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Abstract  

The oxidation of the Zircaloy-4 fuel element sheath at high temperature transients is treated as a moving boundary 
one-dimensional diffusion problem. It is usually sol eed b'., numerical methods. A method is provided in this work to 
analytically solve the oxygen diffusion equations. The temperature transient has been approximated as a stepwise function of 
time. {T/, (t~,,, ti)} i = t.,,- The main assumption was that in the beginning of the ith step of the temperature transient the oxide 
grown during the previous steps, xoi, could be considered as being formed at a constant temperature, T~, but during another 
time interval, named equivalent time interval At=q. Caiculntions have been made with a routine, OXCON, developed using 
this model. The results approach well the predictions of  validated corrosion codes, FROM and PRECIP-II, which solve the 
diffusion equations using numerical methods. 

1. Introduction 

The development of models to de~ribe zirconium alloys oxidation is important in order to improve the thermo-mechani- 
cal description of the nuclear fuel element behavior during in-reactor operation. 

At temperatures corresponding to normal in-reactor operation the oxygen diffusion in the fuel cladding is negligible. It 
has been demonstrated that the growth of the oxide is not a limiting factor for the life time of the in-reactor fuel element 
even at high bumups. The oxidation of the cladding becomes a problem when the fuel element is subjected to accident 
conditions where the temperature in the cladding reaches high variable values. 

It is assumed that the oxygen diffusion is the rate controlling process. There are two types of models for the corrosion of  
the fuel element sheath. (i) Semi-empirical models use the rate theory and are based on conelations giving the thickness of  
the reaction layer (or the weight gain) as a function of time and temperature. The constants in the correlations were 
calculated by fitting a propo~d mathematical description to experimental data both for normal [1,2] or accidental [3] 
conditions of in-reactor operation. (i l)  Theoretical models treat the oxidation problem as a moving boundary one-dimen- 
sional diffusion problem. These models are based on the analytical [4-7] or numerical [8-11] solution of the oxygen 
diffusion equation in the reaction layers. Theoretical models provide not only the weight gain and the reaction layers 
thickness but a l ~  the oxygen concentration dependence on the spatial coordinate. 

Knowledge of  the oxygen concentration profile is extremely important in establishing the fuel damage criteria and this is 
the reason for describing the high temperature oxidation of zirconium alloys using theoretical models. 

Studying the oxidation of the fuel element sheath and its consequences on the whole behavior of the nuclear fuel element 
we have developed a computer routine, OXCON, based on a theoretical oxidation model. The routine was requested to be 
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simple in structure in order to be implemented in a more complex code which describes the fuel element behavior during 
accident conditions. To meet this requirement we have c h u r n  to analytically solve the oxygen diffusion equations, carefully 
observing the applicability range of  these ~lutions, To that end, the ~emperature transients were approximated by a 
succession of  isothermal steps and we have adopted the concept of 'equivalent time' which is detailed in Section 2. 

In Section 2 we present the mathematical model for analytically solving the oxidation of the Zircalw-4 fuel element 
sheath ms a moving boundary one-dimensional diffusion problem in a ~mi-';nfinite medium. Section 3 presents the results 
obtained using the model compared with the predictions of similar validated codes, A discussion of the results and of the 
model limits together with final conclusions and directions for further studies are contained ~n Section 4. 

2. The mathematical model 

The theoretical treatment for the oxidation of  zirconium and its alloys was proposed by Debuigne and Lehr [5] and 
improved by Leclercq [4]. Physical models have been developed [6,9] based on these models to describe the oxidation of 
zirconium alloys. As the curvature of  the reaction laye~ is small, it is sufficient to solve the diffusion equation in the radial 
direction only [9]. The diffusion is considered to take place in a .~emi-infinite medium due to the relatively large thickness of 
the cladding compared to the penetration depth of the oxygen provided that the oxidation time is short enough. 

We take the space coordinate normal to the coolant/oxide interphase wifl~ its origin located at this interface, This axis 
represents the direction of  the oxygen diffusion. If  the oxide and the metal are assumed to have the ~me  density, the 
oxide/metal inteq~ha.~e is located at the abscissa s ~ and its displacement in the time interval dt is d~:. Actually, the 
zirconium oxide density is different to that of the zirconium metal, PzJPz.o~. = f ~  1. The oxide volume is larger than that 
of  the metal which reacted with the coolant to form it. This volume increa~ is reflected a~ an increase of the radial 
dimension and in this case the coolant /oxide interphase is located at ,~'. When the oxide metal interface displacement is 
d~, the oxide thickness grows by d~ '  =fd~. Consequently the formation of an oxide with a density different to that of  the 
metal causes, in the reference system described above, the rigid motion of the c~-phase by a speed (1 - l / f ~ ' / d t  [7]. 

