen concen
tration in the a and 0 phases after 35 sec. Input and output are listed 
in Table D3. Confuting tine was 11 sec. 

In order to show the difference between the lunped tenperature 
calculation (HUJIeVl), where the entire wall is treated as a single node 
and the nore detailed calculation (HUleX)), where the conplete tenperature 
profile in the well is calculated, test case 3 was repeated as case 3A 
with RUJIfiaO.* The output for three selected tine steps for this latter 
case is printed in Table DC. 

The confuting tine increased by a factor of 3. 
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T10R9 - 1: tmifOM 9»U TtHPIRATORC IS CAlCOlftTID 
T I O R * • 2i m i T I R P I P A T V M is IRPUT 
IPtRlORt.lQ.0) 00 TO 19 
Ca l l T10RB 
SO TO 2000 

10 RT(R0»S)»9PI*I 
X F : H B I » P ; I ) . O T . O . ) OO TO 20 
H C I P ( 1 ) » 3 2 . « M « » ( 1 7 ) « 3 P * C ( T ( 1 ) > 2 ) 
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00 TO 103 

20 N01X»1)««0IX;1)«1 
XP(R0ST(1) .OT. 1) SO TO 30 
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i «« ;RB*» t ) * ; io ixb ; i )>» ;33 ) ) *s rK?ox io ; i ) , 2 ) 
R?(2)««5 
m m * ;HOIXD : i ) *« t> /2 
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RSOOTO 
00 TO 100 

ao R C » F ( H » 9 . • D » « » ; S ) » S H C : T ; I ) , I ) 
RT(H0IX( in-90I ID(1)«1 
T ;RT;ROIT :H )) >TOIID ;I» 
*0I0VT«H0XX(1)-1 
ir;*oxooT.IT.2) oo TO SO 
BO «0 R-2.WH00T 
R T ; R I > R T ; R - I ) « I « 
RT»«T(».) 
RC»p;R)-U.«t>R«R(*T)«SPtC(T(HT),1) 
R»t*;R)"i:RT-9»/;i».«0R»«CO»0OC^ ,;R?),T:HT-1H ,1) 

«o corns oi 
so R T ; R O U : I ) * 1 ) - ; H T ; R O I X ; I ) ) * 9 S ) / * « * « « « I 

RUN* I It? (ROIOOT) *»T JROH J1)») / 2 
H?t*(R0XI(1))>R(Hn*)/(R(RT(R0X0DT)l -POXIDO)) 

i •CORDOC:T;RT;ROXOUT)) ,TCXXD; I ) , I > 
*Rm-(*T(H0S.Xn)«1)<O2«*T<-0XI(1))) /2 
<m*o> ; R T : R O X O O D « 9 « R T ( H O X X I I ) ) ) / 2 
R C » P ; H O X I ; I ) ) - » ; R I » K O » » ; I ; R T ; H O X O O T ) • * ) - R O X I D ; I ) ) * S P I C ; ? O X X D : I ) , I > 

1«R ( R U M ) * (P01 1 0 ( 1 ) -R (RT (ROXI ( 1 ) • 1J - 3 2 ) ) * S P I C <TOXI 0 ( 1 ) , 2 ) 
HB>** :RT:ROXOOT)«H«RT;NOXX : D > ) / 2 
R0XI(1)*R(Rt»R)/;R;RT;*0I00T)»1«)-»0XID;i)) 

1 •C0*D0C(T(*T(»OX0UT)«1«),*CXIB,1) 
R1aR0Xi;i) *1 
RT»RT(H1> 
Rtk**> piT;ROn (1))*RT)/2 
R » M ; R I ) • > : R B > R S ) / : * O X X D : I ) « R : N T ) ) * C O N D O C ; T O X I D : I ) , T : » - ) , 2 ) 
HC*P(*1) aM.*D**R(HT)*3PIC|T(Hv) ,2) 
RSOOT»ROXI ; i ) *2 

ioo i*(noirr(2).aT.o.) ao TO UO 
HC«P(*atS)>32. •DR*lt(HPI*I-1*)*SP>C(T(MPTN<!)t2) 
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TSR 0012 
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I S * 0 0 1 * 

