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ABSTRACT

The effects of the thermally-induced cracking and subsequent relocation of
UO2 fuel pellets on the thermal and mechanical behavior of light-water reactor
fuel rods during irradiation are quantified in this report.

Data from the Nuclear Regulatory Commission/Pacific Northwest Laboratory
Halden exper iments on instrumentcd fuel assemblies (IFA) IFA-431, IFA-432, and
[FA-513 are analyzed. Beginning-of-life in-reactor measurements of fuel center
temperatures, linear heat ratings, and cladding axial elongations are used in a
new model to solve for the effective thermal conductivity and elastic moduli of
the cracked fuel column. The primary assumpticns of the new model are that
1) the cracked fuel is in a hydrostatic state of stress in the (r, 6) plane,
and that 2) there is no axial slipping between fuel and cladding. Three basic
parameters are used to describe the cracked fuel: 1) the crack pattern, 2) the
crack roughness, and 3) the fuel surface (gap) roughness.

The effective thermal conductivity and e! stic moduli for the cracked fuel
were found t) be significantly reduced from the vaiues for solid U02 pellets.
The calculated fuel-cladding ga» -“emaine. relatively constant (closed) with
respect to power level, indicat .ha’ .ne fuel fragments do not retreat from
the cladding whern the power/temperature is reduced. This implies that the
cracked fuel column does not conform to the solid cyliuder model that has tra-
ditionally been 2mployed in fuel performance codes. Furthermore, analytical
and experimental results indicate that the fuel rod mechanical response to
power changes may be dominated by the effective radial elastic modulus of the
cracked fuel at low powers and by the axial modulus at higher powers.

Recommendations are made pertaining to the work required to further refine
the model.
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1.0 SUMMARY

A series of experiments sponsored by the Fuel Behavior Research Branch of
the Nuclear Regulatory Commission are being irradiated in the Halden Boiling
Water Reactor to better define light-water reactor fuel behavior over the
normal operating range of power reactor fuel rods. One fuel behavior variable
of interest is the thermally induced cracking and subsequent relocation of
UO2 fuel pellets.

The effects of pellet cracking on the effective thermal conductivity and
elastic moduli for the fragmented fuel were determined to be primarily depen-
dent on the magnitude and spatial distribution of the free area in the (r, 8)
plane of the fuel rod. The free area is defined as the area within the
cladding inner surface that is not occupied by fuel fragments. The magnitude
of the free area was determined by the initial gap size and the stress-free
thermal expansion of the cvacked fuel. The distribution of the free area
between the fuel cracks and the gap was calculated using a new model. This
model solves simultaneously for the crack and gap widths, assuming that a
hydrostatic state of stress exists in the (r, 8) plane of the cracked tuel.
Thus, equilibrium requires that the same radial stress exist at the cladding
inner surface.

Three basic parameters were employed in the model: the crack pattern, the
crack roughness, and the fuel surface (gap) roughness. The crack patterns
observed from photo-macrographs of irradiated fuel provided values for the
total crack lengths in the (r, 8) plane. The free area distribution between
the cracks and gap determines the radial temperature distribution in the
cracked fuel, which in turn determines values for the effective fuel thermal
conductivity and gap conductance. Roughnesses were found by comparison of cal-
culated conductivities and conductances to those deduced from an independent
analysis of transient data. The crack/gap widths at equilibrium were calcu-
lated using a crack compliance formulation that relates the crack/gap width to
the crack/gap roughness and the hydrostatic stress applied normal to the
crack/gap. The crack width multiplied by the total crack length determined
the total crack area in the fuel, and thus the free area distribution.



Fuel center temperature, linear heat rating, and cladding elongation data
from the instrumented fuel assemblies (IFA) IFA-431, IFA-432, and IFA-513
exper iments were analyzed. Beginning-of-life data was selected because the
changes in the fuel structural state due to cracking were the greatest, and
fission gas release was minimized.

The effective thermal conductivity of the cracked fuel column was found
to be 10 to 30% less than that for solid UO2 for a rod of typical boiling
water reactor (BWR) design under normal operating conditions. It is important
to note that the cracking of the fuel had resulted in approximately 80%
relocation.

Because the stresses and strains were also calculated in the above
descr ibed model, Hooke's Law could be used to evaluate the effective elastic
moduli of the cracked fuel colvmn. The radial elastic modulus of the cracked
fuel column was calculated to be about 1/40 of that for solid 002 for a rod
of typical BWR design under normal operating conditions. The reduction in the
elastic modulus is the mechanical counterpart of the thermal conductivity
reduction, and both always occur simultaneoisly.

The compariscn of cracked fuel properties to those of solid UOZ indicates
that the cracked fuel column does not conform to the solid cylinder model that
has traditionally been employed in fuel performance codes. Operating nuclear
fuel is not a solid monolith. Furthermore, the cladding axial elongation was
found to exhibit regimes of domination by the effective elastic moduli of the
cracked fuel column. Radial domination at low powers, and a transition to
axial domination at higher powers, was in general supported by calculations
using in-reactor data, observations from post irradiation examination (PIE)
data, and out-of-reactor 2xperiments. This is expected to affect the calcu-
lation of the stored mechanical energy in the fuel rod, which in turn affects
predictions of fuel-cladding mechanical interaction (FCMI) or pellet-cladding
interaction-stress corrosion cracking (PCI-SCC) induced fuel rod failures.



2.0 INTRODUCTION

The Nuclear Regulatory Commission (NRC)/Pacific Northwest Laboratory (PNL)
Halden instrumented fuel assemblies IFA-431, IFA-432, and IFA-513 are part of
a series of experimental assemblies (Table 1) that are designed to better
describe fuel behavior variables and quantify their uncertainties over the
operating ranges of power reactor fuel rods. These assemblies have been
undergoing irradiation at the Halden Boiling Water Reactor (HBWR) in Norway and
are sponsored by the Fuel Behavior Research Branch of the NRC. The results and
conclusions of these tests are used at PNL in the experimental support and

