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ABSTRACT 

. This progress report $Ummarizes the Argonne National 
Laboratory work performed during July, August, and Septem­
ber 197 5 on water- reactor-safety heat-transfer and flow .prob­
lems. The following research and development .areas are 
covered: (1) Loss -of-coolant Accident Research; Heat Transfer 
and Fluid Dynamics; (2) Transient Fuel Response and Fission­
product. Release Program; and (3) Mechanic~l Properties of 
Zircaloy Containing Oxygen. Also included is an appendix on 
Kinetics of Fission Gas and Volatile Fission-product Behavior 
under Transient Conditions in LWR Fuel. 

xiii 



I. . LOSS-OF-COOLANT ACCIDENT RESEARCH: 
HEAT TRANSFER. AND FLUID DYNAMICS 

Responsible Section Managers: 
M. A. Grolmes, R. E. Henry, and P. A. Lottes, RAS 

Current activities include analytical and experimental investigations 
related to (A) the occurrence of system oscillations during the reflood s·tage of 
a PWR LOCA (pressurized-water-reactor loss-of-coolant accident); (B) im­
proved mathematical formulations for representing the fluid dynamics of 
vapor-liquid mixtures; (C) use of the "drift-flux model'' as a potentially more 
general and more accurate basis for correlating vapor-liquid phase velocities 
and vapor volume fractions; and (D) the occurrence of critical heat fluxes 
(CHF' s) during the blowdown stage of a PWR LOCA. Summaries of progress 
on each of these activities follow: 

A. Analysis of PWR FLECHT-SET Oscillations. This study has now 
been concluded. The results indicate that the idealized model devised to ac­
count for the effects of transverse flows cannot show that frictional dissipation 
as a result of such flows will cause significant damping of oscillatory flooding 
behavior. 

B. Vapor Generation in Flashing Flows.· A mechanistic description 
for nonequilibrium vapor generation rate in steady, flashing flows has been 
formulated. This description shows that one must analyze the vapor-formation 
pr.ocess in Lagrangian space. This has been completed and the results applied 
to bubble growth in decompres-sion processes. Accurate predictions of bubble 
growth in exponential pressure-decay and linear--saturation temperature-decay 
fields have been demonstrated validating the approach taken. Recent data of 
steady- state flashing in a straight-divergent duct have also been examined, 
and calculations of the nonequilibrium vapor generation rates from these data 
are presented. Significant differences between equilibrium and nonequilibrium 
generation rates are found, but the data indicate the need for a more accurate 
and extensive series of tests. 

C. One-dimensional Drift-flux Modeling; Vapor-drift Velocity in 
Annular-flow Regime. In annular two-phase flows, the relative motions be­
tween phases are governed by the interfacial geometry, the body force field, 
and the interfacial momentum transfer. A constitutive equation for the vapor­
drift velocity has been developed by taking into account those macroscopic 
effects of the structured two-phase flows. 

D. Transient Critical Heat Flux. A !"-sec inlet flow stoppage before: 
blowdown did not precipitate an immediate critical heat flux ·(CHF). Two CHF' s 
were observed in a longer transient. The first CHF at 400 msec was localize'd 
at the bottom 8 in. of test section; it was quenched subsequently, The second: 
CHF occurred at a time corresponding to the complete depletion of coolant in; 
the test section. 

1 



2 

A. Analysis of PWR FLECHT-SET Oscillations (R. P. Stein, RAS) 

A mathematical model of the FLECHT-SET Phase A apparatus, which 
includes an idealized representation of transverse flows in the simulated core 

* region, was described in the previous Quarterly Progress Report. 1 It was 
noted that an important objective was to develop a model of sufficient simplicity 
to make it unnecessary to use or develop a large computer code, so that results 
could be obtained quickly. The purpose of. including transverse flows in the 
model was to provide a basis for studying the effects of such flows on oscilla­
tory flooding behavior. 

Large-amplitude oscillations were observed in the FLECHT-SET ex­
periments. However, transversely nonuniform pressure distributions, caused 
by transversely nonuniform boiling, would be more likely to occur in a large­
core region of PWR size than in the small-core size of the experiments. 
Transverse flows, resulting from transversely nonuniform pressure distribu­
tions, would provide an additional mechanism for frictional dissipation not 
present in the experiments. Thus, system oscillations in a PWR during reflood 
might be heavily damped compared to those observed in the experiments. 

Additional computations have been performed with the model for the 
purpose of exploring a variety of different representations for nonuniform 
boiling in the core. Also, an attempt was made to extend the model by including 
additional terms in the axial momentum equations that would allow for an ad­
ditional mechanism for frictional dissipation resulting from the turbulent 
transfer of momentum between the two subchannels in the simulated core re­
gion. This attempt was not successful; the current model with its localized 
"cross-connect" between subchannels is too idealized to a.llow inclusion of 
such additional terms in a reasonable and consistent manner. 

'l'his study has .now been concluded, slightly behind schedule. The re­
sults indicate that the idealized model devised to account for the effects of· 
transverse flows cannot show that frictional dissipation as a result of such 
flows will cause significant dampinfl of oscillatory flooding behavior. How­
ever, it is also noted that the idealizations implicit in the model may be too 
severe to warrant extrapolation of this result to an actual PWR. Computations 
based on more inclusive modeling will probably be required. The attempts 
being made at Battelle-PNL to extend and apply the latest revisions of the 
computer code COBRA may provide this additional information. 

B. Vapor Generation in Flashing Flows (0. C. Jones, Jr., RAS) 

1. Introduction 

The purpose of this effort is to describe the actual vaporization 
process during depressurization of a flowing two-phase mixture. Similar to 

*Publications referred to in Sec. I of this report are listed starting on page 25. 



the beyond-CHF (critical heat flux) and subcooled boiling problems, one addi­
tional relationship is required to account for the nonequilibrium partition of 
energy between the liquid and vapor phases. This problem has features com­
mon to both: bulk superheating of the liquid phase due to decompression, 
similar to the bulk superheating of the vapor phase in BCHF conditions; and 
possible wall superheating of the boundary layer similar to the subcooled 
boiling problem and due to energy release from the pipe walls. 

2. Bubble Growth: Description of the Current Effort 

To obtain a mechanistic solution to the nonequilibrium flashing 
problem, one must describe the vaporization process during decompression. 
A search of the existing literature has revealed no applicable work. Thus, 
the bubble-growth problem was solved where the time-pressure relationship 
is a variable. To check the solution, several cases were tested where data 
existed. For the case in which a spherical bubble undergoes constant-property, 
exponential decompression, the dimensionless bubble radius is found to be 

'( 1) 

where the bubble radius is normalized with respect to its radius at time zero. 
The Jakob numbers JaT and Jap are for initial superheat and saturation tem­
perature difference due to decompression, respectively, R0 is the initial · 
radius, C. is the sphericity correction, 2

'
3 0 is the inverse time constant of the 

decompression process, and 0t is the thermal diffusivity of the liquid. The 
dimensionless time is t* = Ot. Dawson's integral is included in Eq. 1 as 
D{./t*), where 

and has been tabulated by Lohmender and Rittsten4 among others. Dawson's 
integral has ~he asymptotic behavior that 

'{./X D(Jx) -
1 /(2Jx) 

as t -+ 0 
(3) 

as t -+ =. 

Unlike the thermally dominated, uniform superheat solutions, the 
growth rate due to depressurization alone· is zero at time zero because the 
potential for growth to occur has not developed. However, at large times·, 
D(./t*) -+ 0, and growth i.s asymptotically similar to the superheat case where 
R* ""' fo. This is to be expected, because near the end of the exponential 
decay p -+ p=' and the problem looks like the previously analyzed case. Recall 
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that the properties were taken to be constant to obtain Eq. 1, an approxima­
tion that may not be valid for large changes in pressure. 

·Similarly, it is easily shown that when the pres sure decay is such 
that there is a linear decrease in saturation temperature, the bubble growth 
rate is given as 

R* (4) 

where the terms are similar, except that 0 is based on the slope of the tem­
perature time curve, -b, given as 0 = b/6Tr, and 6Tr is the reference tem­
perature drop used in Jap· The Jakob number JaT again is based on initial 
!::luperheat exi$ti,n~ at the start of hubbl e fj!"Q¥.rth. 

3. Bubble Growth: Discussion 

To date, the only data we have found pvmg bubble growth in de­
caying pres sure fields are those of Hewitt and Parker5 and of Niino. 6 The 
former included data where existing vapor bubbles undergoing condensation 
were suddenly subjected to approximately exponential pres sure decay and the 
growth was followed over 200-250 msec. In this case, the initial superheat is 
zero so that J aT in Eq. 1 vanishes. It was found that using the sphericity cor­
rection factors of Plesset and Zwick2 or of Forster and Zuber 3 overpredicted 
the data. On the other hand, taking the sphericity correction factor, C, as 
being unity, corresponding to the classical solution of Fritz and Ende, 7 gave 
reasonable results. 

These same data wen~ previously analyzed by Theofanous et al,. ,8 

who t1uruerically evaluated the growth under both equilibrium liquid-vapor 
interface conditions and nonequilibrium ronc'litions through tho uoc of nn 
evaporation coefficient. A simplified relationship of mass transfer was used 
based on the Maxwellian distribution for the va,por molecule:::;. Inertj;:~. wa~ 

included through the Rayleigh equation. Theofanon s et al. found negligible 
effect of nonequilibrium for condensation coefficients of 0.1 and 1. 0, and pre­
dicted nearly linear growth after the first 2 msec by using the actual values 
of liquid and vapor properties with time in their numerical solution. 

In the presently considered case, it is the vapor density that 
changes most drastically (0. 0067 to 0. 0046 g/ cm3 over the range of the data). 
An inexact but partially compensating procedure is to use the instantaneous 
value of vapor density during evaluation of the bubble growth. The results of 
such a calculation for the Hewitt-Parker 11 data 11 are shown in Fig. I. 1. 
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Agreement with the data is quite satisfactory in magnitude, although 
not so pleasing in trehds. In fact, the data are fit quite well by a t* 3

/
2 curve in 

all three cases, indicative of some extraneous effects either not considered in 
the analysis or inherent in the experiments. Since the bubbles photographed 
and measured were condensing, and thus decreasing in size, up to the start of 
the pressure transient, the thermal boundary layer was probably not uniform, 
but dependent on the past history of the bubble. Also, the measurement times 
were quite long, up to 0.2 sec, so that gravitational translation of about 1-2 em 
could have resulted. I£ there was any thermal stratification, the net effect 
could have been similar to uniform bulk heating with the resultant -t* 3 /

2 power 
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behavior. As to the possibility that the pressure transients were not really 
exponential, these were checked at times equal to 0.5, 1.0, 1.5, and 2.0 time 
constants whic.h spanned the upper 87.o/o of the pressure decay range. The 
actual time constant in each case was determined and the ranges were: 
Fig. I. 1 a (Hewitt and Parker's Fig. 9 data), 2 7. 8 ~ 0 ~ 31.3 sec - 1

; Fig. I. 1 b 
{Hewitt and Parker's Fig. 10 data), 40.0 ~ 0 ~ 43.5 sec - 1

; Fig. I. 1 c (Hewitt 
and Parker's Fig. 11 data), 35.7 ~ 0 ~ 38.5 sec - 1

. This consistency was fairly 
indicative of the adequacy of the exponential assumption. 

The recent work of Niino6 described bubble growth induced in 
pressure-decay systems following laser-pulsed nucleation. Growth thus began 
from an initially superheated state and continued with data being given over a 
small fraction (a few milliseconds) of the decay period. The data apparently 
fall into two categories: those for which the decay is well represented by an 
exponential, and those not well represented as such. In the former case, de­
cay frequencies at t* = 0. 5, 1. 0, 1. 5, and 2. 0 were typically quite constant, 
such as 350, 350, 342, and 355 sec- 1

; those not well represented exhibited 
frequencies that varied significantly, such as 1211, 894, 741, and 654 sec- 1

. 

A comparison of Eq. 4 in the former case with Niino' s data is shown in Fig. I. 2 1 

where the overall time span is about 1. 2 msec. Comparison with the data is 
quite reasonable without the sphericity <::o:rrection factor. Si.mil.:=~rly, j_n the 
second case, it was determined that the temperature drop was almost per­
fectly linear during the bubble-growth period and the representation by Eq. 3 
was excellent,. including the sphericity correction of Foster and Zuber3 of ./3, 
as seen in Fl.g. I. 3. It is uncertain why the sphericity correction does not seem 
lo apply in exponential pres sure decay but does in linear temperature decay. 
It is also uncertain what effect the laser had in disturbing the thermal boundary 
layer from the uniform superheat assumed. It might be argued that the lnr.r~l 
liquid temperature had to be heated close to that required for spontaneous 
nucleation, which would yield higher growth rates than if the superheat were 
uni.fo:rm. 
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4. Vapor Source: Description of the Current Effort 

At any location z in a duct, the steady- state quality is given by 

X 11z Xo + G r v(C)dC, 
zo 

( 5) 

where Xo = x(z0), the initial quality, and r v(z) is the local volumetric vapor­
generation rate. Data to enable evaluation of r v in flashing flows are virtually 
nonexistent, as they require detailed measurement of local quality and/ or void 
fraction as well as axial pres sure profiles. The data of Reocreaux9 approach 
these criteria. Some of these data have been analyzed to determine the vari­
ation of r v with location in a straight-diverging round duct. The lead-in. to the 
throat was of l 0 -mm radius, the divergence section was of 7° total included 
angle, and the exit section was of 30-mm radius. Detailed void and pressure 
data were obtained in the vicinity of the throat. The results are shown in 
Figs. 1.4-I. 7, for inlet mass velocities of 4180, 6500, 8650, and 10,300 kg/m2

-

sec. Calculations were based on unity slip and one -dimensional flow, taking 
the pressure as the correct indicator for the saturation properties. No ex­
pansive cooling was accounted for in the liquid, since in all cases the actual 
qualities were quite low ( <0. 007 5) where calculations of r v could be made. 

5. Vapor Source: Discussion 

Equilibrium values of r and fE were calculated based on the pres­
sure measurements and, in two cases, are shown in Figs. L4 and 1.5. Generally, 
these values were considerably larger than the actual values,· but exhibit a much 
larger degree of scatter. The scatter is caused by two successive pressure 
readings in a small span, giving the same reading and hence giving the same 
local quality. The result is an equilibrium generation rate that vanishes. 
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Examples include readings of 1.491 bars (RP.oc:reaux' s significant digits) at 
each of two successive locations 2. 5 mm apart. The implied resolution is 
±0.0005 bar (±l psf = ±0.2 in. H20). This may be compared with a pressure 
difference of 0. 002 bar in 2 mm, yielding an equilibrium-quality difference of 
0.00008 for an equilibrium rE of 218 kg/m3 -sec. However, these data were 
obtained on Statham transducers having a minimum full-scale range -of 
1. 75 bars and referenced to atmosphere. The best Statham transducer is rated 
at 0. 5% of full-scale (3. 6 in. of water) hysteresis and linearity, although re­
peatability of a calibrated (Statham) transducer may be better than 0. 2% of 
span. The former would represent an error of over 900 kg/m3 -sec, not at all 
atypical of the order of scatter seen in the rE calculations. 

Future comparison of calculations of f' s from Reocreauxi s data 
may include some degree of smoothing of the data, but this is not clear at thir. 
time. For one thing, smoothing may mask real effects such as, possibly, a 
large increase in r v at the throat. Such an effect was noticeable in all four 
runs analyzed.. It may be noted .. however, that although the pressure mea~ure­
ments are the predominant source of error in calculations of rE, they are only 
used to determine the fluid properties in calculations of f v· In the latter case, 
the largest errors arise from errors in void measurements. 

It appears frorn the previous discussion that more data are re­
quired ( 1) at higher reducP.d pressures where qualities are larger, (2) with 
more accurate pressure measurements, and (3) with more confirrnatory mea­
surements to n1.easure actual quality as well as void fraction. 

6. Summary 

A mechanistic description for nonequilibrium vapor- generation 
rate in steady, flashing flows has been formulated. This de scription shows 



that one must analyze the vapor-formation process in Lagrangian space. This 
has been completed and the results applied to bubble growth in decompression 
processes. Accurate predictions of bubble growth in exponential-pressure­
decay and linear-saturation-temperature-decay fields have been demonstrated, 
validating the approach taken. Recent data of steady- state flashing in a 
straight-divergent duct have also been examined, and calculation of the non-. 
equilibrium vapor generation rates from these data presented. Significant 
differences between equilibrium and nonequilibrium generation rates are 
found, but the data indicate the need for a more accurate and extensive series 
of tests. 

C. One-dimensional Drift-flux Modeling; Vapor-drift Velocity in Annular­
flow Regime (M. Ishii and T. C: Chawla, RAS) . 

l. Notation 

j 

A = total flow area per channel 

a, b,c = constants defined by Eq. 24 

D = hydraulic diameter 

f· = interfacial friction factor 1 

fwf = wall friction factor based on film 

g = acceleration of gravity 

jf = liquid volumetric flux, superficial liquid velocity 

jftr = absolute liquid volumetric flux at laminar turht,1lent 
transition, defined by Eq. 18 

p = pressure 

Pi = wetted perimeter of interface 

Pwf = wall perimeter wetted ·by film 

Ref = film Reynolds number defined by Eq. 10 

t = time 

V gj = va.por. -rlrif~ velocity 

v f = average liquid velocity 

v g = average gas velocity 

v_m - mixture center-of-mass velocity 

Vr = vg - vf, relative velocity between phases 

z = axial coordinate 

01 = v?id fr~ction of gas phase 

r g = vapor-generation rate 

9 
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b.p = density difference 

6 = average film thickness 

€ = roughness parameter of interface 

~f = liquid viscosity 

s = ratio of the two wetted perimeters given by Eq. 6 

Pf = liquid density 

Pg = gas density 

Pro = mixture density 

,.. = interfacial shear stress 1 

,.wf - •.vaJ.l shear oh·~.s.s 

2. Drift-flux Model 

In two-phase flows, there i~ always some relative motion of one 
phase with respect to the other. Therefore, a two-phc;tse flow problf!m t=ihnnlrl 
be formulated in terms of two velocity fields. According to the degree of the 
dynamic coupling between the phasf!s, two-phase flow problems can be formu­
lated in terms of a two-fluid model or a drift-flux model. 10 ,u The two-fluid 
model is formulated by considering each phase separately, whereas the drift­
flux model is formulated by considering the mixture as a whole. The latter 
model requires only four field equations: equations of continuity, momentum, 
and energy for the mixture, and the continuity equation or the diffusion equa­
tion for one of the phases. 10 

It is evident that the drift-flux model is sirnpler than the two-fluid 
model. However, the former requires some drastic constitutive assumptions, 
since it has only four field equations in contrast to six field equations in the 
two-fluid model. It is therefore natural that some of the characteristics of 
two-phase flow wil~ be lost. The Rimplifir.;:t_tton introduced by uoing only fou1· 
field equations rather than six makes the use of the drift-flux model an at­
tractive and powerful technique for analyzing a number nf engineering prob­
lems. In particular, the drift-flux model is useful when the information 
required is the response of the totr~.l mixture and not that of each constituent 
phase separately. For example, in the rlyn;:~rnic ana.ly~~s. of two-phn.nc flow 
systems, only the response of the total system is desired. 

The four field equations in the drift-flux model r,~.re the result of 
the elimination of one energy and one momentum equation from the original 
six field equations of the two-fluid model. Therefore, the relative motion and 
energy difference should be expressed by additional constitutive equations. 
These two effects inherent to the two-phase flows are taken into account by 
using a continuity equation for one of the phases and supplementing it with 
kinematic and phase-change constitutive equations. Thus, by taking a vapor­
continuity equation, we have 



( l ). 

The kinematic constitutive equation gives 

(2) 

and the phase-change constitutive equation gives 

( 
. dp ) 

rg = rg ot,p,vm, dt , ... ' (3) 

where V gj is t}:J.e vapor-drift velocity and r g is the vapor-generation rate .. 

It may be noted that the vapor -drift velocity in the drift-flux model 
plays a role similar to that of the diffusion coefficient in a single -phase two-

/ 

component system. However, the application of a diffusion coefficient is useful 
only when the ,relative motion between components or phases is due to a con­
centration gradient and can be expressed by a linear constitutive law. For 
general two-phase flow systems, the Fick' s law of diffusion may not ~old, 
since in this case the interfacial geometry, the body..:force field, and the inter­
facial m9mentum transfer are the factors g~verning the relative motion of 
phases. In other words, the diffusion of phases in two-phase systems is 
macroscopic, whereas in single-phase two-component systems it is due to the 
microscopic molecular diffusion. 

It is therefore expected that the constitutive equation for the · 
vapor-drift velocity depends strongly on the two-phase flow regimes, since 
the momentum transfer between the phases is governed by the geometry of the 
interfaces as well as by the interfacial area concentration. The constitutive 
equation for the vapor-drift velocity for bubbly and slug flow regimes has be.en 
obtained by Zuber et al. 12 by balancing the gravity force with the drag force. 
Staub13 has .attempted to obtain the drift velocity for an annular-flow regime. 
His analysis is based on a linear velocity profile in the liquid film and contains 
an empirical constant. The linear velocity profile is valid only when the film 
flow is laminar and the gravitational effect i.s negligible. It has been demon­
strated in our analysis that Staub's empirical constant is actually a function 
of a void fraction. 

The purpose of the study is to present a more general expression 
for the drift velocity for an annular flow by taking into account the effect of 
gravity, interfacial shear stress with its dependence on interfacial roughness, 
and flow regimes in the liquid film~ 

A particularly important application of the present model is in the 
area of computer-code developments for thermohydraulic analyses of light­
water-reactor transients and accidents, since in this application one of the 
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dominant flow regimes to be expected is annular flow. Another important ap­
plication is in accident analyses of liquid-metal fast breeder reactors, for 
which the most likely flow regime encountered in sodium boiling is also an­
nular flow. 