I S B oo i* 
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TSB 0011 

ISB 0017 
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StlMOOTIR? T10H1 
TlP«i IS U3SB IP RIUNI*1 JONIPOJK TFRFFFATIMI) OR 
B10R»2 (TRNFtRATORE 15 IRFOT) 
m i T C I ? RFAIM JA-H.O-J) 
COBPIOB/-.IOBIT/ * (1000) ,»OXI0 121,HUM (2) ,MAIL, POXT D (2) ,VAirA (2 ) , D* 
COHROB/T™» / T;ioooj ,Toxj;r;2) ,T»t»»;2) ,?START,TSTEAB (21 ,?w;. i i (2) 

i.Tjifftf ;2i 
CORSOB/TSRTIV TCQOl( 1 0 0 , 2 ) , 1 ^ 0 0 1 ( 1 0 0 , 2 ) ,?« AD ( 1 0 0 , 2 ) , TTRAD<100,2) 
CONNOR/HSAT / NTt*',100) .HCOOl ' ,2 ) , t RAB? A ;2) ,H*ATFl !2) .QPIXfP J2) , 

1 0 m i T , H C A F | 1 0 0 ) ,HmAR' ,2 ) ,MFADlA' ,2 ) 
2 ,Q*URP(2) ,0CON|7) ,OFAB(2) ,QR»ACT(2) 

CORROR/ltABlR/ RTITlf ;20» 
COMOB/CORCRV C(1000) ,COXID|2 ) ,COXA] . (2 | .CAIBFT (2) .C9RTA (2) , 

1 OXIGFi;2> ,HD:P»;2) ,CSTAFT,GAIH(2) 
2 . OCAf ',S00) ,OV«R ;*>00) .OUTSAX ',500) 
3. C0A(2) ,CA0(2) ,CAR(2) ,C»A(2) 
« , OCAFOAI2) ,OCAPA0;2) .CCAPAR ;2),OC»FSA ;2) 

CORBOR/WT / TIRI.TRAX.Dr'SRP.D'DIPF.D'PRIH.DTRAXOOO) 
1 . ftTIRP.NDIFP, RFRIRT 
C0R«3R/«SSH /HG«0SS,NPZMI,N0XZi>(2) , H0X7 (2) 

1 , RlURB.MSTART.NALPACt 
CORNOR/ni9NTI/RT;i00),RTCOOL ',2).HTVAM. \7) ,RTC00l' ,2l .KTWUl 12) , HO IS 
cnnnoR/iuHCO/RC (soo), BRAK n», sow ,RO» 12), RAR (2) 
i. BOA;2),RAO:2),RAB:2).RIA ^I.'BTOXI ',2),:RTB 
2 , R0A1,BA01,NAB1,*PA1,B0RID1 ,BAIFA1 
3 , HOA2,RA02,RAB2,<IBA2,R0R!D2,RAI.FA2 

CORHIR/IATtRO/ DIRXIR,DXRXR3,OSTOCH,OXIC0R,0IS»A?, PICrAC.O XHEAT 
COBHOB/RRORIl/ CO(500) ,X (406) ,01-AYFX (2) , AlAT IB (2) , BlAY EF.OOXID (2) , 

IOAITA',2) .OGAT* ',2) .OBtTA.OTOTAl.OBrTAS.STSRF, 
211,R2,ft3,!M,H5,R«»IBSR,RSCAl,F. 