TABLE 1. Experimental Matrix

. Anitia) Fil) Gas

\
Assend ]y power'™  ruet™®)  Digmetral Gap, M 10° 1008 He 1008 He Xe Detectors ¢!
. Rod (kW/m) Tepe 50-75 20 380 0.1Was 0.1Ws 0.1Ws uUrc LITC 41 PT 5PND
1Fa.43) 35725 7
1 %S X i | X X X
? 955 X 1 X X X
3 955 X 1 X X X
4 955 X 100% X X X
5 925 X X X X X X
" 92 1 X X X X ]
IFA-432 50/3% 7
| 955 ] X X X X X
? 9%S X X ur X X
] 955 X X 1 X X
1 955 X 1004 X X X
5 925 X X X ] 1 X
s 92y X X X X X X
IFa.513 40/78 9
1 95 X X X X X X
2 955 X 0.3MP3 X X + X
3 %S X X 1 X X i
£ 95§ X - X X X X
A %S i X X X X X
. 955 X n X X X X
Fue! Relocation 14/10 4
1 95S 1 100% X X X X
2 %5 X 100% ] X X X
3 955 X 100% X X X X
4 955 X 1002 X X X X
§ 95% X 100% X ] X X
6 9%s X 100% X X X X

(8, Linear power is given for upper and lower thermocouple positions respectively,
(b) Three fuel types are used, all enriched to 10% U-235
955 = 95% TD, Stadle
925 = 92% 1D, Statle
92U = 97% TO, Unstable
{e) UTC » Upper Thermocouple
LTC » Lower Thermocouple
ES » Elongation Sensor
PT = Pressure Transducer
SPND = Self-Powered Neutron Detr (or
UT = Ultrasonic Thermometer



(1,2,3)

development of single rod fuel codes. These codes are used to audit

vendor supplied calculations of steady state fuel behavior.

Many fuel performance codes model fuel rods by assuming the fuel geometry
to be a solid right cylinder that is concentric with the cladding. This is an
approximation of the actual state of the fuel, which has been observed in most
cases to exhibit a multitude of cracks because of the thermal gradients experi-
enced during irradiation. While the simplified geometry allows calculations
to be performed economically, it may also have a significant impact on calcu-
lated fuel temperatures and cladding axial elongations, as described below.

Because the: solid cylinder model envisions no fuel cracks, all the “free
area" within the cladding is assigned to the fuel-cladding gap. The "free area"
is the area within the cladding inner surface that is not occupied by the fuel.
Some of this free area is actually occupied by the fuel cracks. Thus, the
snlid cylinder model overestimates the area of the fuel-cladding gap, result-
ing in an overestimation of the gap width and an underestimation of the gap
conductance. Since the solid cylinder does not account for the cracks in the
fuel, the effective thermal conductivity of the cracked fuel system is simi-
larly overestimated. In short, the solid cylinder model does not adequately
calculate the fuel temperature distribution.

Likewise, the calculated cladding axial elongations seem to rarely resem-
ble in-reactor data because the solid cylinder model does not adequately account
for the fuel cladding mechanical interaction (FCMI). The solid cylinder model
predicts no FCMI until thermal expansion causes the fuel to contact the cladding.
Thus, a plot of the calculated cladding axial elongation versus the rod linear
heat rating will exhibit a discontinuous change in slope (elbow) that indicates
the point where the fuel cladding contact occurs. This is usually in contrast
to data obtained from in-reactor experiments, where the cladding elongation
versus power plots rarely exhibi. a well-defined elbow. The slope of the elon-
gation versus power curve changes continuously, indicating a smooth transition
as the degree of apparent FCMI increases with power/temperature level.



It is the purpose of this report to describe an alternate fuel model that
includes both the modeling capabilities of the cracked fuel concepts, and the
economic advantage of the solid cylinders apr oach.

Section 3.0 summarizes the observations that have been made from the in-
reactor data. More detail is presented in the Appendices. In Section 4.0,
some plausible mechanisms that explain the role of fuel cracking and reloca-
tion are proposed.

Section 5.0 quantifies the proposed mechanisms by developing a model that
represents the effects of fuel cracking. This model is used in Section 6.0 tr
analyze the in-reactor temperature, power, and cladding elongation data. The
effective radial and axial elastic moduli for the cracked fuel columns are cal-
culated for a range of rod designs. The effects of fuel cracking on the effec-
tive fuel thermal conductivity are quantified, and the trends in conductivities
and moduli with burnup are discussed.

Section 7.0 presents further evicence in support of the assumptions used
and conclusions reached in previous sections. The results of further calcu-
lations using in-reactor data, observations from PIE data, and data from labo-
ratory axial load-compliance tests are introduced. Section 8.0 discusses the
limitations of the model and analysis method, and thus provides direction for
future research. Finally, conclusions and recommendations are summarized in
Section 9.0.



3.0 OBSERVATIONS FROM THE IN-REACTOR DATA

This section summarizes the observations made from the in-reactor data
provided by the irradiations of IFA-431, IFA-432, and IFA-513. Brief descrip-
tions of the thermal analysis methods used to analyze this data are presented
in Appendix A. In-reactor measurements of the fuel center temperatures (in
the form of the rod total thermal resistances) are shown in Appendix B, along
with cladding axial elongations and rod power data.

Nearly complete fuel relocation seemed to occur within the first few ramps
to power. Further gap closure (increases in FCMI) appeared to dominate the rod
temperatlure changes within the first few GWD/MTM, fission gas release becoming
more dominant thereafter.

Two other general observations were noted in the data, and provided the
prinary motivation for questioning the adequacy of the solid cylinder model.
The first observation was that the fuel temperatures (at a given power) exhi-
bited consistent increases during the first few ramps to full power. This
occurred even for fuel that was stable with respect to densification and had
negligible off-gassing. This rise in temperatures is shown schematically in
Figure 1. No explanation for this event was immediately apparent.

The second observation is shown schematically in Figure 2. Figure 2a
shows typical cladding elongation as a function of rod power during power
increases. The typical data from the very first ramp in the rod's life is
shown, together with data trends from several subsequent ramps. Note, first,
that there is an offset between the first and subsequent zero-power cladding
elongations (about 0.05 to 0.10% strain typically). Next, note that the slope
of rod elongation versus power (in ramps after the first) is less than the
axial thermal expansion of the cladding tubing itself. Finally, note that the
overall character of the first-ramp curve is different from that of subsequent
ramps. (The slope of the first-ramp curve changes more slowly than does that
of subsequent ramps in the region of apparent FCMI initiation.)

Figure 2b shows the same schematic data curves with a typical (solid-
cylinder model) code prediction added. This code-calculated curve is the same
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for all the ramps. First, note that the code predicts no zero-power offset
(no permanent elongation). Second, note that there is no change in the code-
predicted slope of the elongation curves from ramp to ramp. Neither the inhi-

bition of elongation prior to apparent FCMI nor the slope change from ramp to
ramp is predicted by the code.
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These tzhavorial characteristics were thought to be caused by the fuel

cracking and its subsequent relocation.