3. Analysis 

Inasmuch as the vapor -drift velocity in the drift-flux model is a 
substitute for one of the phase-momentum equations, a natural starting point 
for the derivation of the vapor -drift velocity is the momentum equations for 
two components. Assuming steady-state adiabatic two-phase annular flow 
with constant single-phase properties, we have the following one-dimensional 
momentum equations for each phase: 

-( dp + p g) = 
TiPi 

dz g a A 
(4) 

.J..11U 

.-(:~ + Pfg) 
Twfpwf TiPi 

= 
A(1 - Q') A( 1 - Q') . 

(5) 

We define the hydraulic diameter D and the ratio of the wetted perimeters by 

Assuming that the film thickness o is small compared with the hydraulic: 
ni r.1.meter' we ho..vc 

40 
D ... (1-u;). (7) 

· We note hP.-rA that, for an o..nnuln.r flow i•1 a pipo2, s rljuuces to ../ri. 
From the analyses of thin films, the wall shear stress for both laminar and 
tul'bulent flows can be givenapproximately by 

(8) 

Here the gravity-correction term on the :ri.ght-hand side of Eq. 8, which arise.s 
naturally for a laminar film flow, has been assumed to be the same for <=~. ti.H­
bulent flow as well. The friction factor 1: is then given by 

= { 16/Ref (laminar.flow) 
fwf 

0. 0791 Re£ 0
" 

25 (turbulent flow), 
(9) 



where th~ film Reynolds number is given by 

( 1 0) 

Here ~f is the liquid viscosity and jf is the liquid volumetric flux; i.e., h = 
( 1 - et)vf. 

The interfacial shear stress 'T"i can be expressed as 

( 11) 

where vr is the relati.ve velocity between the phases. The· interfacial friction 
factor fi can be given, for example, from Wallis' correlation15 as 

fi = ±0 0 0 0 5 ( 1 + €) 
{

+for 

- for 

v gj ~ 0 

v gj < 0, 

·with the roughness parameter given by 

e = 3005/D""' 75(1 - 0'). 

By definition, the vapor -drift velocity is related to v r through 

vgj = (1- et)vr. 

( 12) 

( 13) 

( 14) 

Eliminating d:p/ dz between Eqs. 4 and 5, and using Eqs. 6-12 in the resultant 
equation, we obtain the vapor-drift velocity for a laminar flow in the liquid 
film: 

( 15) 

In contrast to the above expression, the semiempirical correlation 
of Staub13 is given by V gj = 23[~fh/ ( PgD)Jllz, where the empirical constant 23 
has been obtained from a limited number of experimental data. By com­
paring hio correlation to the present m.od~l fnr a separated flow with a laminar 
liquid film, we see that the important contribution from the gravity force has 
been neglected in Ref. 13 and the empirical constant is actually ·a function of 
void fradion. For an annular flow in a pipe with s = fo and 0. 8 < 01 < 1, this 
empirical "constant" varies from 13 to SO. This shows that the Staub's cor­
relation is an overly simplified form of Eq. 15 based only on limited experi­
mental data. 

13 
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The drift velocity for a separated flow with turbulent film flow is 
obtained similarly as 

( 16) 

We note here that V gj takes a negative root of Eq. 15 or 16 if the value of the 
terms in the square bracket is negative. 

A simpler form of Eq. 16 can be obtained by use of a constant · 
turbulent wall-friction factor defined as 

{ 

16/Ref 

fwf = 
0.005 

if Ref s 3200 
( l 7) 

if Ref> 3200, 

which was also used by Wallis 15 in his simple annular-flow theory. Then the 
transition-liquid volumetric flux at the laminar -turbulent transition point is 
given by 

'l'he vapor-drift velocity for a separated flow with a turbulent film flow 
becomes 

( 18) 

( l 9) 

TlH·~ vapur-dr1ft veloc1ty Vgj in the form P.Xprel3sed by Eqs. 15 and 
ll) ur 19 is convenient for use in analyzing steady- state adiabatic or thermal­
equilibriunl flows, since in these cases the local value of jf can be easily pre­
dicted. However, in a general drift-flux-model formulation, V gj should be 
expressed in terms of the mixture velocity vm rather than h· as it is the 
velocity field th~.t is Ll~ed ih the description uf the drift-flux model. 12 

From the definitions of mixture velocity, vm = [(l- O')Pfvf + O'Pgvg)/ 
Pm, and from V gj as given by Eq. 14, the liquid volumetric flux can be ex­
pressed in terms of thP. mixture velocity and the vapor-urift velocity as 

(20) 



Substituting Eq. 20 into Eq. 15, we obtain ·for a laminar film 

( 21) 

. Thus, in view of Eqs. 18 and 20, the above expression is valid for laminar 
film flow in concurrent or countercurrent flow situations with V gj in the range 

(22) 

If we adopt the sign convention such that, for Vm ~ -b.pgD2( 1- - 01)
2 

/ 

481J.f, fi hao a positive sign, and for Vm < -b.pgD2 (1 - 0') 2 /481J.f, fi has a negative 
sign, Eq. 21 is simultaneously valid for positive as well as negative values of 
V gj- The f~rm of the solution of Eq. 21 as a function of vm keeping 01 constant 
is given in Fig. I. 8. As can be seen from this figure, V gj for laminar flow is 
bounded in. the range given by Eq. 22. For Vgj ~ (1 - Ol)pmvm/O'Pg' the flow is· 
concurrent upward; for V gj > ( 1 - 01) Pm vm/OIPg• the direction of the liquid flow 
is downward. The case V gj = 0 corresponds to the free-falling film without 
interfacial shear. 

Fig. 1.8 

Laminar-film V gi at Constant Void 
Fraction. ANL Neg. No. 900-5767. 

To obtain V gj as a function of vm for turbulent film flow, we sub­
stitute Eq. 20 into Eq. 19. Then, by solving for V gj for the case when the 
upward liquid flow is given by 

Vm ~ 

we have 

b + [ z + ( bz)c]1/z - vm avm .a if a - b
2 :f 0 

. v gj = (23) 

(v~ + c)/2bvm if a - b
2 = 0. 

15 
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Here we have introduced for convenience 

a ;:;:;: 

b -

c _ 6 p gD( 1 - 0')
3 

. 

0.015pf 

However, for Vm lying in the range 

we have 

-bvm + ( -av~ + (a+ b2)c]112 

a + b 2 

(24) 

(2S) 

Here the lower boundary for vn1. corresponds to zero interfacial 
shear stress, whereas the upper limit is the point of the flow :reversal. In the 
range Ol Vm giVt:!Il l.Jy Vm ~ -..;C, We have 

v 0;:;; gj 

which applies to the concurrent downwa.rd flow. 

(Z6) 

'l'he above solutions for V gj can be applied only if the following 
turbulent criterion is satisfied: 

or (27) 

The solution of Eqs. 23, 25, and 26 for a fixed value of 0' is shown 
in Fig. !.9, where Vgj is plotted against vm. In the figure, the laminar-turbulent 



transition occurs at the hyperbolic part of the solution. However, depending 
on the parameters, it is possible that the elliptic part, Eq. 25, could occur in 
the turbulent regime, i.e., in the range given by Eq. 2 7. 

Fig. 1.9 

Turbulent-film V gj at Constant Void 
Fraction. ANL Neg. No. 900-5766. 

If the absolute value of the mixture velocity is large,. such that the 
flow is esseptially concurrent and the gravity effect is small, then the turbu­
lent solution can be approximated by the simple form 

(28) 

As can be seen in Fig. 1.9, the expression given by Eq. 28 is an 
asymptote to the more exact solution given by Eqs. 24 and 26. 

Note here tha.t the expression (Eq. 28) for the drift velocity ca:n be 
transformed to obtain the slip ratio vg/Vf under the simplifying assumption 
that the average liquid velocity is much smaller than the vapor velocity. Then 
we have 

]

1/2 

0') 
(29) 

for an annular flow in a pipe for which S = .JCi The above expression for slip 
ratio is similar to that obtaineu by Fauskc, 16 n~mely, vg/vf = ( ptf Pg) 112 , which 
has no dependence on the void fraction. The factor that takes the void fraction 
into account in Eq. 29 varies ·roughly from 0.24 to l for the range of Q' given 
by 0. 8 < CJ < l. Therefore, it ·is expected that for a turbulent film the Fauske 
correlation will give reasonably accurate results at high void fra~tions·. 

17 
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4. Discussion and Comparison with Data 

Some experimental data for annular two-phase flow are available 
in the literature. One of the most extensive and reliable sets of data were 
obtained at Harwell by G. F. Hewitt and his associates. In particular, those 
obtained by Gill and Hewitt17 for upward concurrent flow of air-water mixtures 
at near-atmospheric pressure in a 3. 1 75-cm-dia acrylic resin tube have been 
used to verify the present correlation. Since the annular or drop-annular flow 
regime is confirmed for all the data points by their observations, all their 
tabulated data (approximately 130 data points) have been used in the present 
study. 

A second set of data used was th;;~.t of Alia ct al. 18 TlH~~:>e data 
were taken in 1. 5- and 2. 5 -cm-dia tubes with water or Pthyl alcohol a.s a. lly_uill 
phaHe and argon as a gr~ s phase. The ranges uf the gas and liquid flow rates 
were 15-100 and 20-200 g/ cm2

- sec, respectively. The experiments were per­
formed at near-room temperature with system pressures up to 22 kg/cm2

. 

The total number of the data points was about 300; however, these data were 
taken r~.t various flow regim.es, and unfortu~ately there were no explicit indi­
cations of the flow regimes for any dc.:~.ta point. Gon~equontly, we l1c~.v~ 1nade 
flow- regime analyses based on the flow- regime map of Alia et a1. 18 as well 
as the method described by Go1Her. 19 Thcoc a11.alys~~:> ~:>how that only a limited 
number of data occurred for a pure annular-flow regime. About 50 points 
belong to the churn, slug, or. bubbly flow regin1.e s, and another 50 were in the 
transition region between the slug-type and the annular or drop-annular flow 
regimes. Thus, only 200 data points belonged to annular or nrnp-annular flow 
regin1.e:s with moderate to high droplet entrainment. To show that the present 
model for V gj can also be used for annular flow with moderated entrainment, 
about hal£ the nata for the drop-a.nnular flo-..v regime oLL;Li.ned wi.th lower gao 
flow rates hc~.ve been used together with the data for. the pure annular -flow 
regime. Consequently, about 125 nata points from Alia et a1. 18 have been used 
in the prel;ient stnny 

Another set of nat;;~ c:-oniiidercd were ll"nOJ8e of Cravarolo et al. ob­
tained under conditions similar to those of Alia et a1. 18 ln the experiment of 
Cravarolo, the void fraction wrt.s .not mcaom· .... d rli.~·""~Lly, but was Jelluced from 
the pressure-drop and wall shear-stress measuren1ents. As explained by 
Alia et al., this method of obtaining the void fraction is unreliable at high flow 
rates. Consequently, we eliminated some of the dati:!.. l..moed on the criteria 
given by Alia et al. Among the 220 data points of Cravarolo, 180 were clearly 
in the drop-annular flow regime, based on the given flow-regime 1nap and the 
flow-regime criteria given by Collier. 19 Among these, about 90 data points 
have been eliminated because of the uncertainty of the void-fraction prediclion 
at high flow rates and the expected effect of higher entrainment. 

The three sets of data considered constitute about 350 data points 
for annular and drop-annular flow regimes. Figure I.lO compares the experi­
mental data to the theoretical vapor-drift velocities based on the present 
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Fig. 1.10. Comparison of Theory to Experimental 
Data. ANL Neg. No. 900-5768. 

analysis (Eqs. 15 and 19, which are 
identical to Eqs. 21, 23, 25, and 26). 
Theoretical predictions are within 
about ±3 O% of the experimental values 
over a wide range of vapor-drift ve­
locity lying between 20 and 2 50 ern/ sec. 
A uniform distribution of the data can 
be attributed to the uncertainty in the 
determination of void fraction in the 
above experiments. 

We note here that these data 
include a considerable number of 
points taken in the drop-annular flow 
regime at moderate gas-flow rates. 
This indicates that the present vapor­
drift-velocity correlation can be used 
both for ideal annular flows without 
entrainment as well as for drop-annular 
flows with moderate to low entrainment. 

However, as the amount of liquid entrained in the gas core becomes large at 
high gas flo~ rates, 21

•22 the measured vapor-drift velocity starts to depart -
considerably from the predicted values, and the present analysis overpredicts 
these values. The prediction of V gj in the region where droplet entrainment 
is sufficiently high is beyond the scope of the present study. 

The present constitutive equation for the vapor-~rift velocity 1n 
an annular flow regime has been obtained from the steady- state and adiabatic 
formulation. The effects of heat transfer and phase changes on the vapor-drift 
velocity were considered as secondary. These effects appear only indirectly 
through the local variables such as the void fraction and the mixture velocity 
in the drift constitutive equation. It .is a common practice to apply constitutive 
relationships obtained under steady-state conditions to the transient problems, 
with an assumption that the parameters entering into a constitutive relation­
ship are local variables and are functions of time. Therefore, the application 
of the present constitutive equation for V gj to a transient two-phase annular 
flow with a phase change will be consistent with common practice. 

D. Transient Critical Heat Flux (J. C. M. Leung, R.. E. Henry, and 
0. C. Joneo, RAS) 

Two transient-blowdown CHF tests are reported: one short transient 
(Run 4/22) with a 1-sec inlet-flow stoppage and a long transient (Run 5/29) in 
which two CHF' s were observed. 

19 
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1. Run4l22 

For Run 4122, the transient was initiated with solenoid valves SW 1 
and SW3 closed about 1 sec before SW2 opened. (For the location of the valves, 
see Fig. I. 11.) As a result, the fluid in the test section was stagnant (see flow 
measurement in Fig. I. 12) and the pres sure in the system began to rise, as 
shown in Fig. !.13, until decompression occurred on opening valve SW2. 
Time zero was taken to be the start of depressurization, and the steady- state 
conditions are indicated in Fig. I. 13. 

The heater -wall temperature and the fluid temperature are shown 
in Fig. I. 14. With a 1- sec inlet-flow stoppage before decompression, efficient 
cooling was maintained during this very low flow period, as indicated by the 
heater-wall temperature. If the fluid in the heated section remained close to 
saturation in liquid phase (i.e., no net generation of vapor), the calculated 
temperature rise of the bulk fluid is about 40°F I sec. The rise in heater -wall 
tem.perature was only about ·tF, and if thA R1.1rface had been dry, a ten"l_L.Jt::ra­
ture excursion of 80°F I sec was predicted. 

The observed pressure rise in the test section resulted in an in­
crease in the Tsat value of about 8°F, which is in close agreement with that 
observed. Countercurrent flow might have existed during this period, as the 
upper -void probe showed a continuous rise to almost 1 OOo/o void just before 
depressurization. Note that complete voiding of the channel would not have 
occurred, because in this closed system, such a. vapor volume would require 
supercritical pressures. 

The start of temperature excursion (critical-her~.t-fhlx condition) 
coincided with the sharp rise in upper-channP.l void (see Fig. !.15). This 
phenomenon il:l in agreement with Run sl 19 -l'\. 23 This upper-channel void 
measurement indicates that the channel was almost depleted of liquid coolant, 
nnd e..! d .te:sull, 11 clryout 11 occurred. The above observation tends to support 
the view that allowable heat flux; at low flow can be quite high without t::xperi­
encing CHF as in pool boiling24

,
25 and that flow rever1;1~,l doeH not precipitate 

an instantaneous CHF. 

2. Run 5129 

I 

Run Sl?.r) was pt:durmcd with the lull-l:lize blowdown vessel (blow-
down volume* = 0. 318 ft3

); the transient lasted almost 1 min. The results are 
shown in Figs. I. 16-I. 22. 

Two distinct CHF' s nc.c1.1rred. The first tern.peralure excursion in 
Fig. I. 17 was observed only at the bottom 8 in. of the heated length, with the 
most severe rise at the extreme end. Rewetting quickly took place at the 

*Blowdown volume is defined to be the system volume between the lower plenum and SW3 valve. 
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8-in. location and propagated downstream, as shown in Fig. !.18. Figure I.19 
indicates that the occurre.r:ce of the second temperature excursion coincided 
with the upper -void probe measuring close to 100% void. The upper turbine 
meter in Fig. I. 20 also showed a rapid rise at the same time, indicating high­
quality vapor flow. Further, the mass that remained in the blowdown vessel 
as sensed by the weight transducer was essentially zero. These measure­
ments indicated that the heated channel was depleted of liquid, and as a result 
"dryout'' occurred. 

This "dryout" front followed the same kind of locus as in 
Run 5/19-A, 23 but the rate of propagati'on was faster. The time to the first 
CHF was about the same at all CHF locations (400 msec). This suggests that 
the first CHF occui-s by a different mechanism than the second one. 
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II. TRANSIENT FUEL RESPONSE AND 
FISSION-PRODUCT RELEASE PROGRAM 

Responsible Group Leaders: 
L. A. Neimark and R. B. Foeppel, MSD 

. Coordinated by: 
L. R. Kelman, MSD 

Prediction of the behavior of Light- Water Reactor (LWR) fuel rods 
and fission products under off-normal and accident conditions requires a 
physically realistic description of fuel swelling and fission-product release 
that currently does not exist. To satisfy this need, the LWR fuel program at 
Argonne National Laboratory (ANL) has as its prime objective the develop­
ment of a comprehensive computer-based model that describes the release 
of fission products as a function of thermal transients anticipated in hypo­
thetical accident situations. This model will be incorporated into the Fuel­
Rod Analysis Program (FRAP) code being developed by the Aerojet Nuclear 
Company (ANC). The analytical effort is supported by data developed from 
characterization of irradiated LWR fuel and from out-of-reactor transient 
heating tests of irradiated LWR fuel under conditions that simulate hypotheti­
cal LWR accidents. 

The progress during the past year and the status of the program were 
presented at the Third Water Reactor Safety Information Meeting held at the 
National Bureau of Standards in Gaithersburg, Md., on September 30, 197 5. 
The following significant advances have been made this quarter in the analyti­
cal and experimental efforts of the program: 

1. A preliminary version of the LWR Steady-State and Transient 
(SST) fuel-element behavior code has been verified for steady-state fuel­
centerline temperatures. 

2. GRASS Steady- state Modification 1 is currently being calibrated 
and more fully developed for steady- state gas release. 

3. A preliminary model has been developed for the behavior of vola­
tile fission products during both steady-state and transient conditions. 

4. The hot cell has been equipped to experim~ntally simulate the 
thermal conditions anticipated for LWR fuels during hypothetical accidents 
and to collect the released fission products. 

5. Some checkout and seeping tests of the direct-electrical-heating 
(DEH) equipment have been m~de using unirradiated U02 pellets, and the elec:... 
tronics and the temperature-measuring capability are being improved. 

6. A fuel-removal technique has been developed and used success­
f11lly to recover two DEH specimens from the Robinson fuel. 
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7. Fuel-removal equipment and a gas sampling and measuring appa­
ratus are being as sembled in and adjacent to the hot cell. 

8. Characterization of the Robinson fuel is underway. 

Thanks are due Dr. C. Ronchi * for his contribution, during the present 
quarter, to the development of analytical models and to the characterization 
of irradiated fuel. 

A. Modeling of Fuel-Fission-product Behavior (J. Rest and C. Ronchi, MSD) 

l. Modeling of Fission- gas Behavior during Steady- state Conditions 

The LWR SST fucl"clcrncnt code i:J bo.:Jcd on the LIFE S.l'ls.ly.5i.5 
for fast- reactor fuel elements, 1 •2 discussed in the April-June 197 5 quarterly 
report (ANL-75-58, p. 34), and was generated as an aid to the development and 
verification of the steady- state GRASS code. A version of SST has been veri­
fied for steady- state fuel- centerline temperatures and has been transmitted, 
upon request, to the Nuclear Regulatory Commission (NRC), 3 where· it will be 
compared with the FRAP code. SST is an interim code, used to obtain operat­
ing temperatures for GRASS, and will eventually be replaced by FRAP. At 
present, SST is not being used to calculate fuel motion, although the code has 
that capability. 

Table U.l compares SST-calculated centerline-temperature re­
sults for four Halden rods with data points obtained from graphs of thermo-: 
couple centerline-temperature measurements versus local rod power. 4 

Fig1.1re II.l shows SST-calculated centerline-temperature results for two 
Halden fuel rods with different local rod power histories. To model the radial 
flux depression, the radial temperature gradient, and the sharp variation in 
the axial flux shape for these rods, the fuel was divided into six axial fuel sec­
tions and one plenum section. Each fuel section was then subdivided into seven 
radial rings. 

Except for the temperature values at 14 h, the SST-calculated 
centerline temperatures are in good agreement with the experimental results 
(Table II.l and Fig. II.l ). For a constant power level (rods AA and AE) and 
a decreasing power level (rods AK and AO) between 14 and 28 h of operation, 
the measured temperatures show a sizable increase, whereas the calculated 
temperature values decrease, as .would normally be expected. A pos·sible ex­
planation for this behavior is the existence of fabrication processes not modeled 
by the code (e.g., fuel impurities that are burned off into the fuel-cladding gap, 
thereby decreasing the gap thermal conductivity). The predicted temperatures 
for these four rods were found to be highly sensitive to the initial gap size and 
moderately sensitive to the initial fractional porosity. The initial gap sizes 
and initial fractional porosities were adjusted within the fabrication uncertain­
ties4 to give the best agreement with the data. 