When the reaction layers are the oxide and the a-Zr only, the oxygen diffusion equations are, respectively (the second 
Fick's law) 

a2C~ aC l ( C I for x = 0 

DI ax 2 at ' C ~ = / C 2  f o r x  ~:" 

a-~Cu aCu acu ( C 3 for x = ~ '  
= - - +  • (l)  D-~7-T2 " ' a .  -~-t" c"=~o for.==¢' 

where Dj and D 2 are the oxygen diffusion coefficients in oxide and in ~-Zr; ,~ = (I .- l / f )d~ ' /d~  is the velocity of the 
rigid displacement of the a-Zr phase; C I = Cl(x, t) and C n = Cn( x. t) arc the oxygev, conceatrati~;~ in the oxide and ct.-Zr 
respectively; C~ is the oxygen concentration on the coolant/oxide interface, C 2 and C 3 are the oxygen concentrations at the 
oxide/,~-Zr in oxide and in the {~-Zr phase respectively. 

When the reaction layers are the oxide, a-Zr and [~-Zr, the oxygen diffusion eqwtions are obtained writing adequately 
the ~cond Fick's law: 

a~-C, aC, {C: for x=O 
D~ ax- at ; c~ for x - - ~ "  

a : C .  aC u ~;C. ( C~ for x = ~'  

D,~x~ - = , , , - ~ -  + - ~ :  c .  = I C~ for .,- = ~;' (~) 

~-~'-c'" ac,,, +a._7_ ac,,,a, {c~ forx=~; 
D 3 - : - - :  = u.  : C.,  = " . 

for .v = 

where ~ is the position of the ¢{-Zr/13-Zr interface in the considered reference syslem, D.~ is the oxygen diffusion 
coefficient in 13-Zr, C m = Cut(X. t) is the oxygen concentration in 13-Zr: Ca and C~ the oxygen concentrations at the 
ct-Zr/13-Zr interface in the ct-Zr and 13-Zr phases respectively. 

Diffusion equations have been solved using the Neumann method: for each differenliai equation a particul:,x solution was 
found and constants in these solutions were calculated using the corresponding boundary conditions [7, I 1.12], 
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For the case when the reaction layers are the oxide and the et-Zr phase, the oxygen ct~..'~Uations in both phases which 
satisfy Eq. (I)  an: gi~,en by 

c2 - c . . . . . . .~ ,  ~___2___~ 
C~(x,t)=C,+ eft,/' 2vD/-D~: for0<x<C, (3) 

eff¢(y,O//-----------~-rfc - ~,'0(1 - i / f )  for x >  ~' .  (4) 

where fI~ = ( D i i D 2 )  '/2 and  "y' = ~ ' / (2  D ~ : )  is a constant for the given temperature. 
For the case of the oxide, a-Zr and l~-Zr phases as reaction layers, the solutions of  the oxygen diffusion Eq. (2) are 

C 2 - C I x 
ci(~,t)=c,+~~~ fo,0_<x___~', (5) 

e n Y  z , l U l t  

C4e~(Y'~IS)-C,e~Y;- Y'~(l-  l / f ) ]  + (Cs-C,t~(=i(2~2t))- Y'~( ! - - I n ) )  Cll(x, t) = 
e r f ( . y ' q b / f )  - e l r f [ ' y ;  - ,y ' l ib( l  - -  I / f ) ]  

(6)  

c, <-,-fc((x/('~ orriS:))- "/~i, i ( i -  i / i ))  
c,,(~, , )= , (7) 

e , fc(~ , ' ,¢ , , -  ~,'~,~,(1 - t / / ) )  

where 01 = ( D21Da)  I /2 and "f'l = ~ ~ / 2 (  D~ t ) 112 is a constant for the given temperature. 
To evaluate the coordinates ~'  and ~ for the separation surfaces of  the reaction layers we have to consider the 

movemem of the in~-~ t se  boundaries. The origin of  this movement is the difference between incoming (./tin) and outgoing 
( l ~ )  flu~.es. Considering that the fluxes are given by J = - D ( a C / ~ x )  + u~C, we obtain, ccwrespouding to each interphase 
boundary, 

and 

d¢' O, W,J o ,  ~,,] = + + tt, C~l¢-- ~:Cql~, (8) 
dt fC2-Cs 8x ~, fC 2 "-C s ~x 6, 

, -t - -  + i',qCllL.t; - ~ C l u l ~ .  (9) 
dt C4- Cs at i¢; C4- Cs ax ]~. 