The following sections present alter-

nate concepts intended to provide more suitable models for predicting the

thermal and mechanical behavior of cracked nuclear fuel during operation.
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4.0 EVOLUTION OF PELLETIZED FUEL SYSTEMS

In this section, we hyrothesize a plausible combination of events that
may occur during the ramp-to-ramp evolution of pelletized fuel systems in
order to provide background for some of the analyses and models that follow.
The phrase "evolution of pelletized fuel systems" is used here to emphasize
that the fuel and cladding are components of a system, and that they experi-
ence changes in state throughout the life of the fuel rod.

In Appendix B, the thermal and mechanical data from IFA-431, IFA-432, and
IFA-513 are presented in two basic forms. The full-life data illustrates the
trends that are evident when the fuel mechanical evolution reaches its apparent
asymptotic state and the thermal changes due to fission gas release became domi-
nant. The beginning-of-life (BOL) data illustrates the period where the most
dramatic changes in thermal and mechanical behavior occur in relatively short
times under normal operating conditions. During the first few ramps to power,
the fuel center temperatures for any specified power level have been observed
to increase, as evidenced by the resistance versus power plots. The cladding
axial elongation versus power plots exhibit significant and consistent reduc-
tions in slope during the first few power ramps. In many cases, these slopes
have been less than that expected from the cladding axial free thermal
expansion.(a)

Modern fuel performance codes have, in general, not succeeded in modeling
these events to the satisfaction of the code authors. A possible source of
this modeling difficulty may be inadequate representations of the cracked fuel.
It is the purpnse of this section to qualitatively describe alternate modeling
concepts for cracked fuel pellets, thus serving as an introduction for the
quantitative descriptions that foliow. These alternate modeling concepts are
appro2ched from a strictly mechanical point of view (i.e., fuel cracking and
relocation). Although other phenomena (i.e., densification or off-gassing)
are sometimes used to explain some fuel behavorial characteristics, these

variables have been controlled in these experiments.(s) This report is thus

concer~ned only with fuel relocation, which is a thermally driven mechanical
event,

11




MECHANICAL EVOLUTION

The life of a typical fuel rod begins with the loading of the pellets into
the cladding. The completion of the rod and assembly fabrication and insertion
into the reactor requires handling of the rod. During these loading and hand-
ling processes, the pellets probably stack stochastically within the cladding.
The pellet-cladding eccentricity may thus be a random function of rod length.

It follows that during the first rise to puwer, the random eccentricity
causes appreciable pellet-cladding contact that is distributed throughout the
rod. As the fuel temperatures rise, the pellets begin to crack because of ther-
mal strains induced by the radial temperature gradients. However, the cracked
pellets have probably not yet separated into distinct fragments, at least not
during the beginning of the first power ramp. This may be caused by the inter-
locking of the irregular fragments, or the radial and axial loads applied to
the cracked (but still largely intact) pellets, or a combination of both. The
expectation that many of the <racks will probably not extend from on free sur-
face to another also tends to retard complete fragment separation d. ing the
beginning of the first power ramp. It may be possible for the fragments to
begin separation as the fuel rod reaches higher operating powers, where the
differential thermal expansions caused by the radial temperature gradient in
the fuel may tend to push the fragments apart. However, the ratio of fragment
size to fuel diameter is expected to remain sufficiently large enough to
severely inhibit any "flow" of the fuel via relative motion between fragments.
Thus, in general the fuel column is expected to retain much of its structurai
rigidity during the first power ramp.

The retained structural rigidity, when combined with the radial thermal
expansion of the fuel, pellet-pellet end friction, and the random eccentricity,
causes the pellet-cladding contact forces to increase throughout the rod as the
power level increases. The pellet-cladding contact forces in turn provide a
frictional resistance that prevents the fuel column from slipping axially with
respect to the cladding. The prevention of axial slipping may also be caused
by pellet chips becomming lodged in the gap, or by a region of locked pellets.
However, it seems more probable that the accumulation of friction forces as
described above is sufficient to prevent the fuel axial thermal exp»=sion

12



forces from causing axial slippage. Any inelastic accommodation of axial loads
at higher power levels by the fuel may have a component due to the "flow" dis-
cussed above. The conservation of fuel volume then requires that as the axial
length of the cracked pellet becomes shorter, the fuel is relocated radially
outward via rigid body motion of the fragments. This in turn closes the gap
and enhances the friction mechanism, which also impedes axial slippage.

The mechanisms postulated above would predict cladding axial elongations
on the first ramp to power that become increasingly greater than the expected
free axial thermal expansion of the cladding. This behavior would not be
expected if the fuel and cladding geometry was truly that of concentric cylin-
ders, with a pellet-cladding gap width that was symmetrically reduced as the
power level increased, resulting in a sudden increase in cladding elongation
when the gap closed.

The fuel structural evolution continues as the fuel rod is returned to a
zero power state (hot standby). The reduction of the power/temperature level
decreases the thermal expansion, and thus decreases the radi 1 and axial forces
imposed on the cracked pellets. This in turn allows the cracks to open and the
fragments to separate. Once this occurs, the fuel can no longer be called a
pellet. It has become a collection of irregular fragments. These fragments
move relative to each other via translations and rotations so that thei poten-
tial energy is minimized. The opening of the cracks is accompanied by mis-
alignment of the fragment surfaces.

On the second rise to power, the radial and axial thermal expansion loads

imposed on the fuel by cladding restraint must be transmitted across the cracks.

But the crack surfaces are relatively rough and irregular, so that the contact
between fragments is made through the surface asperities of adjacent fragments.
The localized stresses on these asperities become very concertiated (Refer-
ences 6 to 10), and the cracks are consequently much mor: _ompliant than the
solid fuel. The net result is that the effective elastic modulus of the
cracked fuel is significantly lower than that for solid U0,. Tt follows

that the fuel-cladding interaction on the second and subsequent rises to power
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will be less severe than on the first power ramp. Thus the slope of the clad-
ding elongation versus power curve will be reduced. This has been observed
from in-reactor data.

Between the first and second power ramps, a permanent offset in cladding
axial elongation is a common occurrence (see Appendix B). This may be
explained by many phenomena, but the most probable seems to be that the perma-
nent cladding axial elongation is due primarily to the relxtively strong fuel-
cladding interaction on the first power ramp. If there is no axial slipping on
the first power ramp, the cracked pellets maintain their relative axial posi-
tions with respect to the cladding.