*Visiting Scientist from EURATOM, European Transuranium Institute, Karlsruhe, Germany. 
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GRASS Steady-state Modification 1 [GRASS(SS)-Mod 1] is cur­
rently being calibrated for steady-state gas releas~. The GRASS code 5 does 
not contain a treatment of interlinked porosity; only after the GRASS code was 
written was the role of interlinked porosity generally recognized. 6- 8 Initial 
calibration results demonstrate the need for an interlinked-porosity model 
for fission- gas release and swelling and indicate that the enhanced diffusivi­
ties currently used in the GRASS(SS)-Mod 1 code for diffusion of fission gas 
on grain boundaries are too low. When calibrated to predict gas release for 
"medium" average-temperature rods, GRASS(SS)-Mod· 1 overpredicts the gas 
release for "higher" average-temperature rods and underpredicts the gas 
release for "lower" average-temperature rods. The present model multiplies 
the atomic diffusivity of fission gas in the lattice by a scale factor to obtain 
the grain-boundary diffusivities; however, this gives .an incorrect temperature 
dependence for diffusion of fission gas on grain boundaries. The activat,ion 
energy of atomic grain- boundary diffusion is believed to be much less than 
that for lattice diffusion (about half the lattice activation energy). 9 Results 
from the "higher" average-temperature rod show that appreciable reduction 
in the fractional porosity with time occurs in the hotter portions of the fuel. 
An interlinked-porosity model would predict a reduction in the release of gas· 
from the hotter fuel regions (relative to diffusional release alone) and an in­
crease in fuel swelling due to the buildup of fission gas. 

A percolation model of interlinked porosity for fission- gas release 
and swelling has been developed. In this model, the degree of pore interlinkage 
along the grain edges is a function of the fractional porosity, the grain size, 
and the pore size. The pore inter linkage fraction F 00 is given by 

exp[-(x- P)2/2c:r2 )dx, 

where 

{ 
......... }~l v'i g 2 

2N 1 - . 1 .... --
p = : N., 1 + (F- 1 - l) __]! c + g) , 

r n g3 ' 

N is the coordination number for a compact arrangement of pores, g is the 
rftio of grain size to pore size, F is the fractional porosity, and Pc = 1. 57 is 
the condition that a chain of interlinked pores connects to the free surface. 10 

The width of the probability distribution, a, can be calculat~d from the experi­
mental histograms of grain size, pore size, and fractional porosity (see 
Appendix). The gas released from a section of fuel is given by the amount of 
gas in the pores, multiplied by F 00 • The remaining gas trapped in the pores, 
the original amount of gas multiplied by ( 1 - F ""), increases the pore volume 
according to the equation of state 



nRT 

where n is the moles of gas in the pore, R is the gas constant in ergs/mole-°K, 
T is temperature in °K, r is the radius of the pore in centimeters, y is the 
surface energy. of U02 in ~rgs, and crh is the local hydrostatic pressure in 
dynes/ cm2

• The present GRASS development and calibration work is focused 
on obtaining more realistic diffusivities for the fission gas, both in the lattice 
and on grain boundaries, and on including the interlinked-porosity model for 
fission-gas release and swelling in the code. 

Table II.2 lists SST-calculated fractional gas-release results ob­
tained, using subroutine GASOUT, for three CVTR fuel rods; the GASOUT 
£is sion- gas release model is a simplified development of diffusion from an 
athermal spherical body in which the release rate from each fuel ring is given 
by an Arrhenius function of the average ring temperature. A comparison of 
the GASOUT- calculated fractional gas- release data with the measured data 
for the two higher- burnup (also, higher -average -t~mperature) rods is reason­
able. The discrepancy between measured and GASOUT-calculated gas release 
for the lower-burnup (lower-average-temperature) rod may be due to the lack 
of a GASOUT mode_]. for irradiation-enhanced diffusion that includes fission­
gas knockout and recoil; these mechanisms are important up to -l250°C and 
can account for as much as 5% of the additional gas release in lower­
temperature fuel rods. 

TABLE II.2. SST Fractional Gas Release Using GASOUT Option 

CVTR Rod Maximum SST-calculated Measured 
Numbers Burnup, at. % Ti.me, h Gas Release, % Gas Release, % 

13.831 0.92 4872 9.3 10.8 

33.R33 0. 7R 3744 9.53 15.0 

44.732 0.96 3744 28.13 28.6 

Irradiation-enhanced diffusion is included in GRASS-Mod l. The 
fission- rate-independent model for irradiation- enhanced diffusion, previously 
used in the GRASS code, has been replaced by a fission-rate-dependent model 
based on the experimental work of Holt and Matzke. 11 The irradiation-enhanced 
diffusiqn, D*, is given by 

D* = 2.0 x l0- 29 TFPV exp( -3161/T), 

wnere TFPV is the total fissions per un.it volume per second, and T is the 
absolute temperature in °K. The temperature-dependent term is based on the 
work of Cornell. 12 The validity of this expression for irradiation-enhanced 
diffusion will become more apparent as the GRASS(SS)-Mod l verification 
effort proceeds. 
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2. Modeling of Fission-product Behavior during Transient Conditions 

Models have been developed for transient bubble coalescence, the 
rate of bubble growth after coalescence, and the behavior of volatile fission 
products during steady-state and transient conditions (see Appendix). 

GRASS calculates fission- gas swelling that results from successive 
coalescence of bubbles. The calculation for the probability of bubble coales­
cence is based on the capture probability of a diffusing species by a precipita­
tion center and is extended to the case in which the precipitation center is also 
subjected to Brownian motion. A steady- state solution of the diffusion equation 
is assumed. This formalism is justifiable for the case in which the concentra­
tion of precipitation centers is so low that the effect of the surrounding precipi­
tation c:enters is ne~ligible or when no large variations in the concentrations of 
precipitation centers and diffusing species occur durmg the Li.ntt::: ::;Lep L:ui!::iid= 

ered. However, for temperature transients in which strong bubble variations 
occur in a relatively short time, the as smnption::; are no longer valid. Ili this 
case, the GRASS calculation of the bubble-coalescence probability has to be 
made by taking into account the effect of neighboring precipitation centers on 
a precipitation center. 

For steady- state conditions, instantaneous growth to equilibrium 
size of coalescing bubbles is a reasonable assumption, considering the rela­
tively long time between coalescences. However, for tra11sient conditions, this 
assumption will break down if the time for coalescing bubbles to reach equilib­
rium size is of the order of the time between coalescences. Bubble coalescence 
is visualized as a two-stage process; the first stage conserves volume--the 
second stage conserves surface area. The second stage of bubble coalescence 
results in an increase in bubble volume and, hence, an increase in fuel swelling. 
This growth stage is physically characterize_d by a net flow of lattice vacancies 
through the bubble surface under the driving force of the stress field generated 
by the nonequilibrium configuration. The rate of growth of noncoalescing bub­
bles under conditions of changing temperatures and stresses is also controlled 
by the flux of vacancies through the bubble surface. The vacancy flux is 
strongly dependent on the vacancy sel£-diffusivity. Thus, the vacancy· self­
diffusivity must be determined carefully as a function of temperature and of 
the local fuel stoichiometry that markedly affects the diffusion coefficient. 

The ::;teady-~:>tat~::~ uwdel fo:r thli:! behavior of voblih: :J:is:.;iou pr•:•duds 
is based on the work of Turnbull and Friskney13 and includes a percolation 
model of interconnected porosity for fis sian-product release. According to this 
model, the diffusion of volatile fission products occurs in two stages: (1) dif­
fusion through the lattice to grain boundaries and (2) rapid diffusion along grain 
boundaries to grain edges where the volatiles may be released through the 
interconnected porosity. The rapid grain-boundary diffusion is considered to 
be important only before the advent of a stabilized network of interconnected 
porosity venting to the free surface. 



The history of a typical volatile fission product found in a nuclear 
fuel consists of the production of a parent via fission and then the production 
of a succession of generations via decay until a relatively stable fission prod­
uct is produced. Given only several precursors, the general solution of the 
problem is quite complex. Therefore, as a first attempt to predict volatile 
fission-product release, the effort of the modeling group will concentrate 
only on fission products with precursors that have short lifetimes compared 
with the lifetime of the fission product under consideration. In this formalism, 
the solution consists of solving two coupled equations, one for the concentra­
tion of the volatiles in the lattice and the other for the concentration of the 
volatiles on the grain boundaries. 

The solution for the concentration of volatiles in the lattice gen­
erates the source term in the equation for the concentration of volatiles on the 
grain boundaries. The fission products on the grain boundary have two pos­
sible mechanisms of release: (1) diffusion along the grain boundary to the 
outer pellet surface and (2) percolation flow through the porosity channels via 
vapor or liquid phase. At the end of the steady- state calculation, the following 
volatile fission-product quantities can be evaluated: the concentration at the 
grain boundaries, the concentration in solution within the grains, the concen­
tration trapped in closed pores, the amount of volatiles released via percola­
tion, and the amount of volatiles released via grain- boundary diffusion. These 
results will enable the transient analysis to be initiated with a sufficiently de­
tailed description of the pretransient fuel conditions. 

The transient release of·volatile fission products is too rapid to 
be described by long-range diffusional processes. The transient fission­
product-release model is based on the theory of viscous flow in a porous me­
dium and includes the effects of evaporation-condensation processes on volatile 
fission-product behavior. With this model, the observed rapid-transient re­
lease of volatile fission products can be qualitatively described. 

The equations for ·the steady- state and transient volatile fission­
product models have been derived. The use of these equations to predict the 
behavior of volatile fission products requires the determination of many phys­
ical parameters. The incorporation of these equations into a computer code 
will require considerable effort. For the steady-state model, parameters such 
as lattice and grain-boundary diffusivities of_the volatiles must be determined 
as a function of temperature. For the transient model, the critical parameters 
to be determined are the volatile fission-product viscosities, the heats of 
vaporization, the ratio uf the actual path traveled by the volatile fission-product 
fluid to the macroscopic permeated distance, and the ratio of the pore volume 
to the pore specific surface. The development of these volatile fission-product 
models will be dependent on basic input data from the experimental program, 
such as the structural modification of the fuel during temperature excursions. 
However, based on guidance from NRC, 14 additional analytical work on the vola­
tile fission-product models has been postpo~ed for about one year. 
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ANL received a copy of the FRAP- T code from ANC and has made 
the necessary modifications to run the code on the ANL IBM-370/195 com­
puter. (ANC has a 360/75 computer.) FRAP-T was run for a sample problem 
provided by ANC, and the results of the computation agree exactly with the 
results obtained by ANC. However, to be used on the 370/195 computer, the 
plotting routine supplied with FRAP-T will entail additional work, and it is 
not being pursued at this time. The capability to run the FRAP- T computer 
program at Argonne will enable ANL to assist ANC in the incorporation of 
the GRASS code system into FRAP. 

B. Experimental·Technique (M.G. Seitz and L. R. Kelman, MSD) 

l. Hot Cell (M. G. Seitz, D. R. Pepalis, W. D. Jackson, and 
L . .!;? •• Kdm<~n .. lvl.SLl) 

The K-1 hot cell in M-Wing of Building 200 (see ANL-75-58, p. 38) 
has been equipped to serve the experimental effort of the Transient Fuel 
Response and Fission-product Release Program. The equipment includes a 
completely enclosed box within the cell for the preparation of fuel specimens 
for DEH transient testing. The specimen-preparation box has an exhaust to 
a monitored stack and may be purged with nitrogen gas to reduce the likeli­
hood of fire. A shielded safe has been assembled from lead brick to store 
fuel in lengths to -1 m (40 in.). The safe was designed to permit entry into 
the cell while all the fuel for this program is stored in the safe. 

The DEH specimen chamber has been ventilated to prevent the 
spread of radioactive material when irradiated fuel is being worked with. Air 
is drawn into the chamber through the open doorway and down thr01.,1gh a filter­
backed grill below the front of the chamber. 

2. Direct-electrical-heating Apparatus (M. G. Seitz, L. R. Kelman, 
and D. R. Pepalis, MSD, and E. W. Johanson, EL) 

fo'ie,,rP: TT.? .o;hm~.rs the DEH ::; !J'=I.:.i.uL..:u t:h~IulHo:r, <:~.~ positioned at 
·the principal work station of the K-1 hot cell. Operatil!g experience with the 
DEH specimen chamber and the electronic components nesc:l:'i.bed in ANL-75-28 
(p. 23) suggested several changes. Completed modific:ations inchH'Ie electrical 
insulation of the DEH specimen chamber to prevent arc:ing and the n.ddition nf 
an extension handle and counterweights as an aid in the use of manipulators to 
tip the specimen chamber on its side. A 0- to 15-psig gauge has been fitted 
to the specimen chamber to measure the back pressure during operation. The 
fission-product collection system was tested by means of a bubble solution and 
a helium leak detector and was found to be leak-tight to l 0 -psig helium pres­
sure. The specimen ch.amber door was modified to improve the tightness of 
the system. 

Installation of heavy electrical cable to the specimen chamber de­
creased voltage loss to the cable and copper electrodes to only 5 mV/ A, result­
ing in negligible power losses during operation. 



Fig. !!.2. DEH Specimen Chamber Positioned at the Principal Work 
Area of the K-1 Hot Cell. Neg. No. MSD-185768. 

An infrared line heater (Research, Inc., Model 5193-5, rated at 
100 W /in. at 120 V) with an elliptical reflector was obtained to provide initial 
heating of the fuel specimens, bake out the bond, and increase the electrical 
conductivity of the fuel. Tests indicate that the line heater works extremely 
well at its rated voltage in that centerline temperatures of 400°C are produced 
in less than 2 h in free- standing U02 pellets. The heating rate and tempera­
ture are controlled by the applied voltage. The surface temperature, as a 
function of time, of a 4-cm-long quartz-clad U02 pellet stack is shown in 
Fig. 11.3. 
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Surface Temperature, as a Function of Time, 
of Quartz- clad U02 Pellet Stack with a Lamp 
Voltage of 128 V. A gradual increase in fila­
ment voltage from zero started a t time zero . 
Neg. No. MSD-62087 . 
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Initial heating resulted in a reduction of the resistance of the fuel 
stack from -6 X 104 to 70 o/ em. Because of the decrease in electrical res is­
tance of almost three orders of magnitude, current flow through a 4-cm stack 
of U02 pellets at 40 V was sufficient to increase the temperature of the pellets 
after the linear heater was removed. This procedure greatly decreased the 
electrical and thermal shocking of the pellets during heatup. 

With the present DEH capability, pellet stacks can be transient­
tested to failure (melting or slumping). The DEH tests can be interrupted in 
a predetermined fraction of time of the transient. Thus, a series of tests 
using the same input conditions can be run to determine the behavior of fuel 
and fission products as a function of the time of a specific simulated accident. 
This Interruption capability will be used on a group of fuel specimens with 
simulated cladding in the initial series of DEH tests. 

The DEH power supply is being modified to more accurately incli­
cate the power input to the pellet stack. An analyzer that can measure the 
root-mean- square values of the current and voltage and average power from 
complicated waveforms is being introduced into the electronic instrumentation. 

3. Correlation between Nuclear and Electrical Heating (M. G. Seitz, 
J. Mote££,* R. N. Blomquist,** F. E. Savoie, and L. R. Kelman, MSD) 

To obtain detailed information on the fuel-temperature profiles 
that result from direct-electrical heating, experiments were performed using 
the apparatus shown in Fig. 11.4. An insulated Pt-versus-Pt-lOo/o Rh thermo­
couple was designed to be moved in a hole drilled through the diameter of a 

Fig . IL4 

Apparatus for Measuring Tempera­
ture l'rotiles ot Fuel in DEll Chamber. 
Neg. No. MSV-185111. 

*Participant in the ANL 1975 Summer Undergraduate Research Participation Program. 
**Participant in the ANL 1975 Summer Graduate Student Program. 



U02 pellet. The insulator was clamped into a micrometer-driven transla­
tional device and moved back and forth through the pellet. The thermocouple 
voltage was measured with a potentiometer. Temperature profiles were re­
corded after steady- state conditions were attained; a profile normally con­
sisted of 40 or more measurements taken in -4 min. Figure II.5 shows a 
temperature profile obtained from an uncracked, uniformly heated U0 2 pellet 
stack under steady- state conditions. The temperature profile depends upon 
the stack properties, current, voltage, and coolant flow. 

w 
Cl: 
:::> 
t­
<( 
Cl: 
w 
a. 
:::;; 
w 
t-

_J 
<( 

Ci 
<( 
Cl: 

0 
w 
Cl: 
:::> 
Ul 
<( 
w 
:::;; 

~'''''' <OR,AO'~ 

MICROMETER POSITION ( mm) 

Fig. II.5 

Radial Temperature Profile in a Direct Electrical! y 
Heated UOz Pellet as Measured with a Pt-vs-Pt-10"/o Rh 
Thermocouple at Steady-state Conditions. Neg. 
No. MSD-62081. 

Unsymmetric profiles with large, irregular temperature gradients 
unlike that seen in Fig. 11.5 were also obtained. Such behavior could be asso­
ciated with cracks and hot spots that were visible to the eye. 

Profiles of uniformly heated pellets have been obtained to examine 
the detailed effects of power input and coolant flow on the temperature distri­
bution in U02 pellets. These data serve to complement and verify information 
on temperature profiles as calculated by the Direct Electrical Heating Tran­
sient Temperature Distribution (DEHTTD) Code (see ANL-75-58, p. 40) that 
will be relied upon to predict both steady- state and transient temperature pro­
files in the irradiated fuel. 

A thermocouple to measure the surface temperature of the fuel 
stack has been incorporated as part of the experimental apparatus. The ther­
mocouple (Chromel versus Alumel) is sealed through the right side of the 
specimen chamber and can be adjusted to contact the surface of the fuel by 
spring action. The bead is then bonded to the fuel and insulated from the cool­
ant flow with U0 2 slip. In test runs, this arrangement has been satisfactory. 

The high-temperature pyrometer (2000-Series Ircon pyrometer, 
1100-2000 and l500-3000°C ranges) was calibrated through the cell window. 
The approach used a tungsten-ribbon filament lamp that was calibrated as an 
optical raJ..i.cil.iuH source. The indicated temperatures wPrP. r.ompared to pro­
vide a correction curve for absorption through the window, with and without 
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attenuation by the hot-cell window. This is a fair approximation, since the 
emissivity of tungsten varies only from 0.441 to 0.390 over the spectral range 

of the pyrometer (at l400 °K) and from 
0.418 to 0.385 over the temperature 
range from 1200 to 2600°K. Figure 11.6 
shows the correlation between the lamp 
calibration temperature and the tem­
perature indicated by the pyrometer 

p with an emissivity setting of 0.1. 
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Calibration Temperature vs Temperature 
Indicated on High-temperature Optic a 1 

Pyrometer as Read through Cell Window. 
Cell window is 28 in. thick and consists 
of glass and a zinc bromide solution. ThP. 

pyrometer was set with an emissivity of 0 .1 . 

Neg. No. MSD-62083 . 

4. Fission-product Collection 
System (M. G. Seitz, 
W. D. Jackson, and 
L. R. Kelman, MSD) 

The £is sion-product col­
lection system, consisting of Ta-Raschig 
ring traps for condensables and a 
krypton-xenon cold trap as described 
in A NL-7 r:,_ ?R (p. 30), has been n3-
sembled and tested. The krypton­
xenon cold trap wc1.::; loaded with 0.5 kg 
of activated charcoal , and the Millipore 
filter was eyu.ipped with a 0.45-~m 
(HAWP-29300) particulate filter. Fig­
ure II. 7 shows the back pressurP. r;:n1sed 
by the flow of helium through the total 
collP.rtinn system and that caused Ly 
only the tantalum traps and M.illipore 
filter. 

A hl;:mk: test for heavy noble ga::;e::; exlracted from .:SUU ±t3 of helium 
gas (STP) has been run using the krypton-xenon cold trap. The gases recovP.rP.rl 

Fig. II. 7 

Press ure in DEH Specimen Chamber Produced 
by Flow of Helium through Fission-product 
Collec tion System. Neg . No. MSD-02084. 
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from the trap did not contain a measurable amount of krypton or xenon, indicat­
ing that commercially purchased gas may be used without additional purification. 

Procurement and fabrication of items for the fission-gas mea­
surement and sampling apparatus have been completed, and assembly and 
installation of the components are 85o/o complete. Leak-testing and calibration 
of the system will follow installation. 

5. Recovery of Irradiated Fuel Specimens (S. M. Gehl, D. R. Pepalis, 
F. E. Savoie, and L. R. Kelman, MSD) 

Those details of fuel- rod microstructure that affect fuel- recovery 
processes were discussed in ANL-75-58 (p. 41). Pertinent microstructural 
characteristics of the Robinson fuel are shown in Fig. II.8. The fuel exhibits 
a coarse pattern of cracks, the fuel-cladding gap varies from0.110to0.022mm 
(0.0043 to 0.0009 in.), and the fuel does not appear to be bonded to the cladding. 
In these respects, the Robinson fuel is similar to the MAPI M-12 rod shown in 
Fig. II. 5 of ANL-7 5-58. The fuel- recovery approach used on the Robinson fuel 
is based on the slip-impregnation method that was used successfully to extract 
MAPI fuel pellets. 

. . ~-~··y.-.·· .. . . . . . . ·. . . . . ... . .. ·. ·,. 
. ~ . r . 

:.J ... ' l •.t .. . . ·.· . '. 
· ... . . ·: 

.•. 

Fig. II.8 . As-polished MicrosuucLurt:: uf High-burnup Pellet ~0b m. from !:lot­
tom of Robinson Fuel Rod F-7. Mag. 12X. Neg. No. MSD-185339. 
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Two changes were made from the earlier method: The composi­
tion of the slip was modified (see Table II.3) to improve pellet strength; and 
the method of slip impregnation was improved as shown schematically in 
Fig. II. 9. Compression fittings are used to connect one end of a 100- to 150-mm 
(4- to 6-in.) length of clad fuel to a lever-actuated grease gun and the other end 
to a vacuum line. The grease gun is used to pump slip into the pellet interfaces 
and cracks and into the gap between the fuel and cladding. The clad fuel is 
evacuated before the slip is injected to prevent the occurrence of trapped air 
bubbles that could expand and drive the slip out of the cracks when the injectio n 
pressure is released. The slip-impregnated clad fuel is then cut into 15- to 
25-mm (0 . 6- to 1.0-in.) lengths. 