Below the a-[~ Wansformatinn temperature, using Eq. (8) and replacing the corresponding deriv;uives of C I and C u 
given immediately from Eqs. (3) anti (4) we obtain 

C,-C~ exp(-v '~) C, exp[-(¢~/:)q 

7T'=fC2_C3 ~eff7 ' fC2-C3 ~_elrfc(31O/f). (I0) 

In a similar manner, the equations for y' and y't can be obtained in the case where the reaction layers are oxide, tx-Zr and 
13-Zr: 

i l C, - -C  2 cxp(--~ it2) C]-C 4 exp[- (v'q'H) 2] 
--7' . . . .  I, . . . . . .  J .t .rc2-c; v'~'erf~,' fC~-C., ¢q~-f~rft~'qVf)-erf[3,~-y'4'O-IH)]} 

l C:~ - C 4 exp( -.[Yl - Y'e~( l - l/1)1:') C s exp{- ['y', - y'~(l - I//)]"q ~2} 

t ~'l:¢~'°-'/r) ~ :~~7 ] , - -~ ' - - : ~77 -~ / -77D  c,-c., a,~i~-~-;-$7~-~/-/7~,1 
Oz) 
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We obtain the weight gain in each reaction leyer by integraiing in the spatial coordinate the solutions of the diffusion 
equation on the correslmnding domain. Then, below the ~/13 transition temperature the weight gain in the oxide and lice 
o-Zr phase are, respectively, 

[ c2-CIBxp('-'Y'') ] (12) w~,tt) ~- 2 o¢~7,, c :~ '+  ~ ea~,' 

and 

+ . . . . .  1' exp[-(+"+'/,")1 ''+' 1 (13) 
+,t') = +.¢o;,,...+! + ~  7 J+ 

Above the a/[3 transit+on tempemlure Ore weight gain in the oxide, ~t-Zr and [3-Zr phases are, respectively, 

Wo,(,)--2 o¢~,~[c,~' C'-C'exp(-¢2)]e,.f..,, _ + ~ ;  j, (14) 

w.(  t ) = 2(67?  

( ~ +  - ~ , ) [ e x p [ - ( ~ ' + / : ~ , ' - ]  - e x p { - [  ~; - ~'*(, -,/S)l'-}] + ~+t  ~; - ~'+(' -1/:)1 - ~ + ~ ' ~ > / :  
x 

~ { e r f ( ¢ @ / / )  - e n D ;  - ~ '+ (1  - I / S ) ] }  

( i 5 )  

Wf~=2c, li-~'t3t { exp{-q l l / [~ ' ; -  Y'qlt(' - i / f ) ]2 }  - - l / f ) ] }  06 )  ~T~4 ~ f - _ - 7 7 ( 7 - - ~ -  +,[ ~; ~'+(1 
Using a large number of oxidation experiments on fuel e!cment claddings, the temperature dependence of the oxygen 

diffusion coefficienLs have been established [9] for oxkt¢, ot-Zr and 13+Zr. 

D, = !.57 × 10 -5 e x p ( -  17685/T) m2/s 

D,=4.11 × 10-4exp( - -25682 /T)m2/s .  (17) 

D 3 = 2.64 X 10 -6 exp( - 14107/T) m2/s 

where T is the temperature in K. 
Calculations performed assuming equal densities (f--- I) for oxide and metal [12] in comparison will', experimental data 

obtained in INR have shown the applicability of these coefficients in describing the oxidation of INR fuel cladding during 
high transi=nt temperatures. 

As the oxygen concentrations on separation surfaces have been assumed to be equal to the corresponding equilibrium 
concentrations, we have used the most recent values found in literature [l 3]: 

C i = 1511 Kg/m 3, (18) 
16X 

C_, = 563 ! Kg/m -~ X -- 66.3 -- 8.6 x 10- 4 T. (I9)  
91.22(100- X) + 16X 

Y ( 0,3 T < 1473 K 
C3=1118.6-~---~ Kg/m 3 Y = t 5 . 8 3 3 x I 0 - " T : - 1 . 6 5 2 × 1 0 4 T + 0 . 4 1 6 7  1473K_<T<2173K (20) 

C~=64"9(-0"2263 + : / - ~ T - - ' -  16"877) K g / m 3 l / 6 3 . 3 8 5  T__ 1073. (21) 

l (  ) 64.P, -0.00428 ~ - 3.1417 Kg/m 3 1233 K < T<  1373 K 

C.~ = I T -  1081.7 (22) 
64.9- Kg/m 3 T _  1373 K 

491 1159 
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These values also proved to be adequate when used for describing the oxidation behavior of  the INR fuel element sheath 
[12]. 