As the power decreases on the first shutdown, the fragments begin to move.
The decrease in thermal expansion permits some fragments to rotate about their
points of contact with the cladding. This in turn can lock the fragment col-
lections into their respective axial positions. The end result is that the
permanent ly elongated cladding provides some extra room for axial fuel cracks
to open up. These axial cracks would be expected to be relatively small, and
may not be detectable by gamma scans because they are probably not planar.
Thus the axial elastic modulus of the cracked fuel column is also expected to
be significantly less than that for solid UOZ'

The rates at which the radial and axial cracks close during subsegquent
power ramps may determine whether the fuel rod is radially or axially domi-
nated. If at low powers, the radial cracks close faster than the axial cracks,
there may exist a Poisson mechanism that would tend to reduce the total
observed cladding axial elongation to a value less than that expected from free
thermal expansion. If the axial crack closure dominates at higher powers, the
cladding elongation would be expected to be greater than that for free thermal
expansion, These manifestations of radial-axial dominance were observea from
the in-reactor data.

THERMAL EVOLUTION

The thermal counterpart of the above described mechanical evolution is
also of note. The fuel center temperatures on the first rise to power have
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been observed to be lower than those on subsequent ramps when compared at the
same power levels. Since fuel densification and off-gassing have been con-
trolled in these experiments,(s) a mechanical explanation may be proposed.

There are at least three possibilities, and all probably occur simulta-
neously. One possibility is that the mating of the cladding and (still largely
intact) fuel surfaces on the first power ramp provides appreciable area for
solid contact conductance to become a significant portion of the total gap con-
ductance. Another possibility is that the axial forces imposed on the cladding
induce Poisson effects that reduce its diameter by small amounts. In the azi-
muthal segments where there is still no fuel-cladding contact, the gap between
the two surfaces is smaller than for the no-axial-load condition.(ll) These
two possibilities act to reduce the fuel temperatures on the first ramp to
power .

There is also a third, more probable mechanism that can cause the fuel
temperatures to exhibit a relative increase on subsequent ramps. This mecha-
nism is the cracking of the fuel, and the filling of the cracks with gas,
resulting in a reduction of the effective thermal conductivity of the fuel.
The magnitude of the conductivity reduction depends on the fill gas composi-
tion, the crack widths, and the crack pattern (orientation).

The conductivity reduction may becom2 significant at the first return to
zero power, where the fragments may move relative to each other and open up the
cracks. On the second rise to power, the fuel relocation (gap closure) is not
necessarily complete, and the reduction in fuel thermal conductivity caused by
cracking may have a greater effect on fuel temperatures than the partial clos-
ing of the gap. On subsequent power ramps, the partition of the total thermal
resistance between fuel and gap may change. '  is important to note that a
change in gap conductance due to relocation will always be accompanied by a
corresponding change in fuel thermal conductivity caused by the opening of
cracks. The relative magnitudes of these changes will be discussed in
Section 6.
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GAP_EVOLUTION

The evolution of the fuel-cladding "gap" also deserves attention, since it
has been obscured by the assumption that the fuel and cladding are concentric
cylinders throughout the life of the rod. The fuel is actually composed of
irregular fragments which have moved about in the space allowed them during
relocation. Since this motion is expected to have a rotation component, it
follows that on the average, the fuel and cladding surfaces are probably not
aligned. It is more likely that the cladding experiences contact by many rela-
tively large "asperities" provided by the disoriented fuel fragments. Thus
the "gap" also has an equivalent roughness, and responds to thermal expansion
induced loads in a manner similar to the fuel cracks. The "gap" is symmetric
only on the average, in a statistical or stochastic sense.

HYPOTHESIS

It is postulated that thz extent to which the fuel effective thermal con-
ductivity and elastic moduli can change is controlled primarily by the amount
of free volume the fragments have in which to move about, and on the distribu-
tion of the free volume between the fuel cracks and the gap. The greater this
free volume, the greater the reductions in effective fuel properties, when other
variables are held constant.

The description of pelletized fuel system evolution in this manner is a
departure from the conventional concentric solid cylinder approach, and it is
the objective of the following sections to quantify and verify these concepts.
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5.0 MECHANICAL MODELS: ELASTIC MODULI FOR CRACKED PELLETS

We begin by recognizing that Hooke's Law describes the behavior of a
med ium that is assumed to be continuous. This is not the case for cracked
UO2 pellets, but the use of these equations is justified for calculational
economy in fuel performance codes. Hooke's Law in cylindrical coordinates
reads:

Iy % %2
Er = - Hpg - Hrz (1)
il eted
o o o
0 r 2
eg= 72 - Hpp &= - Moz #2 (2)
€ E E,
o o o
€z = fl - ¥rz EL - g2 gl (3)
z r z

where € is strain, o is stress, E is Young's Modulus, and u is Poisson's ratio.

In-reactor data yields three relevant simultaneous measurements: power,
center temperature, and total cladding axial elongation. The number of
unknowns in the above equations must therefore be reduced. This can be done
I, assuming that some symmetry exists. Specifically, we may assume that since
the fuel is cracked, but still relatively tightly packed, a hydrostatic state
of stress exists in the (r, ) plane, i.e.,

0 =0 (4)

We will allow the axial fuel stresses to be different from the (r, 8) stresses
so that the cladding elongation data may be used to its fullest advantage for
describing the state of the cracked fuel column.
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Because the fuel cracks are nearly aligned with the principle axes, we
assume that Poisson's ratio is the same between any two arbitrary principle
axes:

“re‘urz :uezsp (5)

We also assume that the radial and hoop elastic moduli are identical:

E. =€ (6)

Substituting equations (4), (5), and (6) into equations (1), (2), and (3), we

get:
Ep = ;E -1 ;E + ;i l (7)
ez=:_i_-2ug.:: (9)

The (r, 68) and the z components of the cracked fuel may be further
separated by adJing equations (7) and (8):

LA a,
€r +€p = 2(1-yu) r* ZHE— (10)
r z
Equation (9) may he substituted into equation (10) to eliminate the oZ/Ez term, .
2°r -
Er +Eg = g (1+p)(1-2u) - ZUCZ (11)
r
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This equation is then a form of Hooke's Law where the (r, 8) components
are separated from the z components, and the only material properties involved
are the effective radial elastic modulus and Poisson's ratio.