TABLE II.3 . U02 Slip Compositions 

Material 

0.6-1-1m depleted UOt pov.rder, g 
Ammonium alginate,b g 
Hydroxypropyl methylcellulose, c g 
Distilled water, ml 
Ammonium hydroxide, drops 

asee Ref. 15. 
bKelco Superloid. 
cDow Methocel F4M. 

----VACUUM 

FUEL 

Old New 
Formula Formula a 

400 400 
24 20 

20 
250 300 

15 15 

Fig. IUl 

Schematic of Slip-impregnation 
Apparatus. Neg . No . MSD-62086. 

The fuel in these pieces is pushed out of the cladding by using an 
extractor device similar to one developed for LMFBR fuel. 16 To accomplish 
this, the dimensions of the earlier design were changed to accept LWR fuel, 
the provision for heating the fuel rod during extraction was not used, and a 
flat- bottomed quartz tube was designed to receive the extracted fuel. 

The quartz tube, shown schematically in Fig. II.lO, is loaded with 
a tungsten disk and a depleted- U02 pellet before the fuel is introduced. After 
the tube is removed from the extractor, a second depleted pellet is placed in 
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Fig. II.lO. Specimen Assembly for DEH 
Tests on Irradiated LWR Fuel Pel-
let(s) in Simulated Cladding. 
Neg. No. MSD-62085. 

the tube on top of the fuel. This tube is de­
signed to remain in place as a simulated· 
cladding during transient testing. The slots 
in the tube allow for the escape of fission 
gases in a transient, permit the insertion of 
a thermocouple for surface-temperature 
measurement, and provide access for the 
helium coolant gas. The lower- specimen­
chamber electrode contacts the pellet stack 
through a hole in the base of the tube. 

With these modifications to the slip­
impregnation and fuel-extraction techniques, 
two lengths of Robinson fuel, each -20 mm 
(0.8 in.) long, were successfully recovered 
from the cladding. These pieces remained 
intact during manipulator handling and trans­

portation and will be tested in the DEH apparatus. The protection provided by 
the quartz tube is the primary contribution to the ease with which the speci­
mens could be handled. This technique will be improved to permit more effi-
cient recovery of fuel specimens. 

The development of a technique for extracting free- standing pel­
let stacks is another goal of our continuing fuel-recovery studies. One ap­
proach being evaluated is to use a close-fitti:r:tg split tube to receive fuel in 
the extractor device. This tube would remain in place to protect the fuel dur­
ing the handling, transportation, and specimen-chamber loading operations, 
but would be removed to expose the pellet stack before DEH testing. 

C. Fuel Material (L. R. Kelman and S. M. Gehl, MSD) 

The three irradiated H. B: Robinson Reactor Unit No. 2 Zircaloy-4-
clad U02 fuel rods that will be the main fuel for the experimental test and 
characterization program are described in ANL-7 5-58 (p. 44) and in Sec. II.D 
below. The 12 -0.97-m (38-in.) sections of fuel rod had been cut at Battelle 
Columbus Laboratories (B CL) from the orig:inal three 3.86-rn ( 152-in. )-long 
rods and shipped to ANL in individual tube containers. The interior surfaces 
of the shipping cask and cover were found to be somewhat contaminated, and 
the inside of the secondary (2R) container was extensively contaminated. The 
nylon caps, used to close the ends of the individual fuel-rod sections, were 
brittle and cracked; some of the caps had fallen off, and particles of fuel had 
entered the secondary container. The contaminated condition of the containers 
has necessitated considerable unanticipated handling of the fuel rods with a 
resultant delay in the program. All the fuel-rod sections and their containers 
have _been introduced into the Alpha-Gamma Hot- Cell Facility (AGHCF) in 
Building 212. One of the fuel-rod sections is being used to develop fuel­
recovery techniques, to make preliminary DEH test runs, and to characterize 
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the fuel. The other 11 fuel-rod sections will have to be sealed in clean tubes 
and transferred to the storage safe in the hot cell where the DEH system is 
located. 

Background information concerning the irradiated Robinson fuel has 
been sought from personnel in the Nuclear Fuel Division of Westinghouse 
Electric Corporation-Power Systems (Westinghouse supplied the fuel to the 
Carolina Power and Light Co.). Westinghouse has been unwilling to release 
any archive irradiated pellets representative o'f the Robinson fuel because 
only a few such pellets exist. They have shown an interest in the fission­
product release program and a willingness to exchange technical information. 
At present, information about the as-fabricated microstructure that is perti­
nent to the interpretation and evaluation of the characteristics and microstruc­
tures of the irradiated fuel has not been obtaine:n. 

The BOS fuel assembly underwent a thermal transient: at ANC while 
the bundle was vertical during removal from the cask. 17 The temperatures 
attained in the upper half of the fne:l :r.ods for the times noted are not likely lo 
have had a significant effect on the distribution or behavior of fission products 
in the fuel. However, this aspect of the history of the fuel will be considered 
when the fuel is used in the fission-product release program. 

D. Fuel Characterization (S. M. Gehl and L. R. Kelman, MSD) 

The fission-gas and volatile fission-produc:t release from LWR fuels 
during steady- state and transient operations is strongly dependent on the 
amount and morphology of the fission products and on their distribution with 
respect to available escape paths from the fuel. Extended networks o£ inter­
cortnected porosity and cracks provide the only effective escape paths during 
the short times involved in temperature excursions following reactor acci­
dents. The fuel-characterization effo:rt in this proerr~rn ('nns:i~tli of quantitn­
tive determinations of the amount and distribution of fission gases, quantitative 
microstructural analysis, and qualitative determinations· of the fission-prorlnt:"t 
d1stnbution. The £uei will he. P."X";;~.mined before and after DP.II~traw;.i.ent tt:lst­
ing. The characterization studies provide basic input data and permit verifica­
tion of the SST fuel- behavior code. 

1. Fission-product Characterization (S. M. Gehl, R. N. Blom<Jnist, 
M. C. Seitz, and ·u. S. Butler, MSD) 

Axial gamma scans for gross fission-product activity and for the 
137Cs and 106Rh isotopes have been performed on rod F-7 of the Robinson fuel 
to determine the relative distribution of these isotopes in the DEH test speci­
mens. Figure II.ll shows the axial profile of average gamma activities of 
fuel pellets, normalized from the count-rate data of the gross gamma scan. 
The gross activity profile is nearly flat from 0.8 to ·3.0 m (32 to 118 in.), the 
distances being measured from the bottom of the rod. The activity decreases 
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in the upper and lower portions of 
the rod. The broad depressions are 
the result of localized low neutron 
fluxes caused by structural members 
in the subassembly. 

Figure II.12 compares the 
gross activity trace with traces of 
137Cs and 106Rh isotopes for part of 
rod F-7. Sharp depressions at regu­
lar inter.vals in the gross activity 
mark the positions of the pellet inter­
faces. Separation of the pellet frag­
ments gives rise to the irregula1)y 
spaced sharp depressions. The iso­
topic traces show the same fe·atures 

as the gross scan, but exhibit more apparent noise, since the count rates are 
lower. No evidence for axial redistribution of the volatile fis sian products 
has been found in the isotopic traces. Table II.4 lists the observed gamma 
emission lines and the isotopes they represent. 

Fig. II.12 

Comparison of Gross and Isotopic 
Activity Traces for Part of Rod-7. 
ANL Neg. No. MSD-62079. 
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TABLE I+.4. Characteristic Gamma Emission from Robinson Fuel 

·Energy, MeV Isotope Energy, MeV Isotope 

0.097 ·144Ce 0. 765 95Nb 

0.113 144Ce 0. 796 . 134Cs 

0.134 144Ce 0.871 1o6Rh 

0.513 106Rh 0.985 ui·ddenti.(ied 
0.563 134Cs· 1.038 134Cs 

0.570 134Cs 1:050 106Rh 

0.605 134Cs 1.123 1o6Rh 

0.624 1o6Rh 1.168 131Cs 

0.662 137 Cs e37mBa) 1.271 ·Unidentified 
0.695 144pr 1.36'5 134Cs (sum) 
0.724 9Szr 1.490 144pr 

0, 7S7 957.r l . , , ?. 1o6Rh 
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During the present quarter, we. received from ANC18 axial-flux 
shape information obtained with the INCORE System near the Robinson fuel 
assembly; fuel rods from the Robinson assembly are being used in all WRSR­
supported safety-related programs on LWR-irradiated fuel. The correlation 
between our axial gamma-activity profiles and the INCORE neutron-flux mea­
surements is good; the major difference is that the gamma-activity traces 
have a flatter central plateau. 

2. Burnup Analysis (S. M. Gehl, MSD) 

Three samples, representing regions of high, intermediate, and 
low fission-product activity, were cut from rod F-7 and sent to the Analytical 
Laboratories at ANL- West for 1

·
18Nd burnup determination. Results of the 

analysis are expected by November 1975. These Ql)..rrrup values will hP. llRP.rl, 
alon·g with the axial fission-product activity and neutron-fluence curves, to 
infer the axial burnup profile in the Robinson fuel. If necessary, the relative 
radial burnup distribution will be determined by microprobe analysis for 
neodymium. 

3. Microstructural Characterization (S. M. Gehl, C. Ronchi, 
C. H. Gebo, and L. R. Kelman, MSD) 

The initial microstructural characterization of the Robinson fuel 
consisted of a broad survey of the features of interest. The results presented 
in this section must be regarded as preliminary, because a small sample of 
the structure was examined and some of the specimen-preparation and 
-examination techniques are still under development. 

A polished tranoveroc ncction 35 in. from the uottu111 uf rod F-7 
is shown in Fig. U.S. In-reactor densification has occurred in the central 
portion of the rod. An outer ring, which occqpies -ZO% of thP. r.rnss-sPc-tinn.ii\1 
area, shows higher porosity. The mean grain intercept was -6 J.Lm in the cen­
tral region and -3 f.Lm in the outer ring. The boundary between the hi~h- and 
low-porosity zones is not a circular trace, but rather a scalloped or c.11spP.d 
outline. The cusps are projections of the densified region along radial cracks. 
}'igure li.l3a is a higher-magnification view of one of the cusps. A replica 
scanning- electron micrograph of the etched surface (Fig. II.l3b) shows that 
the cusped regiqns have larger grains than the surrounding lower-density 
area. This restructuring suggests that the fuel temperature was locally higher 
along the length of the radial cracks. 

The radial profiles of pore size and. volume fraction cannot be 
discussed quantitatively at this time because our metallographic technique for 
this fuel has not been optimized to give a true representation of the polish 
plane. Inspection of the structure at high magnification reveals that some pull­
out has occurred in the unrestructured fine- grained outer ring of the section, 
but not in the coarse-grained central region; pullout leads to high apparent 



pore volume fractions. Replica e lectron microscopy of fracture surfaces 
(Figs. II.l4 and 11.15) has been used to verify that the qualitative conclusions 
drawn in the prec e ding paragraphs are v alid, in particular that the pore vol­
ume fraction is highe r in the periphe ry than in the central region. A quanti ­
tative characterization of the porosity is being delayed until the metallographic 
technique has been improved. Precise immersion-density m easurements of 
the irradiated fu e l are b e ing performed to serve as standard values for cali­
brating the polish. 

200J.Lm 
I I 1· 

. ' 
' . "· 

(a) (b) 

Fig. II.1 3. Microstructural Evidence That Cusps Are Projections of Densified Region along Rad ial Cracks. 
(a) Cusp- shaped struc tur al zone aro und crack shown in Fig . !!.8. (b) The replica sc anning 
micrograph of the same region magnified reveals that grain grow th occurred with marked 
fu e l densification . Neg . Nos. MSD-185590 and -200933. 

Fie TT .14 

Frac tograph (SEM Replica) of Outer Fuel 
!ling Where No in-reac tor uensifica rlon 
Occurred. The fr acture patterns, predom­
inantly intergr anular , show tha t coarse 
pores (arrows) are present on the grain 
boundari es . Neg. No . MSD- 200930. 
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(b) 

Fig. II.15 . Fracture Surface at Periphery (a) and in Central Zone (b) of Fuel Cross 
Sec tion (Replica transmission-electron micrographs). The intergranular 
frac:tme p.:1tte m (a) shows that coarse pores (arrows) are present on the 
grain boundaries. Neg. Nos. MSD-191702 and -1 91706. 

The crack uelwurk i11 Fig, II.8 is typical of LWR-irrad1ated iuel. 
The cracks appear to form a continuous network that subdivides the individual 
pellets into a number of fragments. This observabon is confirmed by the fuel­
recovery studies. At one position on the periphe ry of the f1H~ 1, a fragment has 
been weJgeJ outward . This pie c e probably 1s m contact with the cladding at 
a location not in the plane of polish. 

A system of coarse porosity is also visible in the Fig. II.8. These 
por e s range in size from ~0 tn 2 50 iJ.m and occupy a volume fraction of ~o.o:.. 
Their origin has not been determined; however, they may be the result of 
pore-iormer additions during the fabrication of the pellets. The topography 
of the pore surfaces after etching is shown in Fig . 11.16. Each pore shares 
its boundary with a large number of grains. 

The low - burn up microstructure on a section 2 in. frmn the bot­
tom of rod F-7 (Fig. II.17) shows a gradual decrease in pore volume fraction 
from edge to c e nter and not the abrupt change observed in Fig. II.8. The 
cusped eHect and the coarse porosity are absent in the low-burnup material. 
Areas are observed , however , that contain a high pore fraction and small 
( ~10-j..!.m) mean por e interc e pt. These patches of porosity are about the same 
size as the pores in the high-burnup microstructure and are distributed with 
approximately the same spatial frequency. Whe ther the coars e pores evolved 



in some way from the patches or whether either of these features is an arti­
fact of the specimen-preparation technique has not been d etermined. 

Fig. !!.17 

As-polished Microstructure 
of Low-burnup Pellet ~2 in . 

from Bottom of Robinson Fuel 
Rod F-7. Mag . 12X. Neg . 
No. MSD-185586. 

Fig. II.16 

Replica Scanning Micrographs of Macropores 
in Densified Region of Robinson Fuel. Their 
surfaces visibly extend over a few hundred 
grains. These features were probably pres­
ent in the as-fabricated pellets. Neg. 
No. MSD-200936 . 
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Interpretation of many of the details of the irradiated microstruc­
ture, including the coarse porosity and the porous patches, depends on our 
ability to reconstruct the appearance of the corresponding features in fresh 
(unirradiated) fuel. This process will require considerable effort in the com­
ing months, especially since direct information about the as-fabricated micro­
structure has not been obtained to date. 

Replica electron microscopy of fracture surfaces was also used 
to study smaller details of the high- burnup microstructure. Fracture surfaces 
were produced by drawing a vibratory engraving tool across a polished sec­
tion. 19 Two- stage carbon replicas were prepared using the technique described 
in Ref. 19, with the following modifications: (a) Germanium was used to shadow 
the replicas, and (b) the specimen was not rotated during shadowing. Before 
the plastic layer was dissolved, the replicas were examined in the SEM. A typ­
ical microstructure ±rom the porous OlltPr ring is shown in Fig. 11.11. The 
fracture is predominantly intergranular, and several of the intergranular pores 
intersected by the fracture surface are indicated by arrows. 

After the plastic layer w<.~.:J dissolved, the replica.::; were mounted 
on copper grids and examined in the transmission-electron microscope. Low­
magnlhcahon micrographs (Fig. 11.15) show that the fracture mode is inter­
granular in the periphery of the fuel pellet and transe;ran11lrtr in thP c<:>ntral 
region. Evidence of porosity is prevalent in the peripheral region, but not in 
the center of the pellet. At higher magnifications, fission-gas bubbles are 
visible on the grain boundaries (Fig. II.18) and in the grain interiors (Fig. II.19). 
Bubbles as small as 100 A can bP resolved with this replica technique. A rough 
estimate of the bubble density obtained from these micrographs gives a value 

(a) (b) 

Fig. II.18 . Intergranular Fracture Surface in Periphery of Fuel Showing Fission-gas Bubbles 
of 100-200-A Size on Grain Boundaries. Neg. Nos. MSD-191713 and -1 91718 . 



(a) (b) 

Fig. II.19. Fission-gas Bubbles of 100-200-A Size on a Transverse Fracture 
Surface in the Central Fuel Region (Replica transmission-electron 
micrographs). Neg . Nos. MSD-191707 and -191714. 

of 10 10 to 10 11 bubb1es/mm3
• This range may actually overestimate the true 

value, since a fracture surface is Cl: biased estimator of a pore structure. 
However, the apparent bubble density is typical of steady- state irradiation. 

References 

1. J. Rest, SST: A Computer Code to Predict Fuel Response and Fission­
product Release frorn T .ight-watf!r- rf!ac:tor Fuels during Steady- state and 
Transient Conditions, to be published in Trans. Am. Nucl. Soc. 

2. J. Rest, A User's Guide for the SST LWR Fuel-element Code, unpublished 
work. 

3 . J. Rest, ANL, letter toR. DiSalvo, NRC-RSR (Sept 26, 1975). 

4. L. T. Laats and P. E. MacDonald, NRC-OECD Halden Project Fuel Be­
havior Test Program: Experimental Data Report for Test Assem­
~--lFA-226 and IFA-239, Aerojet Nuclear Corporation ANC (Mar 19'15). 

5. R. B. Foeppel, "An Advanced Gas Release and Swelling Subroutine," Proc. 
Con£. on Fast Reactor Fuel Element Technology, Am. Nucl. Soc., Hinsdale, 

Ill. • pp. 3 11 - 3 2 6 ( 1 9 7 l ) . 

49 



50 

6. L. C. Michels and R. B. Foeppel, Influence of Grain Boundaries on Fis­
sion Gas Release in Mixed-Oxide Fuels, Trans. Am. Nucl. Soc. 15(1), 
199-200 {June 1972). -

7 . J. A. Turnbull and M. 0. Tucker, Swelling in U02 under Conditions of 
Gas Release, Phil. Mag. 2.Q_, 47 {1972). 

8. W. B. Beertf and G. L. Reynolds, The Morphology and Growth Rate of 
Interlinked Porosity in Irradiated U02 , J. Nucl. Mater. 47, 51 {1973). 

9. S. J. Rothman, ANL, private communication {Sept 1975). 

10. K. Maschke, H. Overhof, and P. Thomas, A Note on Percolation 
Probabilities, Phys. Stat. Sol. {b) 60, 563 {1973). 

11. A. Holt and H. J. Matzke, Fission-enhanced Self-diffusion of Ura11ium in 
lJU2 and tiC, .T. Nucl. Mater. 48, 157 {1<)73). 

12. R. M. Cornell, An Electron Microscope Examination of Matri.-x Fission­
gas R11hhlP.s in Trnni<~ted Uranium Dioxide, J. Nucl. Ma·l~-:. J8, Jl9 {1971). 

13. J. A. Turnbull and C. A. Friskney, unpublished work. 

14. H. J. C. Kouts, NRC/RES, letter toR. W. Barber, ERDA, .F'Y 1976 Initial 
RES Program Letter No. 7 for ANL {June 30, 197 5 ). 

15. J. T. Dusek, ANL, private communication. 

16. J. T. A. Roberts, B. J. Wrona, D. Fischer, and J. A. Buzzell, Observa­
tions of Irradiated Fuel BP-havior Under Simulated Accident Heating 
Conditions, Nucl. Tech.!:!._, 267-272 {Oct 1975). 

17. P. E. MacDonald, ANC, letter to L. R. Kelman, ANL {July 30, 1975), 
transmittal of report ThP-rnJ.al Transients of the Carolina Power anc1 
Light J.<'uel _-!3undle ~~ .-~ir, KRP-4-75 {July 14, 1975) . . -

18. P. E. MacDonald, ANC, letter to L. R. Kelman, ANL, transmittal of 
report CPL Assembly B05 Axial Flux Measurements, MacD-66-75 
{SP.pt ll , 1975). 

19. L. C. M.id1els and G. M. Dr agel, _1-lreparation of Replicas for Electron 
1.1i.crosc:ory of Trrr~nir~tPd Ceramic Fuolo. ANL·· 771)0 (Apr 1971 ). 



III. MECHANICAL PROPERTIES OF ZIRCALOY CONTAINING OXYGEN 

H. M. Chung, A. M. Garde, and T. F. Kassner, MSD 

Information is being obtained on the uniaxial and biaxial mechanical 
properties of oxygen-contaminated Zircaloy to establish a more quantitative 
cladding-embrittlement criterion applicable to postulated loss -of -coolant­
accident (LOCA) situations in light-water reactors. The mechanical-property 
data for as -received Zircaloy will also contribute baseline information to fuel­
element modeling codes. 

In the present reporting period , additional data have been obtained on 
the uniaxial tensile properties of as -received Zircaloy that include the effects 
of texture and several heat treatments. This information and the microstruc­
tural evaluations of the mechanical-test specimens have been used to identify 
the factors that contribute to superplastic deformation in the material. Initial 
results on the uniaxial tensile properties of homogeneous Zircaloy -4 alloys 
with up to -1.0 wt o/o oxygen are also reported. 

Several rupture tests have been conducted on Zircaloy-4 fuel-clad tubing 
in the as -received, oxidized-annealed (0. 3 7 wt o/o oxygen), and oxidized (ZrOz/ 
a/ ~ composite) conditions to determine the adequacy of the test procedures and 
the diametral strain-time readout instrumentation. Based upon this work, ad­
ditional e quipment to accomplish the biaxial testing program on oxygen­
contaminated Zircaloy fuel cladding will be constructed. 