In order to use the analytical solutions for the oxygen diffusion equations in describing the oxidation behavior of  the 
Zircaloy-4 fuel element sheath during high temperature transients we considered the following assumptions, 
1. the temperature distribution in the cladding is uniform; 
2. the tem~a~Ln~ lransiem can be considered as a stepwise function of  time, {~., (toi, ti)}i= I.n with ti = toi + Ati; 
3. for any given step of  ~ cousiaered temperature transient, corresponding to the time interval (t0i, t~), for which the 

t e ~  is ~ ,  the oxygen concentrations at the interphase surfaces are given by the equilibrium temperature-com- 
position phase di~,~',~-n; 

4. in the beginning of  the ith step of  the temperam~ transient the oxide layer thickness grown during the previous steps, 
Xoi, can be regarded as b~ing formed at a constant temperature, T,-, during the equivalent time interval Atcq, The 
equivalent time interval can he evaluated using the definition for 7' with ~'  = Xoi: 

ateq = ( Xo i /y ' )2 /4DI .  ( 2 3 )  

7' is a constam for a given temperature and can be evaluated by numerically solving Eq. (10) or system Eq. ( l  i)  when T/ 
is below or above the at-IS transition temperature respectively: 

5, the oxidation during the first ( i - l )  steps of  the temperature transient can be considered as having the same 
consequences (re, action layers thickness, oxygen profiles, weight gains) as an i,q~hermal oxidation proceeding at the 
temperature of  the current step, T~, during the equivalent time 

te~ = Ateq + At i. (24)  

The assumption on the equivalent time enables us to treat the oxidation of  the fuel element sheath during temperature 
wansients as if  it were isothermal and proceeding after a modified time scale. In this way we are enabled to u ~  the anal~ical 
solutions for the corresponding diffusion equations. 

3. Results 

We have developed a compoter routine, OXCON, based on the model described in the previous section for the oxidation 
o f  the fuel element cladding during high temperature transients. 
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finite difference schemes and have been verified by their authors against experimental data. Both codes" predictions have 
shown good agreement with experimental data. A set of such experimental data used in the FROM code verification 
consisted of  values of the reaction layers thickness at different moments during heat up ramps. We possess information about 
the predictions of the FROM code from figures in Ref. [9] only but the PRECIP-II code is available in INR. 

OXCON and PRECIP-II have been run for three different temperature transients corresponding to heat up at constant 
rates of  1.5 K / s ,  5 K / s  and 100 K / s ,  respectively. The thickness of the oxide and ct-Zr layers have been calculated and are 
displayed together with the corresponding FROM predictions in Figs. I -3 .  

In OXCON we have considered the step functions approximating the temperature transients so that for each considered 
step, i, At  i = At. For each heat up ramp three different values for the At  have been used in OXCON and they were 
mentioned on the plots as dr. 

It is evident from Figs. 1-3 that for each heating Late the OXCON predictions of oxide and alpha layer time evolutions 
are very close to the PRECIP-lI predictians, slightly overestimating them and both agree quite well with those of  the FROM 
code. 

When the At value was higher the OXCON overprediction was higher. Using for At  values so that the temperature 
variation from one ste'~ io another be less than 5 K, the OXCON predictions became nearly independent of  At. 

4. Discussion and conclusions 

The method based on the analytical solution of the diffusion equation proposed in this paper is simpler in structure than 
the codes based on numerical methods. Our method gives results similar to those of  the numerical oxidation codes. 

Calculations have shown that the routine based on the model developed in this work gives predictions for the oxide layer 
thickness very close to those of the finite difference oxidation codes PRECIP-Ii and FROM on the entire considered 
computational experiment, slowly overestimating them. We plan to continue studying the predictions of OXCON for more 
complex temperature transients, containing also cooling periods. 

We have assumed that the oxygen concentrations at interfaces are identical to those given by the Z r - O  phase diagram, so 
we have considered that instantaneous local equilibrium holds [13] but the validity of this assumption still requires 
verification. 

The predictions of the oxidation model developed here have to be verified against experimental data and versus the 
predictions of the other oxidation codes, in order to enlarge the applicability of OXCON over more general temperature 
histories containing also cooling periods. To describe the ct-Zr incursions (u-fingers) which form in [3-Zr during cooling 
periods, the further study of the thermodynamic aspects of the zirconium alloys oxidation process seems to be adequate. 
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