Because the cracked fuel was assumed to be in a nydrostatic state of
stress in the (r, 8) plane, the concept of the bulk modulus(lz) may be used to
further relate equation (11) to ir-reactor data. We assume that the closing
(or opening) of the fuel cricks dominates the fuel strain, and that the
strains of the individu:l fragments are negligible. The relationship between
the cruss-sectional area of the cracked fuel and the strain is:

A+ 6A = A(l + er) (1 +€g) (12)

where A is the total cross-sectional area of the fuel, and 6A is the cross-
sectional area occupied by the cracks. When the higher order term in equa-
tion (12) is neglected, we obtain:

§% = €r + & (13)

where the term on the left is the fractional cross section area of the cracked
fuel system that s occupied y the cracks. Substituting equation (13) into
equation (11) results in:

20
A o X (1 +u)(1-2u) - 2ue (14)
" z

A K

The determination of the effective radial elastic modulus (Er) of the
cracked fuel may be further specified by introducing a medel that relates the
cross-sectional area (8A/A) to the hydrostatic stress (Or)‘ The total crack
area is equal to the sum of the products of the crack lengths times the crack
widths. The crack width. are related to the hydrostatic stress by a model
given by Mikic(lo):
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1 d Op

?erfc T '0—,3'9 (15)
where: d = separation of mean surface planes (crack width)
effective surface roughness of cracks (1 standard deviation)
hydrostatic stress applied normal to crack plane

Meyer hardness of UO2
erfc = complementary error function

Q
x =
" " L]

The asperity heights of the crack surfaces are assumed to form a normal distri-
bution. The left side of this equation encompasses the surface geometry
factors, while the right side expresses the load dependency. The hydrostatic
stress is thus related to the crack width, which is in turn related to the
cross-sectional free area of the cracks. Since the fuel is assumed to be in a
hydrostatic state of stress in the (r, 8) plane, all crack widths are equal if
all effective roughnesses are equal. This is a “"scalar" representation of
crack area and should be expanded to a "vector" form in the future.

The Mikic model is also used to describe the surface contact stresses at
the cladding ID. The controlling variable for each type of surface inter-
action is the effective roughness. Equilibrium is reached when the crack and
gap widths are found such that thermal and mechanical equilibrium are reached
simultaneously. However, there still exists a problem in this model: the
proper definition of the strain of the cracked fuel pellet. In Hooke's Law,
the reference strain is identically zero at the zero stress state. But the
cracks modeled by equation (15) have no unique strain reference at zero stress.
Any arbitarily large crack width will produce a zero stress state. Thus the
(6A/A) term in equation (14) has r reference value.

This lack of . ;. strain reference for the cracks may be accommodated
by incorporating an incremental method in the analysis. Changes in power/
temperature produce changes in crack width. Subtracting the crack widths
between two successive power levels cancels out the reference strain:



[(é_:—)z ; (é-:-)kefl ¥ [(%)1 -(é_:)Ref] (15)
b Sl

=AA

The use of this method also requires that the hydrostatic stress and
axial strain be expressed incrementally. Equation (14) in incremental form is
thus:

AA

24
& ESL (1+u)(1-2u) - ZuAez (16)

where the A represents the change in the variables from one rod power level to
the next. The effective fuel moduli to be determined are thus the secant
moduli between two power/temperature levels.

Assuming that the crack parameters are known so that 4A/A and Aor may
be determined, that leaves the axial strain as the next variable to be
quantified.

The axial fuel strain (®z) may be determined from Lhe cladding elongation
gata by assuming that there is no axial slipping between the fuel and cladding.
We note that €, in equation (16) is the fuel axial strain due to mechanical
loads only, so that the fuel axial thermal expansion must be subtracted from
the total fuel strain. This axial fuel strain is actually the strain caused
by the closing (or opening) of the axial cracks in the fuel. (Axial cracks
are parallel to the (r, 8) plane, radial cracks are parallel to the (r, 2z)
plane, and azimuthal cracks are parallel to the (6, z) plane).
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The axial strains for the fuel and cladding are as follows:

€2fs

“2¢s

axial direction
= fuel
cladding

£
zfm

£ +

zcm

4 -

2ft

3
zct

sum
mechanical
thermal.

Since we have assumed that there is no axial slipping between the fuel
and cladding, we have the following compatibility equation:

“2fs

€

ZCS

(19)

Substituting equations (17) and (18) into equation (19), the axial fuel
strain of equation (16) can be determined from the cladding elongation

data (e___):

ZCs

“2fm

(20)

The thermal strains for fuel and cladding may be determined from rod power

and fuel temperature measurements.

The changes in crack area (AA/A), the hydrostatic stress (Aor), and the
axial fuel strain (Acz) now being known in equation (16), this leaves us

with one equation and two unknowns (Er and u).

At this point, we must assume a value for Poisson's ratio.

made on the basis of soil and rock mechanics work.

This may be
A value of 0.25 has been

reported for sand.(l3) If the fuel and cladding were completely locked
together, the value of Poisson's ratio would be expected to be about 0.3.
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Thus, the value for sand accounts for the looseness of the cracked fuel. Now
we may use the in-reactor data to solve for the effective radial elastic
modulus of the cracked fuel system.

The effective axial elastic modulus of the cracked fuel system may be
determined by making use of the assumption that there is no axial slipping
between the fuel and cladding. This non-slipping assumption requires that the
fuel and cladding be in axial force equilibrium. Since at each power (tempera-
ture) level, axial equilibrium must hold, we may write the equation in incre-
mental form:

AFZC = AFZf (21)

where the subscripts f and ¢ represent the fuel and cladding, respectively.
We also rewrite equation (9) in incremental form, and a similar equation for
the cladding:

Ao Ao
zf rf
Ae . = =—— - 24 (22)
2f Ezf fE;
Ae o 1 A _ ’
2C E: [OZC u . (AJFC + AOGC)] (23)
The radial and hoop stress changes for the cladding are known from Ao,.¢ and

the coolant pressure, and may be found from thick wall formulas.(14) The sum
of the hoop and radial stresses is the first stress invariant, so that (for
plane stress)

Ao+ Aoec= AIIC

rc (24)

The elastic modulus and Poisson's ratio for the cladding are known. The change
in cladding axial strain is the mechanically induced portion of the cladding
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elongation, the thermal expansion increment having been subtracted. Equating
axial force changes for fuel and cladding yields:

A°rf

bep + 2u E
2f f Erf

A

beycBe tuAL | Al (2.)