The oxidation and homogenization procedures that are used to produce 
homogeneous a -Zircaloy mechanical-test specimens are also reported. As a 
consequence of the Zircaloy-oxygen alloy annealing experiments to produce 
the mechanical-test specimens, data have been obtained on the diffusion coef­
ficient for oxygen in a -Zircaloy at temperatures of 900 -1300°C. 

A. Mechanical Properties of As -received Zircaloy-4 

1. Uniaxial Strain and SEM Fractograph Results 

The effect of temperature and strain rate on the uniform and total 
strain of Zircaloy-4 was previously reported. 1 Since then, we have conducted 
additional tensile tests to check and better define the maxima and minima in 
strain-temperature diagrams. Figure III.l represents the revised version of 
strain-temperature plots. Note that, at the three strain rates, a maximum in 
total strain occurs in the temperature interval 800-850°C, i.e., in the two-phase 
region near the a-phase boundary, which increases as the strain rate decreases. 
For a strain rate of 3. 3 x 10-4 s -l , failure did not occur after 285o/o strain and 
no concentrated neck was observed in the deformed gauge region. The test was 
terminated because the specimen length exceeded the uniform temperature zone 
in the furnace. The larger total strains at lower strain rates are consistent 
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with the well-documented fact that superplasticity is enhanced at · slower strain 
rates. Note that the maxima at 800-850 and at ~l000°C and the minimum at 
900-950°C in Fig. III.l resemble the hoop-strain-versus -temperature data ob­
tained on internally pressurized tubes. z-s Although the correlation between 
uniaxial and biaxial mechanical properties is not simple, the same mic rostruc­
tural factors may be responsible for the strain-temperature behavior in the 
two cases. 
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Fig . III.l 

Uniform Strain and Total Strain for Zircaloy-4 Specimens 
as a Function of Deformation Temperature at Three Strain 

Rates. ANL Neg. No. 306- 75- 199. 

The rnicrostructures of the specimens deformed at 1300-850uC were 
dependent on strain rate. Since the specimens cannot be quenched to room tem­
perature in the Instron furnace, changes in the microstructure during cooling 
must also be considered. At 800° C and a strain rate of 3. 3 x l o-z s - 1 , the de­
formed region of the specimen had elongated grains. Recovery and rec rystal­
lization are expected to occur above ~ 800°C, a.nrl the elongated shape implies 
that recrystallization was incomplete. Two factors may be responsible for 
the elongated grains: (a) the dislocation structure that was proollCP.n r~t this 
high strain rate, and (b) the short test pArind th;.lf. was not sufficient for con­
tinuous dynamic recrystallization during deformation. SupArplr~ stir rlPfnrnta­
tion is enhanced when recrystallization results in an equiaxed fine-grain 
structure that is maintained during deformation. Since an equiaxArl gr<~ i.n. struc­
ture was not maintained during deformation at 800°C and E: = 3. 3 x l o-z s - 1 , 

the extent of superplasticity was less pronounced. 

At 850°C and E: = 3. 3 x l o- 3 s - 1 , the deformed r egion exhibited com­
pletely recrystallized equiaxed a-grains surrounded by a ~film at the grain 
boundaries; e.g., see Fig. Hl.Zl of Ref. 1. Moreover, the deforme d region had 
a smaller grain size ( ~ 7 IJ.m) than the starting material (- 11 1-1m). Because of 
the fine equiaxed structure, substantial superplasticity occurred at this strain 
rate. As the strain rate continues to decrease, the extent of superplasticity 
increases, because the recrystallization rate can keep pace with the slower 
deformation rate. 



Two factors that may aid recovery and recrystallization are an 
inhomogeneous a phase, due to its comparatively low oxygen diffusion coeffi­
cient, and possible sinks for dislocations at the a -~ inte rface. Onc e new equi­
a x ed 0! grains are recrystallized, their grow th is restricted by the presence 
of ~and x* phases within the original a grains. The new a grains may deform 
and recrystallize again during subsequent deformation. Thus, dynamic recrys­
talli z ation occurs continuously during d eformation , and the recrystallized grain 
size is stabilized and kept fine by the presence of the ~and X phases. Since the 
X phase is present at all temperatures below 870° C, the x phase p e r se cannot 
be responsible for superplasticity in Zircaloy. 

The abov e argument requires the presence of ~ particles within the 
original a grains before deformation and a ~-volume fraction of ~ 0.1 in the ma­
terial , since, at smaller volume fraction , most of the ~is only at the a -grain 
boundaries. This e x plains the observation that the maximum superplastic effect 
is observed at ~ 50° C above the a -phase boundary in the two -phase region. As 
discus sed later, the effect of oxygen on the superplasticity in Zircaloy is con­
sistent w ith this argument. 

Scanning-electron-microscopy (SEM) fractographs of specimens 
fractured at temperatures corresponding to the maxima and minimum in the 
curves of total elongation versus temperature in Fig. III.l provide additional 
insight into the deformation behavior. The SEM fractograph (Fig. III.2) of a 

Fig. III. 2 . SEM Fractograph of Zircaloy- 4 
Specimen Frac tured under Super­
plas tic Condit.ions of 800°C and 
· o-:l -1 ooo € = 3.3 x 1 s . Mag. ~1 X. 
ANL Neg. No. 306- 75-123 . 

specimen fractured at 800° C and a strain 
rate of 3. 3 x 10-2 s- 1 e x hibits tensile 
dimples characteristic of a ductile fail­
ure. A large ductility is evident from 
the d e pth of the dimples and the sharp­
ness of the dimple ridges. 

Figure III. 3 is a fractograph of 
a specimen fractured at 950° C and a 
strain rate of 3 . 3 x 10-3 s - 1 • This tem­
perature corresponds to the minimum 
in the curve of total elongation versus 
temperature in Fig. III.l. The photo­
graph was taken viewing down on the 
fracture edge, which is the line joining 
the two arrows. The fractograph also 
show s an a particle on the fracture edge 
that failed in a brittle manner (evidenced 
by the characteristic r i ver pattern in­
side the black region), whereas the sur­
rounding ~ phase failed in a ductile 

*The x phase exists below 870oc6 and has the approximate composition of 5-9 wt "/o Fe, 0- 2 wt "/o Cr , 1.5 wt "/o Sn, 
and the balance is z r.7 As-received Zircaloy in the cold- rolled and the annealed condition contains a sm all 
vol ume traction of randomly d1stnbuted x-phase parn c les ~ liJm in size. 
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manner (manifested by the white tear ridge). Such particles were observed all 
along the fracture edge. From phase-diagram considerations, the structure of 
the material at this temperature would consist of a large fraction of ~ phase 
with a low oxygen content and a small fraction of ct phase containing -1.5 wt o/o 
oxygen. This structure would be equivalent to a distribution of hard par­
ticles (a) in a soft matrix ( ~). When this type of structure is strained, the hard 
particles would be expected to fail in a brittle manner, which initiates total 
fracture. 

fig. III.3 

SEM Fractograpl! of Zircaluy-4 S peciruen Frac­
tured at 95o·c. € = 3.3 x lo-3 s-1. Fracture 

edge is the line joining the arrows. Mag. ~uuux. 
ANL Neg. Nu. 306 75- 12 7. 

2. Effect of Hold Time before Deformation on Tensile Elongation in 
Zircaloy-4 

The experimental procedures for determining the tensile properties 
of Zircaloy in the present program involve a short (10-min) hold time at the 
various test temperatures before the test was started. Figure III.4 shows the 
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Fig. III.4. Effect of Hold Time be-
fore Deformation on Total 

Strain of Zircaloy-4. ANL 
Neg. No. 306-75-200. 

effect of increasing the hold time from 10 to 
12 0 min before deformation on the total elonga­
tion of Zircaloy-4 specimens for temperatures 
bctwcc11. 850 a11.d 1000°C. The additional hold 
Lirne does nol have a significant effect on the 
totAl !'lb·Ain At 1)00 ;=m.-11)'-,0°\.; hnwo=-vr:-r, tht'- .::trr.in 

decreased considerably at 850 and 1000°C. The 
decrease in the total elongation at 1 000°C is 
prohahly nu~ to thr. grain r.oar::;r.ning that hr. 
comes significant at this temperature. At 900 
and 9 50°C, grain growth becomes less important, 
and the deformation behavior is not influenced 
by the longer hold time. The SEM fracto graph 
(Fig. III. 5) of the sample fractured at 950°C after 
a 2-h hold time is similar to Fig. III.3 for the 
same temperature and strain rate, except for 
the shorter hold time. The line joining the ar­
rows represents the fracture edge, which con­
tains two broken a-phase particles. 



Fig. III.5 

SEM Fractograph of Zircaloy-4 Specimen Frac­
tured at € = 3.3 x 10-2 s-1 after 2-h Hold Time 
at 95o·c. Fracture edge is the line joining the 
arrows. Mag. 500X. ANL Neg. No. 306-75-131. 

Metallographic examination of the specimens tested at 850°C re­
vealed that the ct grains in the deformed region of the specimen with a 1 0-min 
hold time were completely recrystallized and equiaxed, whereas the grains in 
the specimen with the 120 -min hold time were elongated and only partly 
recrystallized. 

To examine the microstructure before the start of deformation, 
specimens were quenched from high temperature after various hold times. A 
metallographic examination of these specimens reveals that the 2 -h hold time 
at 850°C caused the X- and ~-phase material within the ct grains to coalesce 
and move toward the grain boundari~s. The absence of soft ~-phase particles 
within the ct grains would decrease the extent of recovery and recrystallization 
and therefore reduce the total elongation in the material. 

To determine the role of ~-phase material within the original 
ct grains on the recrystallization and the stabilization of recrystallized ct grains, 
we conducted the following experiment. The as -received Zircaloy was pre­
strained to e: = 0.003 at 700°C, heated to 850°C, held for 2 h, and then strained 
to fracture. As a result of the small pre strain at 700°C, the large total strain 
behavior was reestablished even after the 2-h hold time; i.e., the specimen 
fractured at e: = 2. 00. Pre straining at 700°C introduced additional defects and 
dislocations in the structure. When this specimen was heated to the two-phase 
region, more ~phase precipitated within the ct grains as a result of the addi­
tional nucleation sites. During the 2 -h hold time at 850°C, ~-phase coalescence 
(and also the X phase present) was difficult because of the additional defects 
introduced during prestraining at 700°C. Since a substantial amount of the ~ 

and X phases remained within the original ct grains, this specimen exhibited 
superplastic deformation similar to the specimen with the 1 0-min hold time 
at 950°C without low-temperature prestrain. 

3. Effect of Texture on the Uniaxial-elongation Behavior of Zircaloy-4 

Seeping tests were conducted to determine the effect of texture in 
Zircaloy on the tensile-elongation behavior at 850°C, the temperature at which 
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maximum superplastic deformations were observed. The texture of the as­
received Zircaloy sheet indicated that the concentration of basal poles was 
-30° from the radial direction and tilted toward the transverse direction. The 
longitudinal and transverse specimens were parallel and perpendicular to the 
rolling direction of the sheet, respectively. Figures III.6 and III. 7 show the 
effect of texture on the uniform and total strain of Zircaloy specimens at tem­
peratures between ambient and 1400°C. Since high-temperature ~phase has 
a body-centered-cubic crystal structure, texture effects are expected to be less 
significant above 1000°C. At lower temperatures, texture does not appear to 
have a significant effect on the uniform strain (see Fig. III.6); however, the 
maximum in the total strain at -850° is less pronounced for the transverse 
specimens. This observation implies that prism slip is important during su­
perplastic deformation at 850°C, since the grains in the longitudinal specimens 
are more favorably oriented for such slip. 
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Fig. III.6. Temperature Dependence 
of Uniform Strain of Lon­
gitudinal and Transverse 
Zircaloy-4 Specimens. ANL 
Neg. No. 306-75-190. 
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Fig. III.7. Effect of Temperature on 
Total Strain of Longirudin<~l 
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Specimens. ANL Neg. 
No. 306-75-194. 

Figure III.8 shows the variation of the second-stage work-hardening 
exponent of Zucaloy as a function of temperature for the longitudinal and trans­
verse specimens. As in Ref. 1, the stress -strain data for the speclrnens with 
longitudinal texture were analyzed by the Crussard-Jaoul method based on the 
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empirical equation a = a0 + ke:n. At 400°C, the value of n for longitudinal a nd 
transverse specimens is significantly different. This is probably due to favor­
able grain orientations for prism slip in the longitudinal specimens and 
dynamic strain aging. 

4. Effect of Microstructural Morphology on the Tensile Properties 
of a -Zircaloy 

Figure III.9 shows the effect of a-phase morphology on the engi­
neering stress -strain behavior of Zircaloy-4 at 400° C. Without the high­
temperature anneals at 850 and l 000°C, the microstructure of the as -received 
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material is completely equiax ed 
a. This material has an ultimate 
tensile strength (UTS) of ~150 MPa 
and a total strain of 0.42. After 
a lO-min anneal at 850°C and 
cooling to 400°C, the structure 
will contain ~1 O% a in the acicular 
form, and the remainder will be 
equiaxed. Introduction of this 
small fraction of a' raises the 
UTS to - 160 MPa and lowers the 
total strain to - 0. 34. After a 
20-min anneal at l000° C, the en­
tire microstructure at 400° C will 
be acicular a'; the UTS increases 
to - 190 MPa, and the ductility 
drops to - 0.2 total strain. Thus, 
apart from oxidation effects, the 
~-a' microstructural transfor­
mation also tends to decrease 

5 the ductility in Zircaloy that has 
undergone a high-temperature 
excursion into the ~-phas e field. 

0.8 

STRAIN 

Fig . III. 9. Effect of ex-phase Morphology on Engineering­
stress/Engineering- strain Curve of Zirc aloy-4 
at 40o•c . Neg . No. MSD-61851. 

The lower curve in 
Fig. III.lO shows the total strain 
of samples that were heate d to 
l 000°C and then cooled at 200° C/ 
min through the two-phase region 
to the deformation tempe ratures. 
A comparison of these data w ith 

the upper curve for equiaxed a-phase material indicates that the a -phas e mor­
phology has a pronounced effect on the total elongation. This is particularly 
evident between 800 and 850° C, in the two-phase region , wher e the large supe r­
plastic e longations were not observed for the transformed a ' material. 
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Fig . III.lO 

Influence of a - phase Morphology on 
Total Strain of Zircaloy-4 at Tem­
peratures between Ambient and 95o·c . 
ANL Neg. No . 306-75- 195. 

Figu1·cs III.ll a nd III.l2 show SEM fru.ctogru.pho of the u.o received 
and annealed (20 min at 1000° C) specimens, respectiv ely , that were fractured 
at 400° C. The as-received specimen (Fig. III.ll ) show ed the typical equiaxed 
dimples that failed as a result of normal stress; the fractu~e surface was per­
pendicular to the tensile a x is. The fracture reg ion of the acicular a ' material 
(Fig. III.l2) showed elongated dimples that failed a s a result of she ar stress; 
the fracture surface was -45° to the tensile a x is. 

Fig. III.11. SEM Fractograph of As­
rec eived Zircaloy- 4 Spec­
i men Fractured at 400"C, 
€ = 3.3 x 10-3 s- 1. 

Mag . 500X. ANL Neg. 
No. 306- 75-11 9. 

Fig . III.12. SEM Fractograph of Zircaloy-4 
Specimen Cooled from 8- phase 
Field and Fractured at 4oo•c, 
€ = 3 .3 x 10- 3 s- 1. Mag. 1000X. 
ANL Neg. No . 306-75- 125. 

5 . Grain-si z e Dep e nde nc e of t h e Flow Stre s s of ~ -Zircaloy-2 

Information on the kine tics o f grain g row th in Z ircaloy wa s g i v en 
in the previous quarterly r e port. 1 Conside r a bl e g rai n g row th can occur during 



oxidation, homogenization of the oxidized specimens, and the short hold time 
before deformation at temperatures above - 1 000°C. The effect of grain size on 
the flow stress of as -received Zircaloy-2 was therefore determined at 990 and 
ll00°C. The results in Figs. III.l3 and III.l4 show that the flow stress for 
coarse -grain material, i.e., grain size >200 J..Lm, is almost independent of grain 
size. Additional information will be obtained for Zircaloy with a grain size 
< 50 J..Lm. 
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Fig. III.13. Grain-size Dependence of Flow 
Stress of Zircaloy-2 at ggo·c. 
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Fig . III.14. Variation of Flow Stress with Grain 
Size of Zircaloy-2 at noo•c. 
Neg. No. MSD-61845. 

B. Effect of Oxygen on the Tensile Properties of Zircaloy-4 

The effect of oxygen concentration on the tensile properties of homo­
geneous Zircaloy-4/ oxygen alloys is also being investigated at temperatures 

between 700 and 1400° C. Figure III.l5 shows 
2.4r--~-...---,---,--.--,---,--, 

o 0.11 WT% OXYGEN 

o 0.5 WT% OXYGEN 

26o s6""o_ ......__,o.,.,.o,...,o,---'--,...J4o_o...J 
TEMPERATURE (°C) 

Fig . III.15. Effect of Oxygen on Tem­
perature Dependence of 
Total Strain of Zircaloy- 4. 

ANL Neg. No. 306- 75-198 . 

that an increase in the oxygen concentration 
from O.ll to 0.5 wt% shifted the peak in the 
total strain from -850 to 900°C, although the 
height of the peak was not affected signifi­
cantly. This type of behavior can be ratio­
nalized in terms of the Zircaloy-oxygen 
phase diagram in Ref. 1. Zircaloy contain­
ing -0.11 wt %oxygen has a sufficient vol­
ume fraction of ~phase at 850°C to have 
~-phase particles within the 0! grains that 
contribute to superplastic deformation. 
Since the temperature of the a -phase bound­
ary increases as the oxygen concentration 
of the alloy increases, the alloy with 0. 5 wt % 
oxygen will have a smaller volume fraction 
of ~phase at 850°C. The ~-phase material 

59 



60 

within the Ci grains is not present in sufficient quantity to stabilize the recrys­
tallized et grains; therefore superplastic elongations are not observed. How­
ever, at 900°C, the alloy containing 0. 5 wt o/o oxygen has a volume fraction of 
~ similar to that in the material with 0.11 wt o/o oxygen at 850°C, and both ma­
terials exhibit superplastic behavior at the respective temperatures. Further­
more, the ~-phase volume fraction in the 0.5 wt o/o oxygen alloy at 1000°C is 
similar to that in the as -received material (0.11 wt o/o) at 950°C, and both alloys 
have considerably lower ductilities because of the presence of the hard a-phase 
material within the ~matrix. Small additions of oxygen to Zircaloy appear to 
cause a shift in the total strain-temperature curve to higher temperatures; 
however, higher oxygen concentrations will reduce the intrinsic ductility of 
both the et and ~ phases, and superplastic elongations will not result, irrespec­
tive of the microstructural morphology. Figure III.l6 shows an SEM fracto­
graph of a Zircaloy-4 specimen, with l. 5 wt % oxygen, fractured at 850°C. The 
et phase exhibits transgranular cleavage ±racture as a result 6f the high o:x:ygen 
concentration. The river patterns are more clearly visible than those in the 
et particle in Fig. III.3. 

Fig. III.16 

SEM Fractograph of Zircaloy-4 Specimen 
with 2 .3 wt o/o Oxygen Fractured at 850°C, 
f. = 3.3 x 10-3 s-1 . Mag. 200X. ANL 
Neg. No. 306-75-132. 

The Udld pu.i.ul:::. .i.u F.i.g. III.l S for the 0. 5 wt % oxygen ma.tcriu.l at tcm 
peratures between 1000 and 1400-:~C were obtained frorn spec.i.1ueu::; .i.n wl1.i.ch the 
oxidation and homogenization procedures resulted in a greater degree of grain 
growth. The total strain at 1 000°C for material from the two batches is quite 
differenl. 

The effect of oxygen concentration in Zircaloy-4 on ultimate tensile 
strength and the uniform and total strain is shown in Figs. III.l7-III.l9 for tem­
peratures of 1200, 1300, and 1400°C. As expected, the strength increases and 
the ductility decreases as the oxygen concentration in the material increases. 
Grain growth is considerable at these temperatures; i.e., in some instances, 
a single grain encompassed the width and thickness of the fracture region of 
the specimens. Therefore, different grain sizes and orientations may contrib­
ute to the complex dependence of the tensile properties on oxygen concentration. 



The effect of oxygen on the work-hardening ·behavior of Zircaloy-4 at three 
strain rates is shown in Tables .III.l-III. 3. Mofe positive values of n and k are 
related to a higher work-hardening rate; more negative values of nand k are 
related to a greater extent of dynamic recovery. The results in Tables III.l-. 
III. 3 indicate that a higher strain rate tends to increase both the work-hardening 
rate in the initial stage (larger values of n and k) and the dynamic recovery in 
the later stage of deformation (smaller values of n and k). 
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TABLE III.l·. Least-squares Work-hardening Constants for 
Zircaloy-4/0xygen Alloys, € = 3.3xl0-3 s-l· 

Temp, Oxygen, Stage Strain 
oc wt% Number Interv::1.l n k, Pa 

1000 0.25 0.0004-0.0024 0. 71 2. 3 X 108 

2 0.0028-0.0090 -2.20 -2.6 X 10° 
0.40 l 0.0004-11.0028 o. 7& 1.2 X lOR 

2 U.U032-0.0i50 -0.59 -4.5 X 104 

1100 0.25 0.0004-0.0016 0.21 2.4 X 107 

7. o.oozo 0.0050 -0.02 -2.8 X 10:1 
0. 39 2 0.0004-0 .. 0700 0. 21 1. 5 x 1 o6 

120U 0.24 0. 0004-0.0050 0.36 2.. 3 A 1 oh 
2· 0.0060-0.0250 -0.46 -3.1 X 104 

0.40 1 0.0004-0.0020 9.68 9.9 ~ 107 

., 
0. OOZ.4- 0. 01)6(1 -3.50 -1.7 X i 0 =4 

<.. 