C0RR0R/H1RTOT/ » W ? I » ' , 1 0 0 , 2) , T I 1 B I P ' ,100, 2) ,HCOI»T \ 100 , 2) , 
TCOirPIlOO, 2 ) , RBABCO; 1 0 0 , 2 ) .TBABCO; 1 0 0 , 2 ) , 
QPLUXI(100, 2) , T 0 n 0 1 ( 1 0 0 , 2) .TIHSTP1100) .DTRIWpOO) , 
RO:P!N:2),NOIPIH;2),ROPIOX;2),ROPLOX;2) , 
KC0EPF(2) . R C 0 T P P ( 2 ) , H I A W ) ( 2 ) ,HRADC0',2) .BSTIF 

T(1)aT3TtAH<2) 

1 
2 
3 
• 

i» ;RLO*B,RO. n OO TO I 
T;i)»TSTt»»;i) 
IP(TS?RAI(1) .sa.o.) 
GO TO 2000 

i omcT(i)"0, 
I » : Q F T X I B : i ) . ( 5 T . 0 , ) QRtACT(1)«QriXED(1)*Rt1) 
IF;QPIXIO;2) .CT.O.) SRIACT ;I)«VFIXCP',2)*R;RFINF) «ORIACT;II 
7* ( (NBIFF(1 )*HDIFF(2 ) ) . ( 0 . 0 . ) 00 TO 11 
HCAF ;i) ". »• { J ;i)»«2-R0XIP ;1) ••2» BOX IB ;2) ••J-F ',!1F7!»R) ••2) • 

1 s»ic«r:n,i)*',RoxiD;i)««2-Roxit;2)«»2)«SFrc:?;i) ,2)) 
0BRACT(1|«0BRACT(1) • (OJMAT-QSPIIT) • | 0 K 8 H ( 1 ) * M 1 ) • 

IORIGFI ; 2 ) » B ; B F I » I ) ) 
00 TO 13 

11 I P ; B D I P P ; I ) . I Q . O > GO TO 12 
RCAFJI ) » . » * ; ? : I ) « » 2 - R O X I O : I ) « » 2 ) * S F I C rr : i ) , 11 • 

1 (SORJO(1)««2-F(RPIRE)««2) *SFEC (i- (1) , 2) ) 
QFIACT ",1> -ORIACT J1) • ',OX««AT-0SFUT> *CXXGU (H • R (1) 
10 TO 11 

12 RCAF:i)»."»»::R(1)**2-R0XID(2)««2)»SFtcr d ) , 2 ) • 
i :ROXI9;2)««2-R;!1FI!l»)«»2)«Sr|C~ ! 1 ) , 1 ) ) 
QBE»C(1)"0RIA«(1)*(OXHIAT-0SFt!T)«0X»HFt(2|*F(RriRe) 
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ISM 0 2 4 * TR a TR - DT 
JSR 0 2 4 5 •«. CORTXROR 
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C ORAM I X H I f TO» BIT* 
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I S * 0 2 ( 9 C U l CITRON; XR.TR,HQTX, » t T A , 0 . 0 , ' JF4. 2) • ) 

c 
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ISN 0 2 7 3 XR » XR • 4.0*«DTNX 
ISM 0 2 7 » CAU CATROIM XR.TA,NO?X,TO?Al ,0 .0 ,« <F7 .2 ) • ) 
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C PRAM I I MS 1 1 FROM BRTA3 A3 CO 

ISK 0*15 X* > XX 
ISR 0 2 7 4 TR • TR - B* 
ISR 0 2 7 7 CAM. CRTSTRt XR.TR.MGTX, 'CO ' , 0 . 0 , 3 | 
ISN 027R XX » X* • 3.09RDTHX 
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C DRAW l I M f 11 fROR GAIR 
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C PRAR RIOT RRHRIR FROM R0HFIT 
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C • • DRAR KOHPIT AT 10RXR RIGHT, SAHI L I V t l AT X-AX!S HFAP1MG, C 2 - 2 R - 7 5 . 
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ISR 0 2 9 0 XRU a 0 . 0 
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