2f Muf T

where Azf and Azc are the cross-sectional areas of the cracked fuel and clad-
ding, respectively. All other symbols are as previously defined. Since the
effective radial elastic modulus for the fuel was determined in equation (16),
equation (25) may then be used to solve for the effective axial elastic modulus
of the cracked fuel system.

Egquations (16) and (25) are used in the next section to calculate the
effective elastic moduli for a range of fuel rod designs.




6.0 ANALYSIS OF IN-REACTOR DATA

In this section we combine the in-reactor thermal and mechanical data to
solve for the material properties that were discussed in the previous sec-
tions. Because the evolution of pelletized f':i1 systems is frequently subtle,
fuel rod data from BOL was used, where fuel structural changes caused by
cracking are greatest, and fission gas releac2 is minimized. This type of
data lends a greater sensitivity to the analysis cf fuel cracking and
relocation.

The data that we have analyzed is shown in Appendix B. It consists of
the simultaneous measurement of rod powers, centerline temperatures, and total
cladding axial elongations. Because of the necessity to cast the equations
for elastic moduli in incremental form, data from power ramps was required.
The data from IFA-513 were corrected for the response lag of the vanadium
SPND‘s,(ls) while those for IFA-431 and 432 were not. It will be seen that
the scatter in the data is greater than the small errors in power levels.

Most power ramp rates were slow enough to be classed as steady state, the
power between data points changing by less than 16 kW/m/hr.

A computer code was written to analyze the data. A flow diagram for
program BM2DNS (Bulk Modulus in 2 Dimensions with No S1ip) is shown in Fig-
ure 3. The two convergence loops are for the thermal conditions in the gap and
the hydrostatic stress condition of the fuel. The program first reads in a set
of temperature, power, and cladding elongation data for a rod at a particular
time during a power ramp. Then a gap size (Dg) is assumed and the stress at
the cladding ID (PRG) is calculated using the Mikic surface response model. A
value for the effective roughness of the gap must be assumed. This has been
found to be dependent on the design gap size, and will be discussed later in
this section. Then the radius of the cracked fuel at thermal and mechanical
equilibrium, (RFM), is calculated from the assumed gap and ihe cladding ID,
which has been corrected for thermal expansion and the deformation due to
coolant and FCMI pressures. Using this gap size, the temperature drop across
the gap (ATg) is found in an inner convergence loop. A temperature drop is
first assumed, and the gap conductance components due to conduction, radiation
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FIGURE 3. Flow Diagram for Program BM2DNS
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and solid contact(z) are summed to find the total gap conductance from mechani-
cal considerations (Hm). This is comparea with the total gap cciuuctance from
thermal conditions (Ht), which is found by dividing the heat flux “y the gap
temperature drop. Convergence is reached when the two total gap conductances
are the same. Then the fuel volume average temperature is estimated from the
center and surface temperatures, and input to a thermal expansion model(ls) to
calculate the stress-free thermally expanded radius of the solid fuel (RFT).
The area difference between RFT and RFM is the free area witiin the fuel that
is occupied by cracks:

VFF = n(RFM® - RFT?)

The total free area that is occupied by the cracks plus the gap is defined by
the cladding inner radius:

VFC = m(RCIZ - RFT?)

The crack area (VFF) is then divided by the total crack length to find t.e
widths of the cracks. Since the stress is the same throughout the fuel, the
cracks will all be of the same width, according to the Mikic model. Th‘s crack
width is applied in the Mikic model, along with an assumed crack roughness, and
the hydrostatic stress in the fuel is found (PRF). When this value equals the
radial stress at the cladding ID, mechanical equilibrium is reached.

The albove calculations are performed for two successive data points which
are usually less than 1.5 kW/m apart in power level. Then incremental values
of the crack area (VFF), stress, and strain are computed. (The incremental VFF
is the same as AA of Section 5.) These vaiues are used in Equation (16) to
calculate the effective radial elastic modulus for the cracked fuel. The
elastic modulus for the axial direction of the cracked fuel is determired by
Equation (25), where the mechanical portion of the cladding axial strain is
found by subtracting the calculated thermal expansion portion from the total
cladding axial elongation data.
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It is known that voids or cracks in the fuel reduce its thermal conduc-
tivity below that for solid polycrystalline U02. Thus a value for this
factor (CFAC) is computed using the Robertson 1ntegra1(17) and Lyons thermal
conductivity:(la)

"TCL
CFAC K dT = QF/4n
TFS Lyons

For these experiments, the flux depression, F, had a value of 0.835.

Some important assumptions are necessary in order to use the above methods
to solve for the effective elastic moduli of the cracked fuel. These assump-
tions originate from a need to define the free area and its distribution within
the cladding ID.

The assumptions that are necessary are those of a crack pattern in the
fuel, and the effective roughnesses for the fuel internal cracks and outer sur-
face (gap). The crack pattern that was chosen for this initial study consisted
of eight radial cracks and one circumferential crack, as shown in Figure 4.
When the circumferential crack occurs at about 0.56 of the fuel radius, the
total crack length is nearly equivalent to seven radial cracks extending to the
fuel center. Since the widths of all cracks are equal under hydrostatic stress
conditions in the (r, 8) plane, the value of VFF will be the same for both
crack patterns. This model was chosen for its ability to represent both cases,
and its resemblance to in-reactor conditions (Figure 5).

The selection of roughness values required that the results of the tran-
sient data analysis be used. The distribution of the free area between the
cracks and gap determines the radial temperature distribution in the fuel,
which in turn determines values for the effective fuel thermal conductivity and
gap conductance. The effective conductivities and gap conductances had previ-
ously been deduced by the analysis of fast power drop data from IFA-432(19) and
IFA-513.(15) Surface (gap) roughnesses were chosen so that the gap conduct-
ances calculated by BM2DNS corresponded to those found by analysis of fast power
drop data. The same roughnesses were used in a contact conductance model based
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FIGURE 4. Top: Crack Pattern With Circumferential Crack
Bottom: Radial Cracks Only
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FIGURE 5. Crack Pattern of Pellet 39 from Rod 6 of IFA-431
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TABLE 2. Determination of Gap Roughness

Rod Design Conditions at 30 kW/m

“Rod Gap  Fi1T Gas  Hot Gap H Gap  Fraction Gap Roughness
Number  (mm) He: Xe (mm)  kW/m2 K H Solid (mm

3 0.038 1:0 0.005 25.80 0.226 0.003

1 0.114 1:0 0.031 8.70 0.260 0.014

6 0.114 0.77:0.23 0.030 6.55 0.40> 0.014

2 0.190 1:0 0.054 5.76 0.271 0.023

(20)

on recent data. Table 2 shows that the dependence of gap roughness on
initial radial gap size is nearly linear when found by this approach.