0. 59 0.0004-0.0020 0. 75 l.lxl07 

2 0. 0020-0.0050 -0.56 -2.9 X. 103
. 

0.89 0.0004-0.007.0 0. 75 l I 1 J{ l 08 

2 0.0024-0.0700 -0.12 -3.0 X 106 

1300 0.39 z 0.0004-0.0140 0. 92 6.1 x 1 o6 

3 0.0150-0.0500 0. ll l. 5 X 106 

.0.60 2 0.0004-0.0500 0.14 2 .l x 1 o6 

0.92 2 0. 0004-0.0040 0.82 1.8 :X 108 

3 0.0050-0.0200 -1.50 -4.2xl02 

1400 0.27 2 0.0012-0.0150 l. l 0 l.2xl07 

3 0.0200-0.0700 -0.31 -l.4xl05 

0.39 2 0. 0004-0.0040 0.87 l.4xl07 

3 0.0050-0.0900 0.19 l. 5 X (06 

0.90 2 0.0004-0.0060 -0.93 3.4xl07 

3 0.0070-0.1300 0.20 3. 9 x 1 o6 

-~ 
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TABLE Ill.2. Least-squares :Work-hardening Constants for 
;Gircaloy-4/0xygen Alloys, e = 3.3xl0-4 s-1 

Temp, Oxygen, Sfage · Strain 
•c wt "/o Number Interval n k, Pa 

1000 . 0.25 . 0.0004-0.0028 0. 53 6.0 X 107 

2 0.0032-.0.0150 -l. 30 -6. 1 X 1 02 

0. 32 1 0.0004-0.0016 0.56 7.4 X 107 

2 0.0020-0.0130 -l.l 0 -1.2 X 103 

0.41 0.0004-0.0028 0.06 2.2 X 107 

2 0. 0032-0.0150 . -l. 20 -7.4 X 102 

1100 0.25 0.0004-0.0020 0.50 2.1x107 

2 0. 0024-0.0050 -2.20 -5.1 X 10-1 

0.31 0.0004-0.0020 0.15 9.8 X 106 

2 0.0024-0.0040 -3.90 -6.9 x 10-6 

0.42 0.0004-0.0032 0. 7 3 1.6 X 107 

2 0. 0036-0.0100 -1.10 -2.7 X 102 . 

1200 0. 23 I 0. 0008-0.0080 1.00 2.9 X 107 

2 0.0090-0.0450 -0.30 -1.2 X 105 

0.59 0.0004-0.0028 0.44 7. o x 1 o6 

2 0.0032-0.0050 -2.30 -1.4 X )0-1 

qoo 0.24" 1 0. 0004-0.0040 1.06 2.5 X 107 

2 0.0040-0.0700 0.00 9.9 X 107 

0. 55 0.0004-0.0016 0.86 1.5 X 107 

2 o.oo2o-o.o3do 0.05 6.3xl05 

0.87 0.0004-0.0050 0. 79 5.3 .x 107 

2 0.0060-0.0300 -0.85 -4.8 X 103 " .. 
1400 0.31 0.0004-0.0130 l. 05 3.7xl06 

2 0.0140-0.0500 0.28 4.7 X 105 

0.80 0.0004-0.0020 0.56 1.0 x 107 

2 0.0024-0.0070 -1.40 -3.6 x 1 o1 

0.99 0.0004-0.0050 0. 57 1.7 X 107 

2 0.0060-0.0120 -2.40 -5.3 X 10° 

TABLE Ill. 3. Least-squares Work-hardening Constants for 
Zirca1oy -4/0xygen Alloys, e = 3.3 X )Q- 5 S-1 

Temp, Oxygen, Stage Strain 
•c wt "'o Number Interval n k, Pa 

1000 0.23 0.0004-0.0020 0.85 . 5.1 » 107 

2 0.0032-0.0060 -0.97 -I. 3 X I 03 

0.43 1 0.0004-0.0024 o.n1 6.7 X )07 

2 0.0028-0.0500 -0.16 -1.4 X 106 

1100 0.43 0.0004-0.0032 0.76 3.4xl07 

2 0.0036-0.0250 -0.72 -8.7 X )03 

1200 0.43 0.0004-0.0036 0.84 2.1 X 107 

2 0. 0040-0.0070 -1.30 -). 1 X 1 02 

1300 0. 79 0. 0004-0.0032 0.83 2.6 X 107 

c; 0,0036-0.0300 -0.37 -5.9 X ) 0 4 

0.94 I 0.0004-0.0040 0.86 3.5x107 

2 0.0050-0.0450 -0.50 -2.7 x 104 

1400 0. 31 1 0.0004-0.0150 l. 05 1. 9 ; 1 o6 

2 0.0200-0.1100 0.46 6.2 X )0 5 

l. 00 0.0004-0.0040 0.96 I. 0 x 108 

2 0.0050-0.0250 -0.21 -6.8 X 105 
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Figures III.20-III.24 show the effect of strain on the strain-rate sen­
sitivity of Zircaloy-4 containing different oxygen concentrations in the range 
of 0 .ll-1.0 wt · o/o for temperatures between 700 and l400°C. Near ·the low­
t.emperature peak in the curve of totat elongation versus temperature, i.e., 
8 50°C in Fig. III.l, small addition~ of oXy-gen do ~ot decrease the strain- rate 
sensitivity of Zircaloy. The m values in Fig. III.20 for an alloy with 0. 5 wt o/o 
oxygen are essentially the same as those for the as- received material with 
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Fig, IH.22 

Variation of Strain-rate Sensitivity of Zirc:aloy-4 
with Strain at l200°C with 0.11, 0.22, and 0.35 wt "/o 
Oxygen. ·Strain-rare change between 3.3 x 10-4 and 
3.3 x 10-3 s-1. ANL Neg. No. 306-75-193. 
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Strain Dependence of Strain-rate Sensitivity 
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Effect of Strain on Strain-rate Sensitivity 

of Zircaloy-4 with 0.25· wt "/o Oxygen 
at 1000, 1200, and 14oo·c. Strain-rate 
change between 3.3 x 10-5 and 3.3 x 
10-4 s-1. ANL Neg. No. 306-75-191. 
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0.11 wt o/o oxygen (see Fig. III.l7 in Ref. 1 ). Similar to the behavior of as­
received material: the.strain-rate sensitivity of Zircaloy containing 0.5 wt o/o 
oxygen is not strain-dependent at 850°C (near the strain-temperature peak), 
but decreases as the strain increases at 700°C (away from the superplastic 
elongation peak) . 

. At higher tP.m.peratu.res (;;::1000°C), an increase in the oxygen c<;mcentra­
tion decreases t};le strain-rate sensitivity to the extent that the superplastic 
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elongation behavior is diminished or eliminated. Grain growth during homage­
nization of the oxygen-charged specimens may also contribute to the decrease 

in elongation. Figure III.25 shows the 
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Oxygen-concentration Dependence of 
Strain-rate Sensitivity of Zircaloy-4 
at 1200. 1300, and 14oo•c. Neg. 
No. MSD-61814. 

sensitivity parameter m for tem­
peratures of 1200, 1300, and 1400°C . 

. These results are consistent with Zir­
caloy tensile data obtained in an air 
environment8 in which oxidation during 
the test eliminated the superpiastic 
elongation behavior at the higher 
temperatures. 

.c. Diametral Expansion and Rupture 
Behavior of Zircaloy-4 Fuel 
Cladding 

The biaxial deformation and 
rupture behavior of Zircaloy-4 fuel 
cladding with a range of oxygen con­
centrations and ZrOz/ct/ ~phase thick­
nesses are being investigated .. The 
biaxial test prograr:n will involve 
temperatu,re- and pres sure -transient 
loading conditions 1 including simulated 
LOCA and power-coolant-mismatch 
(PCM) situations as well as short -tim.e 
stress -:rupture tests. The m.echanical­
property data and microstructural 

infonnc~.tlon on the fuel cladding will be correlated with similar results being 
obtained from uniaxial tf.)nsile testE. The biaxiAl-deforrnatiofi results will pro­
vide input data for an elastic -plastic finite -element deformation code that is 
being modified to predict th~ diamet:ral strain and ruptUl·e beh.::t.vlur of Zircaloy 
cladding after various degl'f~es of oxidation. 

1. 'l'ube-rupture Test Conditions and Test Matrix 

The biaxial testing proe-ram wi.11 hP !"7onductod j.n o.n i11el't g..t::> ur 
va.cuum environment that precludes oxidation during the deformation process. 
The five types of biaxial test conditions (Fig. III.26) include (I) uncontrolled 
temperature -transient test (power input rate controlled), (II) controlled 
temperature -transient test, (III) isothermal pressure -transient test, (IV) stress­
rupture te!::il, and (V) simulated LOCA test (controlled temperature anci pressure 
transient). For a constant rate of power input into the specimen, i.e., case I, 
the heating rate decreases as the material undergoes the Q'-+13 phase transfer­
mation ~n a high-temperature burst test. A rapid.:.feedba.ck-control system for 
the power supply will be used to achieve the linear heating rate in case II. The 



isothermal tests (III and IV) are expected to be useful in the interpretation of 
the deformation behavior, since the microstructural effects that result from 
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Fig. III.26. Types of Temperature- and Pressure­
transient Conditions That Will Be Used 
in Z.ircaloy Tube-burst Tests. ANL 
Neg. No. 306-75-215. 

the transient heating conditions will 
be eliminated. The latter data will be 
used to develop a correlation between 
the high-temperature uniaxial and bi­
axial mechanical-property data as well 
as to interpret the stress- strain data 
from the more complex load conditions 
in the LOCA simulation tests, i.e., 
case V. 

Tables III.4-III.6 give 
the test matrices for the controlled 
temperature -transient, isothermal 
pressure transient, and stress-rupture 
tests on Zircaloy-4 fuel cladding with 
different oxygen concentrations and 
ZrOz/a/~ phase distributions. The 
test conditions were selected to en­
compass the range of temperatur~s, 
pressures, and heating rates that are 
applicable to LOCA situations and to 
provide a basis of comparison with 

• published results on the transient tube­
burst properties of Zircaloy cladding. 

2. Zircaloy-4 Tubing and 
Specimen Geometry 

The Zircaloy-4 fuel clad­
ding that will be used in the tube-burst 
measurements was fabricated by 

Sandvik Special Metals Corp., Kennewick, Washington. The material, 0.430 ± 
0. 002 -in. OD by 0. 02 5 -in. -wall thickness, was 80% cold-worked and stress­
relieved at 500°C for 4 h. The reported surface roughness for the OD and ID 
are 20 and 2 5 1-1in., respectively, for Lot 7FD ll and 19 p.in. for both surfaces 
in Lot 7FD12. The chemical composition of the two lots of tubing is shown in 
Ta b1e III. 7. 

A schematic of the tube-burst specimen is shown in Fig. III.27. 
The Zircaloy tubing was cut into 6-in. lengths, and both ends were welded to 
0.50-in. OD Zircaloy-2 sleeves that fit into the stainless steel Swageloks. The 
high-purity alumina rod and the Zircaloy or brass end plugs minimized the 
gas volume that was released during rupture of the specimen. 
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TABLE III.4. Test Matrix for Controlled Temperature-transient Tube­
burst Tests on As -received and Oxidized Zircaloy-4 Fuel Claddinga 

Initial 
Pressure, 

psig 5 10 

50 A,AA 

100 5H, 7H A, 5H 
Cl 7H,Cl 

200 A 

300 2H, 5H 2H, 5H 
7H 7H 

400 

500 SB, lUH 5H, lOH 

600 A 

700 C2 

1000 A,AA 
C3 

2250 A 

a.Defin1hon of sym,boi::;: 

Heating Rate, °C/ s 

20 

A, 
3H-5H 

A,Cl 
2H-7H 

A,AA 
XH 

2H, 5H 
7H 

A,.A.A 
XH 

5H, lOH 

A,AA 
XH 

CZ 
A,AA 

XH,C3 

A, A.A 
XH 

50 

5H 

A, Cl 
5H, 7H 

2H, 5H 
?II 

5H, lOH 

5H 

5H 

A = As -recei vc;!d tub~; st.rP.c:; '>-,relieved at 500°G fol' 4 h. 
AA = As-received tube; recrystallized at 677°C for 45 min. 

100 

A.Cl 
5H, 7H 

2H, 5H 
7H 

A 

5H, lOH 

C:2 

A,AA 
C3 

XH = Oxidized and homogenized tube with uniform oxygen concentration of 
X,/10 wt'% (i.e" ZH, :iH, 4II, .. ~ - 0.2, 0.3, 0.4, ... wL% oxygen, 
respectively) 

Cl = Zr02/a composite tube with oxygen concentration gradients in the 
a-phase. . 

C2 = ZrOz/a/~ composite with oxyg~n gradients in the 13 phase. 
C3 = Zr02/a/ ~ composite with no oxygen gradient in the ~ phase; specirnens 

partially annealed. 



TABLE III. 5. Test Matrix for Isothermal Pres sure-
transient Tube-burst Tests on As-received and 

Oxidized Zircaloy~4 Fuel Claddinga 

Temperature, 
Pressurizing Rate, psi/sec 

oc 5 25 50 100 

700 A, 2H Cl 
5H 

800 2H, 5H Cl 

850 A, 2H A, 5H A, 2H 5H 
5H 5H 

900 A, 2H 
5H 

1000 MH A,MH C2, C3 

1050 A,MH A,MH A,MH C2, C3 

1100 A,MH 

1300 A,MH 

aDefinition of symbols: 

A 
Cl 

C2 

C3 

MH 

·. ( 

= 

= 

= 

= 

= 

As -received tube; stress -relieved at 500°C for 4 h. 
Zr02/a composite tube with oxygen concentration gra­
dients in the ct phase. 
Zr02/a/~ composite with oxygen gradients in the 
~phase. 

Zr02/a/~ composite with no oxygen gradient in the 
~ phase; specirn.ens partially annealed. 
Oxidized and homogenized tube with uniform oxygen 
concentration of M/10 wt o/o; ~phase martensitically 
transformed to the acicular a• phase by cooling from 
the annealing temperature in the ~-phase field. 
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TABLE III.6. Test Matrix for Stress -rupture Tests on 
As -received and Oxidized Zircaloy-4 Fuel Claddinga 

Temperature, 
Internal Pres sure, psig 

oc. 50 100 200 300 500 1000 

700 A,C1 A, Cl 
2A, 5H 

800 A, C1 A,Cl 
2H, 5H 

850 A A, 2H 
SH 

900 A 

1000 A,MH MH A,MH- MH A,MH A,MH 

1050 A 

1100 A,MH A,MH MH 

1200 A,MH A,MH 

1300 A,MH A,MH 

a Definition of symbols: 

A = As-received tube; stress -relieved at 500°C for 4 h. 
Cl = Zr02/a composite tube with oxygen concentration gradients in 

the a phase. 
XH = Oxidized and homogenized tube with uniform oxygen concentra­

tion of x,/1 0 wt C!fo (i.e., 2H, 3H, 4H, ... = 0. 2, 0. 3, 0.4, ... wt o/o 
oxygen, respectively). 

MH = Ux1d1zed and homogenized tube with unlfurrn uxygeu ~..-uln.:..entra­
tion of M/ 10 wt %; 13 phase martensitically transformed to the 
at..:lcular tx' pltc:~.~e Ly cooling fron'l the annealing temperatura in 
the [:l-phas e field. 

TABLE III. 7. Chemical Composition of Zircaloy -4 
Tubing Used in Burst Tests 

Elernent wt% Elern.ent ppm Element ppm Element ppm 

Sn 1.50 0 1300 Al 38 Hf 44 
Fe 0.20 N 34 Ca <..:1 0 Ti <25 
Cr 0.12 H 19 Co <10 w <25 

c 110 Cu 17 Mo <25 
B 0.2 Ni <35 Ta <100 
C1 <5 Si 83 v <25 
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Fig. III.27. Schematic of Zircaloy Tube-burst Specimen. ANL Neg. No. 306-75-205. 

3. Description of the Tube-burst Apparatus 

The tube - burst apparatus consisted of a standard bell- jar vacuum 
chamber, a gas -handling system to pressurize the specimen, and a power sup­
ply for direct- e l ectrical heating of the tube. Figure III.28 shows the chamber 
that contains the Zircaloy tube, an array of thermocouples and pressure trans­
ducers, and the powe r-supply electrodes. The upper end of the spe cimen and 
the Swagelok fitti ng were allowed to move freely in the axial direction. Dur­
ing a test, the chamber was evacuated by a mechanical pump to a pressure of 
~2 x 10-2 torr. Argon was used to internally pressurize the specimen. 

In the initial experiments, rapid heating of the specimen was 
achieved by an alternating-current power supply w ithout an external control 
system. The temperature distribution in the axial direction was determined 
from 1-mil-diameter Chromel-Alumel thermocouples that were spark welded 
to the tube at various locations. The central - 3 -in. portion of the specimen 
could be maintaine d within - 5°C for temperatures up to a l000°C. However, 
heating-rate changes occurred because of the a-+~ phase transition and the 
anomalous temperature dependence of resistivity of Zircaloy and zirconium9 

containing high-oxygen concentrations. 

Linea r - variable -different.i.a.l-Lransducer (L VDT) diametral ex­
tensometers ar e used to continuously monitor the strain in the uniform­
temperature zone of the specimen. The signals from the e xtensometers, 
thermocouples , and a pressure transducer are recorded on a multichannel 
high-speed v .i.::;.i.corde r. A high-speed ( l 000 -frame/ s) camera is also used to 
record the axial and diametral expansions of the tube during the burst test. 
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Based upon the results of 
the initial tube-burst experiments, the 
following modifications to the apparatus 
,~rill hP. mane: (a) A rapid-feedback­
cuulrul ~ y ~ h,.,,., f,-,,. thr. powc :r nupply •,vill 

be built to program the heating rate in 
the exiJer.i.u1ents, (b) a capability for 
a linear increase in the pres sure will 
be incorporated into the pressuriza­
tion system, (c) a laser light source 
will be used to obtain sharper images 
and permit the camera to operate 
at a higher speed, and (d) a n1.ultiple­
irnag.i.ug ::;y::;tenl that incorporates the 
use of mirrors will he devised to record 
the diametral expansion from two ad­
d.i.l.i.uud.l directions. 

4. Results uf the lnitial Tube­
rupture Tests 

To P.HLaul.i.::;}l Ll1e lebt pro­
cedures and ideuLlfy d.uy J?l u1lenls ·.;;.rith 
the tube-burst apparatus, tests were 

Fig. III.28. Tube-burst ApparaLUs. ANL conducted on specimen::; .in the as-
Neg. Nu. 30G-70-229. received, oxidized-homogP.ni7.P.O (0.37wt% 

oxygen), and Zr02/ ct compu::;.i.te (oxygen 
gradient in the ct phase) conditions. An initial heallug l"d.le u.f 11 0°C/ s and an 
internal argon pressure of 570 psig were used. After rupture, exarnlual.i.uu o.f 
the tube included (a) a photograph of the rupture region, (b) a measurement of 
the circumferential strain at a number of axial locations, (c) an examination of 
the necking and radial strain distribution from a eros s section of the tube in 
the rupture region, (d) a series of measurements of the diametral strain from 
the onset of bulging to rupture from individual frames o± the film from the high­
speed camera, and (e) an examinaliun uf the m.icrostructure of the material by 
optical and electron microscopy. The circumferential sirain (Cc) was calcu­
lated from 

Cc = ( 1) 

where D0 is the original outside diameter of the tube, W is the width of the rup­
ture, and CL is the circumference of the lube- -detennlned fron1. measurements 
on cellophane tape that had been pres::;ed on the surface of the specimens. 

Figure III.29 shows the rupture regions of the as -received, oxidized­
homogenized, and ZrOz/ ct composite specimens that had measured burst tem­
peratures of 909, 1015, and 903°C, respectively. The temperature and pressure 



Fig. III.29. 

c ,_ 

Rupture Areas of Zircaloy-4 Tubes 
in (a) As-received, (b) Oxidized­
Homogenized with 0.37 wt o/o Oxy­
gen, and (c) Zr0 2/a Composite 
Conditions after Transient Heating. 
ANL Neg . No. 306-75-209. 

for each specimen are plotted as a 
function of time in Fig. III. 30, and the 
circumferential strain as a function 
of axial position is shown in Fig. III.31. 

The cross sections of the three 
specimens in the rupture area are 
shown in Fig. III.32. The as -received 
and the ZrOz/a composite specimens 
exhibited a smooth change in the radial 
strain and a single -necked region; the 
oxidized specimen with a' acicular 
grains and a uniform oxygen concen­
tration of 0. 37 wt o/o had several 
thinned regions in addition to the rup­
ture region. The microstructures in 
Figs. III. 33 and III. 34 represent the 
necked and adjacent thicker regions, 
respectively, in the cross section of 
the oxidized and homogenized specimen 
shown in Fig. III.32b. Examination of 
the undeformed regions of this speci­
men revealed a few a ' colonies in which 
the habit plane of the lenticular a' 
grains was parallel to the tangential 
stress, as shown in Fig. III. 35. From 
these observations, it appears that 
necking occurs preferentially in loca­

tions in which the lenticular a' grains are aligned nearly parallel to the tan­
gential stress. However, the a' colonies apparently were more ductile than 
the structure shown in Fig. III. 34. The maximum circumferential strain in the 
rupture area of the specimen was ~0. 33; however, in some cases, the apparent 
tangential strain of the elongated region of the parallel a' colony was >2. 0. 
Under puld~· .i.z.etllight , the highly strained a' grains in Fig. III.36 reveal small 
equiaxed a subgrains, indicating that grain refinement and recrystallization 
occurred in this region. 