It was also necessar) to specify values for the surface roughness of the
internal fuel cracks. As in the case of the gap, the crack roughness is
defined by the misalignment of irregularly shaped fragments. It would again
be expected to be influenced by the magnitude of the relative motions between
fragments, and thus by the amount of available void (free area). The exact
definition of this dependence is an unsettled matter that requires further
investigation. The crack roughness was taken to be equal to 1.6 times the gap
roughness for this initial study. The suitability of this assumption is shown
by comparing the fuel thermal conductivity factor derived by transient methods
with that calculated by BM2DNS, as shown in Table 3. Agreement is within the
uncertainty for the transient data.

The dependence of the thermal! conductivity factor CFAC on the hydrostatic
stress for Rods 1, 2, and 3 of IFA-432 and Rod 6 of IFA-513 is shown in Fig-
ure 6. An array of gap size and fill gas effects is thus displayed. The
increased xenon content of Rod 6 causes an expected decrease in CFAC due to the

TABLE 3. Comparison of CFAC Values

CFAC at 30 kW/m
Rod Number Transient (+1o) BM2DNS

3 1.000 (+0.3) 0.964

1 0.836 (+0.3) 0.806

6 0.746 (+0.2) 0.736

2 0.724 (+0.2) 0.711
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lower thermal conductivity of the gas filling the fuel cracks, while the other
rods form a consistent pattern. Figure 6 also indicates that each rod main-
tains a finite stress level throughout its power/temperature range.

There is always contact between the fuel and cladding due to the roughness
of the cracked fuel surface. This is a result of the hydrostatic stress condi-
tion required for equilibrium in the (r, 68) plane of the cracked fuel. This
constant contact condition results in an effective gap size which remains rela-
tively constant throughout the power/temperature range (Figure 7). As the
power and temperature increase, the cladding diameter changec because of ther-
mal expansion and the stresses imposed on it. Since there must be hydrostatic
equilibrium, the fuel radius tends to follow the cladding diameter. The slight
decrease in gap size with increasing power is caused by the compression o the
“surface asperities" of the gap, as dictated by the surface response model.
This recognizes three events that are not adequately modeled by the solid con-
centric cylinder approach. The first is that since there is always contact
between the fuel and cladding, the gap conductance will aiways have a finite
contribution from solid conductance. The second is that the gap will not open
during a severe power decay transient. This has also been shown by the analy-
sis of scram data.(lg) Since the thermal expansion is iocalized within each
distinct fragment, there is no driving force to pull the fuel away from the
cladding as the power is reduced. There should be no tension in a medium com-
posed of separated fragments. The third event is that the changes in the avail-
able void (free area) occur in both the gap and in the fuel. The opening and
closing of the fuel cracks (via the Mikic model) is just as important as for the
gap.

The effect of the amount of crack void (VFF) on the radial elastic modu-
lus is shown in Figure 8, where the crack void is plotted as a percentage of
the total cross sectional (r, 6) area of the cracked fuel. The vertical axis
is the base 10 logarithm of the radial elastic modulus (Pascals) as derived in
the previous section. The data points are identified by rod number. A dis-
tinct dependence on crack void can be seen. The radial elastic modulus for
the typical BWR design Rods 1 and 6 is at least one order of magnitude less
than that for solid polycrystalline U02.(16)
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The axial fuel modulus as a function of total available void (VF") is
shown in Figure 9, where the total void is plotted as the percentage of the
cross sectional area defined by the cladding inner diameter. On the vertical
axis is the base 10 logarithm of the axial fuel elastic modulus (Pascals).
The trends are similar to those seen for the radial elastic modulus, with a
slightly greater reduction. This slight anisotropy is shown in Figure 10.

We now turn our attention to the evolution of the fuel system, as dis-
cussed in a previous section. For this purpose, we have analyzed the first
five power ramps for two rods typical of current BWR design. These are Rod 1
of IFA-432 and Rod 1 of IFA-513.

Rod 1 of IFA-513 was analyzed with constant crack and gap roughnesses and
a constant crack pattern. These were discussed earlier in this section. The
objective of this approach is to let the data reveal its own trends. The ther-
mal conductivity factors for the first five ramps to power are shown in Fig-
ure 11, where the numbers plotted refer to ramp number. These are very similar
to those shown in Figure 6. Through the scatter in the data, a trend toward
decreasing CFAC can be seen with increasing ramp number. Since the model had
a constant crack pattern and roughnesses, this trend reflects the increase in
temperature gradient across the fue) witn increasing ramp number. The magni-
tude and trends in CFAC are as expected. Precharacterization data indicates

«nat densification and off-gassing of the fuel are expected to be negligible.(zl)

The evolution of the radial elastic modulus for Rod 1 of IFA-513 is shown
in Figure 12 where the vertical axis is the base 10 logarithm of the modulus.
There appears to be an envelope that decreases in width with increasing ramp
number, indicating that the fuel mechanical behavior is becoming more stabi-
lized as time passes. The expected decrease in modulus with increasing ramp
number is not clearly manifested in this figure. This type of evolution would
signal the fuel's passage from solid to cracked states. The impact of the
assumed constant crack pattern and roughnesses on modulus is apparently greater
than the effects of the temperature gradient rise shown in Figure 11. Fig-
ure 13 indicates that the radial modulus is apparently slightly dependent on
temperature. However, since the Meyer hardness of the UO2 is indeperdent of

36




)
.S0

LS
0.5

(PR?CI
gy,

7.00

(=]
<
-0
—J 1
- e S g
> < 1
&2 b
&> 6511‘1
3 61 5
ll 252
8 §. 1 & 3
" 6l 1
2o ﬂe 61 ™
. F
1 2
2 ; gt
« .00 1.00 2.00 3.00 4.00 5.00 6.00
TOTAL VOID (PERCENT)
FIGURE 9. Axial Elastic Modulus as a Function of Total Available Yoid

(data points identified by rod number)

37



3.00

o

<

N-*
—~O
49
¢".d 3
= 3
a 3 ¢
wo
N ; o2
e ll 2
o Y 2
>< hg
W= § g2
3 L

o=l 3

o

- 2
o

<

o

]

o

o

‘7 - T \ ]
0.00 2.00 4.00 6.00 8.00

CRACK VOID (PERCENT)

FIGURE 10. Relationship Between Radial and Axial Eiastic Moduli for
Cracked Pellets (data points identified by rod number)

38



1.00

“RAMP NUMBER

FIGURE 11.