Similar a' -plate or.i.en1.alions are evident in Figs. HI. 37 and III. 38 
for the necked and unnecked regions in a uniaxial tensile specimen that was 
held in the ~-phase reg.i.uu at 1000°C, cooled at ~l00°C/min to 700° C, and 
strained to failure at this temperature. Necking primarily occurs in regions 
in which the a ' grain structure is parallel to the load direction rather than in 
regions of random grain orientations. These observations support earlier 
speculation1 that the a ' basketweave structure should have comparatively good 
strength properties. 
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Fig. III.30 

Temperature and Internal Pressure 
as a Function of Time during Rup­
ture Tests on Zircaloy Specimens 
Described in Fig . III.29. ANL Neg. 
No. 306-75-224 . 
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Flg. III.31 

Circumferential Strain as a Function 
of Axial Location for Specimens De­
scribed in Figs. III.29'and III.30. The 
rupture areas are shown by the dashed 
lines. ANL Neg. No. 306-75-217. 
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Fig. III.32 

Cross Sec tions of Rupture Areas 
of Three Specimens Shown in 
Fig. III.2 9. (a) As-received spec­
imen. (b) Oxidized-homogenized 
specimen (Mag. ~2 . 7X). (c) ZrOz/o: 
co mposite specimen (Mag . ~3.1X). 
AN L Neg. No. 306-75- 208. 



Fig. IIU:3. Microstructures of Necked !{egions in Fig. III.32b That Show 
Elongated a' Grains Align~d Parallel to :-loop Stress. Etched 
and anodized. Polarized light. Mag. ~-150X. ANL Neg. 

No. 306-75-228. 

Fig. III.34. Microstructures of Regions Adjacent to Necks in 
Fig. III.32b That Show Unaligned Lenticular a' 
Plates. The direction of the hoop stress is 
indicated by the lines. Etched and anodized. 
Polarized light. Mag. ~150X. ANL Neg. 
No. 306-75-201. 
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Fig. II1.36 

Microstructures of Oxidized and Homogenized 
Zircaloy-4 Specimen Containing 0.37 wt o/o Ox­
ygen after Biaxial Rupture at 1015°C. Etched 
and anodized. Mag. ~180X. (a) Bright field, 
~hnwine ~longated previous ex' grains. (b) Pu­
]llri7.e.d light. showing recrystallized equiaxec.l 
ex grains within previous ex' grains. ANL ~eg. 
No. 306-75-212. 

Fig. III.35 

Micromucture of TJncl~formed Region of 
Oxidized and Homogenized Specimen De­
scribed iu Figs. IIU~\H 11.32 That Shnws 
Lenticular ex' Plates in an Orientation Con­
ducive to Neck Formation. Etched and 
anodize.d. Polarized light. Mag. ~90X. 
ANL Neg. No. 306-75-2UI. 



Fig. III.37. Microstructures of Necked Areas in a 
Zircaloy-4 Uniaxial Tensile Specimen 
Deformed at 7oo•c That Show Elon­
gated B~cx• Transformed Grains Par­
allel to Load Direction. Etched and 
anodized. Polarized light. Mag. ~39X. 
ANL Neg. No. 306-75-211. 

Fig. III.38. Microstructures of Unnecked Regions of 
Zircaloy-4 Tensile Specimen That Show 
Relatively Random Orientation of ex' 
Grains with Respect to Load Direction. 
Etched and anodized. Polarized light. 
Mag. ~39X. ANL Neg. No. 306-75-210. 

5. Evaluation of the Onset of Plastic Instability in Internally Pres­
surized Zircaloy Cladding 

An understanding of the deformation process near the onset of 
plastic instability is essential to the development of a failure criterion for in­
ternally pressurized Zircaloy cladding. Several of the instability criteria pro­
posed for thin-walled tubes under a biaxial state of stress10

-
12 were compared 

with the eA."PerinJ.ental data obtained from the specimens shown in Fig. III.29. 

The commonly accepted criterion of dP = 0, where P is the inter­
nal pressure, can be obtained from the pressure-transient curves in Fig. III.30. 
This criterion indicates the instability occurred ~z - 3 s before rupture; however, 
examination of individual frames from the high-speed camera film revealed 
that uniform deformation extends considerably beyond this point. Figure III. 39 
shows individual frames of the oxidized and homogenizerl 7.ircaloy-4 tube at 
0.004-s intervals. The image on the left of each photograph is a reflection 
from a mirror located behind the speci.tHeu. 
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Fig. III.39. High-speed Movie Frames Taken during 
Deformation of Oxidized and Homoge­
nized (0.37 wt o/o Oxygen) Zircaloy- 4 
Tube. The rimP. interval between frawt~ 
wa~ 0.001 s. The photographs . fruw 
upper left to lower right , are 20. 10 . 3, 
2, 1, and 0 frames before rupture. 
Smaller tubes are wluu1 imagc3 nt 
~160° with respect to the main image. 
ANT. NP.g No. 306-75-22\i. 

Figure III.40 show s plots of 
the a x ial distribution of diametral 
strain Lhat were constructed from four 
of the frames in Fig. III.39. Fig-
ure III.40 indicates that plastic insta­
bility occurred in the interval between 
0 . 08 and 0.008 s before rupture. Hardy4 

also concluded that the dP = 0 crite­
rion is met well before the onset of 
local ballooning of the fuel cladding. 

Figure III.41 is a plot of the 
norn1.alized tube diarneter D/ D0 , as 
a function of time, fur the region of 
maxlruuu.1 local ballooning. 'l'h,.. rliame­
tral strain rate, which was approxi­
n1.ated from the slope of the diametral­
strain plot, is also shown. The latter 
curve indicates that the strain rate is 
very high near the onset of instability. 

Franklin12 derived an insla ­
bility relation for internally pressurized 
tubes, h;.isl-'cl 11pon Llw u1ore acccpt0.n 
criterion 

oA 
= 0, oA (2) 

wher e A iEJ the cross-Rectional al'ea 
of the Lube at any instant during defnr­
mation, A is the rate of decrease of 
the cross-sectional area A, and ore­
fers to the difference between the pa­
rameters in the necked and unneckeu 

r egions of the ::>pecim.en at the same time increment. The biaxial stability 
relation i R 

&~e + Aez 
- --- ~ €: e + E:z (plastically l:>Laule) , 
oee + oE:z 

( 3) 

w h ere ee and E:z are the tangential (hoop) and a x ial strains , respectively. If 
we c on s iuer the approximation that the r~.xi.al strain and strain rate are negli­
gibl e, when compared with c o rresponding quantities in the tangential direction, 
the stab ility relation can be wr i t ten as 

(4) 



and, in terms of radial· displacements, Eq. 4 becomes 

or or 
-;;; 2-

r r 
(5) 

To apply this stability criterion to the curves in Fig. III.4l, we can define a 
normalized diametral strain parameter as 

D 
Do 

= 
r 

' ro 

and; combining Eqs. 5 and 6, we obtain 

(6) 

(7) 

If we compare two axial locations on the tube separated by an infinitesimally 
smc;~.ll distance during the time increment dt, Eq. 7 can be writte'n as 

d tn ed d tn €d 

dt -:::: 
2 

dt ' 
(8) 

and numerical values of both quantities can be computed from the curves in 
Fig. III.4l. The .solid and dashed lines in Fig. III.42 correspond to the terms 
on the left and right sides, respectively, of Eq. a·. The intersection of the two 
curves at -0.038 s defines the onset of plastic instability in the tube, which is 

. in reasonable agreement with the experimental results shown ~n Fig. III. 39. 

1.4 

~ -~ 1.2 
.., 
<.:> 
z lO 

5 
c:J 0.8 
a: 
t::; 
:; 0.6 
0 .., 
~ 0.4 
\i _, 
::! Q2 

--- IiME•Io 
--------- 10 -0.004 s 
----- lo-0-008 s 
---'-- '• -0.080 s 

RUPTURE TEMPERATURE IOI5°C 

Fig. III.40. Diametral-strain Distribution in. 
Zircaloy-·4 Cladding Tube De­
scribed in Fig .. III.39 near Onset 
of Plastic Instability and Rupture. 
ANL Neg. No. 3'06-75-214. 
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Fig. III.41. Diai:netral Strain, Strain Rate, 
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Shown in Fig. III.39, as a 
Funption of Time near Onset 
of Plastic Instability. ANL 
Neg. No. 30'6-75-204. 
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·D. Determination of Oxygen Diffusion Coefficient in a-phase Zircaloy at High 
T~mpPr::'ltnrF;" 

The diffusion coefficient of oxygen in <X-Zircaloy ~t temperatures above 
900°C is an important parameter in the kinetics of oxidation, oxygen redistri­
bution, and phase transformations--processes that can influence the strength 
and ductility of Zircaloy fuel cladding in postulated LOCA sitqations, Although 
the oxygen diffusivity in ~-phase Zircaloy is essential in calculatingoxygen­
concentration gradients in the load-supporting. ~phase in fuel cladding during 
LOCA situations, the .a-phase oxygen diffusivity is important in computing the 
a/~ phase-boundary penetration and in determining the fractional ~-phase thick-· 
ness. A number of investigators have determined the oxygen· diffusivity in 
a-phase zirconium and Zirca"loy13 - 19 at lower temperatures, but the measure­
ments of Mallet et al. 20 are· the only avaiJable data at ·temperatures above 900°C 

The computer model developed for calculating isothermal oxidation and 
homogenization kinetics of finite-thickness Zircaloy material1 was used to 



investigate systematically the effect of uncertainties in several parameters on 
the kinetics of Zr02/ a and a/~ phase-boundary migration during oxidation and 
homogenization anneals. Recent iruormation on the diffusion coefficient for 
oxygen in ~-Zircaloy21 and oxygen concentrations at the phase boundaries from 
the pseudobinary Zircaloy-oxygen system1 were used in the computations. 
However, the results indicate that the kinetics of a/~ phase-boundary migra­
tion was most sensitive to the oxygen diffusivity in a-Zircaloy. This implies 
that oxygen diffusion in a -Zircaloy is the rate -limiting step in the migration 
of the a/~ interface. 

The computer model was used in conjunction with the experimental mea­
surements of a/~ phase -boundary locations after various isothermal annealing 
times to obtain oxygen-diffusivity values at temperatures between 900 and 
l30CfC. After each annealing period, the sample was accurately weighed to 
ensure that oxygen contamination had not occurred ·since the computations were 
performed for a boundary condition that corresponds to an overall oxygen con­
servation within the specimen. Figures III.43-III.46 show the computed 'curves 
for the ZrOz/a and a/~ phase-boundary positions for different oxygen-diffusivity 
values and experimental data points. The a-phase oxygen-diffusivity value at 
each temperature was determined from the calculated curve that best fit the. 
experimental data. The diffusion coefficients obtainep in this manner are plot­
ted against reciprocal temperature in Fig. III.4 7 along with the results of other 
investigators.13

-
20 The present data are somewhat lower than the results of 

Mallet et al. 20 and yield an activation energy of -Sl kcal/mole, compared with 
the former value of -41 kcal/mole. . 
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Fig. III.43. Comparison of Experimental and Calcu­
lated Locations of Zr02/a. and a./8 Phase 
Boundaries as a Function of Annealing 
Time in Vacuum at 10oo·c. An ox­
ygen diffusion coefficient of 4.6 x 
10-9 cm2 s-1 in a.-Zircaloy provides 
the best fit to the experimental data for 
Lhe Zr02/a (lower cul've) and c:x/8 
(upper curve) phase-boundary locations. 
ANL Neg. No. 306-75-221. 

2 3 4 
HOMOGENIZING TIME (h) 

Fig. III.44. Comparison of Experimental and Calcu­
lated Locations of Zr02/ ex and a./8 Phase 
Boundaries as a Function of Annealing 
Time in Vacuum at 1100•c. An ox­
ygen diffusion coefficient of 2.3 x 
10-8 cm2 s-1 in· a.-Zircaloy provides 
the best fit to the experimental data for 
the Zr02/a. (lower curve) and a./13 
(upper curve) phase-boundary locations. 
ANL Neg. No. ::!Uo-75-:,na. 
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Fig. III.47 

TF.mpF.riltmP- Dependence of lliffusion 
r:.-,.-.ff;.-,il".nt of 0:-:yecn in o:-pha3c 
Zircaloy Obtained from Results in 
Figs. 111.4:3-lll'.4o. l{esults 6f otner 
investigatorsl3-21 are shown for com­
parison. ANL Neg. No. 306-'/5-2!6. 



Note that empirical relationships, which do not require values for oxy­
gen diffusivity in a -Zircaloy, may be satisfactory for describing a/ 13 phase­
boundary penetration during transient oxidation conditions. However, diffu­
sivity values are required in an analysis of oxygen redistribution that can occur 
during cooling through the 13-+a' transition at different rates. 

E. Preparation of a-phase and Composite Zircaloy-Oxygen Alloys 

The following factors must be considered in an experimental method 
for producing a -phase and composite mechanical-test specimens: ( 1) the 
phases present, (2) the oxygen <:::oncentration gradient, (3) the grain size and 
morphology, (4) the extent of the redistribution of alloying elements such as 
oxygen, iron, and chromium during cooling, and (5) the density and distribution 
of second-phase particles. Because of the comparatively small oxygen diffu­
sivity in a-Zircaloy, the preparation of a-phase mechanical-property specimens 
with different oxygen concentrations and gradients will involve long annealing 
periods. It is therefore desirable to maximize the efficiency of specimen prep­
aration by calculating the optimum oxidation and homogenization conditions, 
i.e., the times and temperatures. 

1. Equiaxed a-phase Specimens with Low Oxygen Concentrations 

When oxidation or homogenization of Zircaloy specimens is under­
taken above ~900°C, part of the specimen inevitably transforms to 13 phase and 
rapid grain growth occurs. In this case, the final a-grain size is controlled 
by the size of the previous 13 grains. To avoid the problem, the oxidation and 
homogenization processes must be performed at temperatures below the 
a/ (a + 13) phase boundary. 

The computer code (see Sec. D) was used to determine the optimum 
times and temperatures (see Table III.8) for oxidation and homogenization to 
produce equiaxed a specimens containing 0. 2-1.5 wt o/o oxygen. The expected 
average grain size, obtained by extrapolating results from the 20- to 35 -day 
anneals at 800°C, is also reported. During the long homogenization periods, 
second-phase particles migrate and coalesce preferentially at grain boundaries. 
Although the maximum size of the precipitates in as -received Zircaloy-4 was 
~1-2 j..Lm, precipitates as large as ~6-8 f.Lin were observed after 21 days at 
815°C in an alloy containing 0.5 wt o/o oxYgen. 

2. Equiaxed a-phase Specimens with High Oxygen Concentrations 

Since a -phase specimens with oxygen concentrations >2 wt o/o will 
be extremely brittle, the effect of larger grain size on the mechanical prop­
erties may be comparatively small. Thus, except for a few specimens that 
will be produced by oxidation and homog·enization at 800°C, most of the speci­
mens will be prepared by an optimum combination of oxidation and homage­
nization anneals at higher temperatures. ·This will afford a reduction in 
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annealing time from 60-100 days to <24 h. The production schemes for oxygen 
concentrations of 2, 2.5, 3, 4, and 5 wt o/o are shown in Figs. III.48-III.52. The 
oxidation and homogenization conditions are given in the insets, which also 
show the concentration profiles at several times, including the one for com­
pletion of the diffusion anneal. 

C, wt o/o 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.9 

l.O 

1.1 

1.2. 

1.3 

1.4 

1.5' 

TABLE III.8. Summary of Oxidation and Homogenization 
Conditions Required to Produce a-phase Specimens 

with Uniform Oxygen Concentrationsa 

700 

700 

700 

800 

800 

800 

800 

800 

800 

800 

800 

~on 

800 

tc, min 

1.5 

5.0 

12.0 

6.0 

9.6 

13.7 

18.8 

31.2 

38.8 

16. <) 

56.0 

115.6 

76.4 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

AOO 

800 

8.4 

11.3 

14.2 

16.8 

19.7 

22.6 

2. 5. 9 

33.4 

37.9 

42.7 

48.2 

54.5 

61.7 

tH, days 

27.4 

32.5 

36.6 

. 38.7 

40.7 

42.0 

44.1 

45.3. 

47.2 

47.8 

49.3 

50.3 

51.6 

G, ~m 

35 

37 

39 

40 

41 

41 

12 

42 

43 

43 

43 

44 

44 

ac = desired uniform oxygen concentration; T c = oxidation temperature; 
tc = oxidation time; TH =.homogenization temperature; tf.r = hornoge­
nization time required to eliminate oxide layer; tH = time of 99o/o 
homogenization; and G = expected final average grain s1ze. 
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Fig. III.50 

Calculated Zr02/a: and a:/8 Phase­
boundary Locations during Homogeni­
zation of Composite Specimen Con­
taining 3 wt o/o Oxygen in Vacuum at 
1200°C. ANL Neg. No. 306-75-206. 
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Calculated Zr02/a: and a:/8 Phase­
boundary Locations during Homogeni­
zation of Composite Specimel). Con­
taining 2.5 wt o/o Oxygen in Vacuum at 
1100°C. ANL Neg. No. 306-75-220. 
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Fig. III.51 

Calculated Zr02/ a: and a:/13 Phase-. 
boundary Locations during Homogeni­
zation of Composite Specimen Con­
taining 4 wt "/u Oxygen in Vacuum at 
1300oC. ANL Neg. No. 306-75-207. 
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Fig. III.52 

Calculated Zr~/cx. and cx./B Phase­
boundary Locations during Homogeni­
zation of Composite Specimen Con­
taining 5 wt o/o Oxygen in Vacuum at 
130o•c. ANL Neg. No. 306-75-218. 

The fractional thickness of the oxide, a, and ~ phases after oxida­
tion at a given temperature are interdependent. However, if oxidation is com­
bined with a partial homogenization before actual deformation, it is possible 
to achieve a range for the relative thicknesses of the three phases. The frac­
tional thickness of the ~ phase in the composite specimen is of most interest. 
The curves for isothermal homogenization in Figs. III.48-III.52 can serve as 
a guide in adjusting the values during a short annealing period at a given test 
temperature. For example, to conduct a uniaxial tensile test on an a/~ com­
posite specimen with a fractional ~-phase thickness of 0. 5 at 1 000°C ~ the pro­
cedure would involve (a) oxidation for 9 min at l 000°C, (b) vacuum annealing 
at 1000°C for -7.5 h, and (c) deforming the specimen at l000°C with a minimum 
.hold time. A compos.ite specimen with an o~ygen gradient in the central ~.-phase 
region at temperatures above 1200°C will be difficult to test, because the high 
oxygen diffusivity will result in virtual saturation of the ~phase during the first 
several minutes at temperature. Therefore, simultaneous oxidation and de­
formation at high strain rates offer a practical solution to this problem. 
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APPENDIX 0 

Kinetics of Fission Gas and Volatile Fission-product Behavior 
under Transient Conditions in LWR Fuel (Claudio Ronchi*) 

Recent intensified emphasis in reactor- safety requirements for light­
water reactors (LWR' s) has given added impetus to studies of the behavior of 
fuel under conditions anticipated in hypothetical reactor accidents. 

. . 

Fission-product swelling and release are two important aspects in the 
development of a reactor accident, and their understanding and description 
represent one of the basic steps in the accident analysis. 

Therefore, the fission-gas behavior code GRASS has rec.ently been 
adapted to describe in-:-rea.ctor transient situations. However, extension and 
fitting of the steady- state formalism to these specific cases require a careful 
evaluation of the basic assumptions of the model, and furthermore, experi­
ments are needed to verify both the input and output parameters of the code. 

Some problems that arise from the application of GRASS to transient 
conditions are discussed and solutions suggested here. In particular, an ex­
tension of the model is proposed that will take into account the behavior of a 
wider variety of features so that the analytical results can be closely corre­
lated with the microstructural changes produced during irradiation and during 
in-reactor and direct-electrical-heating (DEH) simulated transients. 

A model for volatile fission-product behavior is proposed that will 
enable both steady- state and transient release to be evaluated. 

l. Limit of v·alidity of the GRASS Basic Equations in Transient Conditions 

a. Probability of Fission-gas Bubble Coalescence 

The model ·calculates fission-gas swellin.g based on successiv~ 
coalescence processes between bubbles, starting from a system of equations 
that de scribe the time rate of change of the bubble concentrations; i.e., 

( l) 

w~.ere ck is the concentration of the bubbles containing k atoms. The tensor 
P 1J represents the encountering probability of two bubbles of i and j atoms. 
This is calculated on the basis of a diffusion model1 and is given by 

*Visiting Scientist from EURATOM, European Transuranium Institute, Karlsruhe, Germany. 
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where 

and 

P·· lJ 

t = time, 

Dik = Di + Dk (Di and Dk = bubble diffusion coefficients), 

Rik = Ri + Rk (Ri and Rk = bubble radii). 

(2) 

Equation 2 is the extension of the capture probability of a diffusing 
species j by a precipitation center i to the case where i is also subjected to 
Brownian motion. The precipitation equation used in Ref. 1 was 

·with 

cj = 

c· = 
J 

which gives, 

co 

0 

D62 c · J' 

for t = 

for t> 

0 r > Rij• 

0 r = Rij• 

from its solution integral, 

(oC·~ ( R. ·) = 4nR~.D __ .1 = 4nDR· · 1 + ___2L c . 
lJ 0 r lJ r-;::::; o 

R· · vnDt 
lJ 

(3) 

(4) 

Equation 3 is approximately correct only for the case in which the 
. concentration of the species i is so low that the effect of the surrounding pre­
cipitation centers is negligible or in .which no large variations of the concen­
trations of i and j occur during the time step considered (e.g., in steady-state 
conditions). But this is certainly not true for a temperature transient where 
strong bubble concentration variations occur in relatively short times: In 
this case, a more correct formulation of Eq. 3 must be made by taking into 
account that each center of precipitation i has a finite sphere of. influence 
.which has a radius R 8 with 

..i.nR3 = 
3 s 

l 
C· 

1 

Hence, in Eq. 3, the additional boundary condition 

(5) 



ocj 
= 0 at r = 

or 
Rs for t > 0 

must be included. The expression of J now becomes 2 

with 

(6) 

(7) 

(8) 

Fort -+oo, Eq. 7 fundamentally deviates from Eq. 3; J tends now to zero, and 
this is the logical consequence of the fact that the concentration of j in a 
finite nonzero sphere of influen~e decreases more rapidly than in a zero 
sphere of influence. 

However, in the assumed mathematical formalism it is important 
that, in each integration step required to solve Eg. l, the coefficients Pik do 
not vary with time {or, in other words, that no implicit variation of ck occurs 
during the integration step). Now Eq. 7 furnishes a criterion for the selection, 
of the amplitude M of the integration step to obtain a certain precision 6 

(9) 

Relationship 9 must be verified only for the highest-density bubble population 
{usually single gas atoms); for the other size classes the condition is satisfied 
11 a fortiori. 11 

b. Bubble-growth Regime in Short Times 

In the steady-: state model, the assumption that fission- gas bubbles 
are constantly in equilibrium with the surrounding lattice is reasonable' con­
sidering the long times involved. In transient situation~ this hypothesis is 
questionable. Gas-precipitation (or bubble-encountering) processes define 
a metastable initial state for the bubbles, which subsequently grow at a finite 
rate toward their equilibrium size. The growth stage (coalescence process) 
is physically characterized by a net flow of lattice vacancies through the 
bubble surface under the d:riving force of the stre~s field generated by the 
noncquilibrium configuration. The driving force F is expressed as 

{10) 
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·where ocrrr/"or is the radial stress gradient, and ov is the lattice volume. 
·When the concentration of vacancies is in thermodynamical equilibrium, the 
·rate of .increase of the bubble radius is 

self(::. ~ dR _ Dv ucrrr v 
-- -- 0 
dt kT or r=R ' 

( 11) 

where Dv is the self~diffusion coefficient of the lattice vacancies. Since cr rr 
is given by 

cr rr =· 
_ 1-.t. dV _3 r , 

TT 
( 12) 

where IJ. is the shear modulus and dV is the volume difference from the equi­
-librium configuration, it follows that 

(0~~~ = 
fr=R 

(13) 

For a coalescence event between two bubbles with radii R0 and R 1 and contain­
. ing a perfect gas, dV is 

( 14) 

·From Eq. 13, one sees that the driving force for the bubble coalescence growth 
decreases proportionally to the volume deviation from the equilibrium si?;e and 
is inversely proportional to the fourth power of the bubble radius. Since dV is 
:roughly proportional to R 2

, the bubble- growth rate should decrease with R -z. 
-However, the order of magnitude of R is mainly de.termined by Dv, and this 
quantity must be evaluated as a function of local fuel stoichiometry. 

c. Inclusion of the Gr.owth-rate Equations in GRASS for Transient 
Calculations 

In the GR,.A.SS formalism, the bub blC! popnl nti nn i ~ 1:11.1bdi vided int•:o 
several classes, each characterized by the number of atoms contained in the 
individual bubbles. Each bubble radius is calculated by applying a suitable 
equation of state for the gas. Inclusion of. .Eq. 11 in GRASS will complicate 
this calculation, and simplifications must be made to maintain a reasonably 
·short computer calculation time. The following path gives a possible solution 
:of the problem: 

( 1) An integration step .M must first be defined for Eq. 1, accord­
ing to the criterion de scribed by Eq. 9. 



(2) For each bubble class n that has N elements and an equi­
librium radius R~, the population increment ~N is considered, as a result of 
the coalescence events, in ~t. The subclass ~n formed by ~N elements has 
an initial mean radius determined by the average of the different coalescence 
processes; i.e., 

( 15) 

with 

where Rik is calculated from Eqs. 11 and 13. Thus, an average radius can be 
calculated for the class n with N + ~N elements 

( 16) 

. ( 3) During the next integration step M, the average radius Rf will 
increase according to the rule 

( 1 7) 

Meanwhile, new bubbles are produced in the class n by coales­
cences that occur in the second time step, so that the average radius Rr will 
be given ag~in by Eq. 16, where RP' is substituted for Rf. Iterative calcula­

. tion of Eqs. 15 and 16 enables the nonequilibrium radius R~ to be determined 
for each n as a function of the transient time tk. 

2. Fission- gas Release and Intergranular Pore Behavior 

One assumption made m GRASS is that the bubbles or gas atoms ar­
nvlng at the grain edges are directly released from the fuel column. This 
hypothesis is only true if the pores on the grain edges are completely inter­
connected or if they are sufficiently mobile to carry the gas to a central hole 
in a relatively short time. These conditions are reasonably met in LMFBR 
fuels, but not in standard LWR pellets, where the low operating temperatures 
and the in-reactor sintering processes lead to a relatively high retentio):l of 
gas in the sintered pores. The amounts of fission gas and volatile fission 
products trapped in the intergranular macroporosity (with sizes above -1 ~Jim) 
are believed to be largely responsible for the burst processes that occur 
during fuel temperature excursions. A more detailed treatment of the inter­
granular b.ehavior of the fission products is therefore required in LWR fuel 
modeling. 
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a. Definition and Evaluation of the Pore -inter linkage Parameter 

In recent years, an effort has been made to establish a correlation 
between pore inter linkage and fuel structural features. However, this work 
has brought few practical advantages, because the geometrical models assumed 
were generally rather complicated and eventually of little significance in con­
crete applications. Therefore we think that more simple models, which take 
into account the actual statistical distribution of the structural features, are 
more reliable and convenient in release calculations. The most general ap­
proach to the definition of the concept of inter linkage is that of the mathe­
matical percolation theory. Assuming a certain space distribution of "sites" 
connected with "bonds" randomly distributed with a c·oncentration 

p .... number of bonds 
number o'.f.--sft·~~- ' 

interlinkage is thought to occur when a finite probability can be calculated for 
an infinite chain of bonds starting from a given site. 

Based on the macro scopic parameter P, it can be shown3 that the 
probability that a site has n bonds is given by 

with 

co 

L Pn = P, 
n 

k 

pk 

k! ' 

and the number of chains with N bonds is given by 

n(N, P) =(I P
1
,_ . 

n L pn' 
n' 

The percolation condition is thus 

n(N, P) .- e > 0 for N 

which is verified for every 

p ~ 1.569 ... , 

-+ CD 

' 

( 18) 

(19) 

(20) 



i.e., when ·each site has to accommodate 1.6 or m·ore bonds on the :average, 
with its neighbors. In our case, the problem is to find a practi'cal way of 
evaluating P for pores in a sintered medium. Assuming that the pores are 
distributed as spheres of radius rp among :grains of radius rg, the average 
number of bonds per pore can be ·calculated as 

(21) 

where np and ng are the concentrations of pores and gr·ains, respectively, Np 
is the coordination number for a compact arrangement of pores {Np ~ 12), 
and Ng is the coordination number of an arrangement of spheres of radius rg 
around spheres of radius rp. We can esti~ate Ng approximately from lattit::-e 
geometry as 

with 

TT 1 
N g ~ 2 -~;:::::=::::;::::===:::::;; 

1 - ../1 [g/{1 + g))z 

= rg g 

(22) 

In Eq. 21, np and ng can be expressed·as a function of the fractional porosity F 
and the parameter g, obtaining 

-1 

ZNJl J 1 (I! J] 
1)---------

TT 
(23) 

which enables P to be calculated from the two experimental parameters F and 
g and from the geometrical factor Np· A first crude assumption would be to 
consider the condition P > .1. 56 as the abrupt limit for intergranular release 
through percolation. Actually, P is a function of erratic structural parameters, 
depending on the local fuel condition and heterogeneity. Therefore, a statistical 
distribution around an average value of P must be assumed. In this case, 
one obtains 

pore interlinkage fraction {24) 

where cr must be calculated from the experimental histograms of rp, rg, and 
F, 
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(J = (25) 

where the measures of rp and rg are assumed to be correlated and F to be 
orthogonal. Finally, we obtain 

(J = (26) 

where the crf' s of rg, rp, and F are fractional and P is absolute. A and B 
are given by 

A = Np ·[1 - ~( g )z]~ + 
TTg3 V· 1 

- \l+gl l 

'nnd 

.ji"+ 2g)(3 + 4 ~ 
. 1 + g . g~ 

: ~. 
B = 

. 1 + (F-1 - 1) ___.E. 1 + g - -v'l + 2g 
[ 

2.N ~:z 
TT g3( 1 + g) 

b. Extension of GRASS with a Percolation Model for Release and 
Swelling 

( 2 7) 

With the local fraction of open porosity known, a morf! prf!dsf! 
de scription of inter granular swelling and release can be made·. The following 
path must be maintained in the computer code: 

(1) An initial distribution of pore and grain size is taken as input. 
This distribution must be measured by an accurate quantitative ceramographic 
analysis of the starting material. 

(2) Suitable subroutines for grain growth and in-reactor sinter­
ing must calculate the modification of the initial. struchiral parameters during 
the irradiation time. 

(3) The pores are considered as partial traps for the gas. The 
fraction of gas released will be F 00 ; the fraction retained in the pores will be 
1 - Foo. 



(4) The gas trapped increases the pore volume according to the 
simple equation of state 

where crh is the external hydrostatic stress. The capillarity forces can be 
neglected in the· pore size range. 

(5) Only the open porosity fraction Fcc must be considered as re­
coverable by hot pressing and in-reactor sintering. Equation 24 establishes 
a limit for the densification of fuel as a function of the structural feature 
parameters. 

3. Volatile Fission-product Kinetics 

a. Steady-state Irradiation 

Analytical models for volatile-fission-product (VFP) behavior 
can be constructed, starting from hypotheses of varying complexity and as­
suming more or less restrictive conditions, that will lead to different degrees 
of sophistication of the analytical treatment. However, the degree of sophisti­
cation required for the description of VFP behavior is directly dependent on 
our knowledge of the basic physical and chemical processes related to VFP 
behavior. Considering our insufficient knowledge of in-reactor VFP mech­
anisms for diffusion and precipitation, all models currently used are based 
on simple diffusion equations, and the diffusion constants are usually fitted, 
starting from experimental determinations of release. These models provide 
calculations of both the release rate and a gross concentration profile of the 
fission products without taking into account segregation or precipitation in 
grain boundaries or pores. 

With our objective of describing the transient behavior of the VFP, 
an effort must be made to obtain a more detailed treatment of the distribution 
of the retained amounts during steady-state irradiation. This requires the 
adjustment of additional parameters, and for this purpose the DEH experiments 
should furnish sufficient data. 

The first diffusion stage that occurs after a fission product has 
been formed is its migration to the next grain boundary, where its free energy 
and diffusion enthalpy change. The diffusion from a spherical grain of a fis­
sion product i is de scribed by Fick' s equation 

aN· 1 

at 
i = 1, ... , n, (29) 

where "-i is the decay constant (a correction for neutron absorption can be in­
troduced in A.) and ~i is the production rate, which, in principle, depends on the 

97 



98 

concentration of the predecessors. Unless particular cases are considered, 
Eq. 29 must be simultaneously solved for a given decay chain. ·However, the 
mathematical formalism is not affected by this interdependence, and the 
treatment will be performed for the single isotope i only. As the boundary 
condition for Eq. 29, we assume 

Ni = Ui at r = a (grain radius). 

The number of atoms arriving at the grain surface in the unit time, if 
A. >> (n2 /a) Di and t >> A., is4 

dm 
dt 

= 4na2 tnT(~ -u·) v .Lii/\i A.. 1 . 
1 

(30) 

'l'he V .F'P 1 s on the grain boundary have two possible escape mech­
anisms: diffusion along the grain boundary to the outer pellet surface and 
percolation flow through the porosity channels via vapor or liquid phase. For 
the first release mechanisms, the diffusion rate can be calculated following 
an idea of Turnbull and Friskney. 5 They have proposed to couple the grain­
boundary diffusion with the single grain-release rate, using a source term 
derived from Eq. 30, in the form 

~\ = dm (4Tia~~)-l F = ~(~'i -u1.) ~' 
dt 2 gp o A.i 

( J l) 

where 4ffa2 6/2 is the volume of the grain boundary, assuming a thickness c. 
F gp represents the fraction of gas arriving at the grain- grain interface 
(excluding the grain-pore interface): 

where the cr• s are the specific surfaces of pores and grains. The resultant 
equation for grain- boundary diffusion in a cylindrical pellet is 

~ 2 ..JD:i:: ( \3 • ) uU 1 1 1 - + -- U· -or 0 A.· 1 
1 

with the boundary conditions 

ui = 0 at r = R (R = pellet radius), 

A ·11· = 
1 1 

(3 2) 



and 

OU· 
1 

or 
= 0 at r = 0 {cylindrical sy!Timetry assumed)., 

ui = 0 at t = 0 for 0 s: r s: R. 

Dfb is the grain- boundary diffusion coefficient of i for the VFP, a·rrd 'Ot 'is 
the heat of transport. Equation 32 can be written in a more compact form as 

:(33) 

where 

a 0{r, t) n?b(T, t) gb ) = = D {r, t , 
1 

a 1 {r, t) = D~b(r, t) [.!.. + 0* oT{r,t)J 
1 r RT(r, t) · o~ ' 

a 2{r, t) = z.Jni(r.~)t..i "i· 

and \ 

. (34) 

Equation 33 can be solved numeri"cally with a finite-difference 
method. Replacing the derivatives with the respective difference quotients, 
the approximate solution can be written as 

with 

and 

+1 
I cr(r,t)ui{r + ph,t) + kd(r,t), 

. p= -1 

The values ui{r; t + k) can be successively obtained from Eq. 35, starting 
from the initial conditions ui ( r, O) = 0 and using, for t > 0, the boundary 
conditions 

(3 5) 

{36) 

.9'9 
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and 

The choice of the integration steps of Eq. 35 must satisfy the stability 
condition 

( b)-1 
1\ < 2Df . 

The release rate from the pellet surface can be calculated from the diffusion 
flux 

- I - gb(OUi) lJi - Di . ~ . ' 
ur r=R 

where the con.centration ui is restricted to the volume fraction 

We finally obtain· the release rate 

gL . 
dRi 3 o· ··b(~ui~ 
-- = - -F' · ?.TTRng -

dt l a gp ~ · · · · k ~;;; R · (3 7) 

The amount of VFP escape per unit length of fuel at time t must be calculated 
at each integration step s.o that 

(38) 

The concentration profile of the VFP retained within the grains can be drawn 
with the balance equation 

- 3~r~j 
a L~i 

(39) 



Finally, the amount trapped in the pores at the Hme t, is given by 

n 

Pi(rk, tn) = I ( 1 

j= 1 

~ F 3~.·[13· 1 F ) -
11 ...l.- u(rk,.tJ·):, ... t.tj·exp(-A.it.tJ·). gp F a : "-i 

Considering the fraction of open porosity F co defined in Se·c. II. E. l.:a, the 
amount 

k 

Rf(tn) = I F 00 Pi(rk, tn)t.VkF, 
k=l 

(41) 

where t. V k is the volume of the zone of radius rk, can be assumed as released, 
while the concentration 

(42) . 

represents the VFP retained in closed pores. In summary, at the end of the 
steady-state calculation, the following quantities can be evaluated: 

ui(rk, t) 

ci(rk,t) 

P~(rk, t) 

R? 
1 

and 

R?b 
1 

= 

= 

= 

= 

= 

concentration at the grain boundaries (in atoms/ cm3 grain 
boundary), 

concentration in solution within the grains (in atoms/ cm3 

fuel), 

concentration trapped in closed pores. (atoms/ cm3 porosity), 

VFP released via percolation (atoms/ em pellet), 

VFP released via grain-boundary diffusion (atoms/em 
pellet). 

These results will enable the eventual transient analysis to start with a suf­
ficiently detailed de scription of the postirradiation fuel conditions. 

b. Transient Release Model 

Volatile fission products escape rapidly from fuel subjected to 
temperature excursions. This phenomenon occurs even when the excursion 
is limited to short times (a few seconds). This type of release is too rapid to 
be ·attributed to long-range diffusion processes, and it is therefore usually 
explained as a consequence of a fuel burst. However, a more precise approach 
to this concept is necessary to understand and calculate transient release rates 
with an analytical treatment. 

101 



102 

The following model indicates that an exhaustive treatment of the 
V FP steady- state behavior and a detailed knowledge of the fuel structure 
make an accurate description of the rapid transient release processes 
possible. 

The model is based on three assumptions. 

( 1) The VFP 1 s pre sent on the grain boundaries at the beginning 
of the transient, after migrating short distances, are trapped in pores. 

(2) From the pores, the V FP 1 s escape via a liquid and/ or vapor 
phase through the network channel available at that moment. The release · 
rate is determined by the pressure gradient built up by the temperature ex­
cursion.· A viscous flow equation can be written for the VFP 1 s in the porous 
fuel, which is assumed to have a certain permeability coefficient determined 
by its structural features. The DEH samples should provide the necessary 
information concerning the structural modification of the fuel during tempera­
ture excursions. 

(3) After the first stage, where the VFP' s present on the ·grain 
boundary escape, a second stage is initiated in which the VFP retained within 
the grains progressively arrive at the grain boundaries at a rate ~. 

A mathematical treatment is suggested that simultaneously takes 
into account hypotheses 1-3. 

Th~ visc:ous flow of a fluid is de scribed by Darcy 1 s law as 

cp = cv = -B1 c grad p, (43) 

where v is the fluid velocity, cis the density of the fluid, and B 1 depends on 
the viscosity of the fluid and the morphological features of the porous medium, 
which is assumed to have a fractional porosity F. If a certain amount of fluid 
is produced in the medium at a rate ~, Eq. 43 can be written as 

~ + div(cv) 
dC 

= -F ot ' 

which, 1n cylindrical coordinates, becomes 

oc 
F­ot (44) 

At this point, an equation of state must be established for the ex­
amined fluid to correlate c and p. For some of the fission products that 
attain their critical temperature during the excursion, we can assume 

p = cRT, 



and thus 

F oc ----
RBl ot (45) 

Equation 45 is practically applicable to iodine, bromium, cesium, 
and rubidium in a wide range of accidents. When less volatile products and/ or 
lower temperatures are concerned, a two-phase liquid-vapor system must be 
considered. In these cases, the pressure is no longer· directly dependent on 
concentration c but is given by 

where 6Hv is the heat of vaporization. After straightforward calculations, 
Eq. 44 becomes 

(46) 

with 

and 

Fp 
E = 

( 
Fp)' 

RT c - RT 

where p indicates the density, the indexes G and L refer to gas and liquid 
phases, respectively, and c is the total conce.O:tration cG + cL. Equation 46 
accounts simultaneously for evaporation- condensation proce sse~ and gas and 
liquid flow. Equation 45 or 46 can be solved numerically with the boundary 
conditions 

[ f 1 - F 35 f] c(r, 0) = u(r, t) ~ Ba + p
0
(r, t) exp[ -A(t - tf)J, 

where u and p
0 

are taken from the steady-state model after an irradiation 
time tf. The time t - tf is the fuel cooling time. The concentration u is now 
considered as distributed in the porosity volume; i.e:, 
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1 - F 35 
u---

F 8a 

Also, we set 

and 

oc 
or 

= 0 at r = 0 for t > 0 (symmetry condition) 

c(R,t) = 0 for t > 0 (external boundary condition). 

dR 
dt 

The release rate per fuel unit length is calculated as 

= -B1 c(~p) . , 
ur r=R 

( 4 7) 

where op/or, for Eq. 46, depends uniquely on the temperature gradient of the 
fuel surface. 

(1) Calculation of the Source Term in Eqs. 45 and 46. The 
amount Ci of VFP retained in the grains at a certain radial position r has been 
calculated with Eq. 39. Assuming this concentration to be constant in the 
grains, the transient diffusion equation is written as 

k = c~ at t = 0, 
l 

k = c at t > 0, 

with the variable substitution 

~quation 48 can be ihtegrated, obtaihirtg 

( -l)n 
n 

k = c? - ( c~ - c) [ + 
1 l 

c:c 

0 s r sa, 

r = a, 

and the amount flowing to the grain boundary (cp) is given by 

(48) 

( 49) 

(50) 



= 4TTa
2
D (c·· ._ ) 
~ 1 c' 

vTTT · 

which corresponds; in·the" ·~nt~agrariuiar pore v~lume:, to a production rate. 

3Di(t) 1 - F o 
-·-(c. 

a ..j'ii"T F 1 
c). (51) 

(2) Evaluation of the Fuel-permeability Coefficient. The fuel­
permeability coefficient B 1 is inversely proportional to the VFP viscosity and 
to several structural parameters of the fuel. One of the most reliable formu­
lations of the dependence of B 1 on these parameters is given by (see, for 
example, Ref. 6) 

(52) 

where Tl is the viscosity coefficient, FCX) is again the fraction of open porosity, 
k is a geometrical factor that depends on the channel shape (for ceramic · 
sintered media, k = · 2. 5), q (tortuosity factor) is the ratio of the actual path 
traveled by the fluid to the macroscopic permeated distance, and m is the 
mean diameter of the porosity channels given by the ratio between the pore 
volume and the pore specific surface; i.e., 

F 
(53) m = 

cr(l -F). 

Here a is the specific surface of the solid portion of the fuel 
measured by usual intercept methods. Finally, the factor q can be estimated 
only roughly from experimental data on materials comparable to the con­
sidered fuel pellets. According to, the literature data, q should be 2-3 for 
U02 pellets that are 80-90% of the theou~tit:'al density. 
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