.00 £.25 6.50 6.75 7.00 7.¢5

LOG(STRESS (PASCALS]

CFAC for the First Five Ramps of Rod 1, IFA-513
(data points identified by ramp number)

. +00



P i
T
_J .
roJ
U’_
w
a
Q. 1
wg 3
—
- ?
e = 4
o 4
= g :
S e
gk ! ] .
- N 3 ‘ o
&
) 4

o * é 3

Q

o 1

?
2

o

"

%Y. o0 1.00 2.00 3.00 4.00 5.00 6.00

RAMP NUMBER

FIGURE 12. Evolution of Radial Elastic Modulus for Rod 1, IFA-513
(data points identified by ramp number)

40



1"9' ; }:1 s.A‘*‘} | ’

e 3
r )
7y | ‘ i
: |
. |
: ]
25 ro 4.0 5.CC ¢.0t 7.C0 5,00 9.00  17.00

FIGURE 13. Radial Modulus Versus Volume Average Fuel Temperature
for Rod 1, IFA-513 (data points identified by ramp
number)

41




temperature above 700°C,(16) this is actually a manifestation of the increas-
ing stress level. Figure 14 shows that the radial modulus appears to be inde-
pendent of the power ramp rate. The evolution of the axial elastic modulus for
Rod 1 of IFA-513 is shown in Figure 15. The envelope does not converge as
quickly as for the radial modulus. However, there does appear to be a gener-
ally decreasing trend with respect to ramp number, indicating that the cracked
fuel column is becoming softer in the axial direction while simuitaneously
exhibiting variablity from ramp to ramp. An interestinj feature is noticed
from Figure 16, where axial modulus is plotted versus ramp rate for the first
five ramps of Rod 1. The axial modulus can be interpreted to exhibit a reduc-
tion in magnitude near the mid-range of the ramp rates shown. We suspect a
pattern to be emerging, although its exact mechanism is at this time unclear.
The use of rod average values for power, temperature, and cladding elongation
may contribute to the confusion of the pattern. Stress relaxation of fuel and
cladding may be instrumental in causing this effect.

The analysis of Rod 1 for IFA-432 was used to study the effects of varying
the crack pattern and roughnesses. Calculations were first perfo-med with the
same constant crack pattern and roughnesses as for Rod 1 of IFA-513 (Figures 17,
19, 21). The analysis was then repeated with variations that were intended to
more closely represent reality and are consistent with the hypotheses of Sec-
tion 4. For ramp 1 only, the circumferential crack in Figure 4a was deleted,
leaving only the radial cracks that begin at 0.56 radius. The gap roughness
for ramp 1 was increased by 65% to represent the initial eccentricity from the
stochastic stacking of the pellets during loading and handling (see Section 4).
The crack pattern and roughnesses for the remaining ramps were not changed from
the previous analysis. The results of these variations are seen in Figures 18,
20, and 22.

The comparison of Figures 17 and 18 shows that CFAC values are strongly
affected by the changes made for the second analysis. The attempt at 4 more
realistic representation of crack pattern evolution has resulted in a quite
dramatic change in CFAC between ramp 1 and following ramps. The change in
radial elastic modulus is shown in Figures 19 aid 20. The fewer cracks of the
more intact fuel of ramp 1 have combined with n1e greater equivalent gap rough-
ness due to eccentricity (increased stress leve ) to produce a greater radial
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elastic modulus for ramp 1. This trend clearly reflects the passage of the
fuel from relatively solid to more cracked states. However, the evolving
crack pattern and roughnesses have not resulted in any significant change in
the axial elastic modulus of the cracked fuel, as shown in Figures 21 and 22.
The axial modulus still retains its unexpected behavior from ramp 1 to ramp 2
before it begins to asymptotically approach its reduced level due to cracking.
This analysis indicates that the radial and axial moduli are relatively
decoupled for this rod.

The above analyses have thus demonstrated that the changes in the effec-
tive thermal conductivities and elastic moduli for the cracked fuel are primar-
ily dependent on the amourt and distribution of the free void within the fuel
rod. The hypothesized ramp dependency of crack pattern and gap roughness was
shown to result in the expected evolutionary behavior for effective thermal
conductivity and radial modulus. The axial elastic modulus exhibited a Tesser
sensitivity to the model parameters, probably due to the use of rod averaged
values for powers, center temperatures, and cladding elongations.
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7.0 VERIFICATION: SUPPORTING EVIDENCE

Observations have been made from PIE data, from laboratory experiments
(out-of-reactor), and from calculations that lend support to the assumptions
used and conclusions reached in the previous sections. These observations are
presented below.

CALCULATIONS FROM IN-REACTOR DATA

Previous discussions have described mechanisms that may be active in caus-
inc the observed thermal and mechanical behavior of nuclear fuel rods. The
changes in slope of the cladding elongation vers.s power data were explained on
the basis that the rod may experience radial domination at low powers and axial
domination at higher powers. If the radial ela'tic modulus of the cracked fuel
dominates over the axial elastic modulus at low powers, then a cladding Poisson
mechanism may cause reductions in the observed cladding axial elongation. When
there is a transformation to axial modulus domination at higher power levels,
the cladding elongation data will exhibit a noticeable increase in slope. The
elastic moduli were found by assuming that there was no axial slipping between
the fuel and cladding. This important assumption was checked by calculating
friction coefficients that must prevail to prevent slipping in the in-reactor
rods analyzed above.

The friction coefficients were calculated using the following equation:

Fax = fg + PRG - ACID

where: Fax = the axial force calculated by BM2DNS in establishing axial

equilibrium between the fuel and cladding,

ff = the friction factor,
PRG = the radial (hydrostatic) stress at the cladding inner surface
(calculated by BMZDNS), and
ACID = the area of the cladding inner surface that is in contact
with the fuel.
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The area in contact, ACID‘ was calculated from the cladding inner cir-
cumference and an assumed length of contact along the cladding axis. Friction
factors for two cases of contact lengths were calculated. One case assumed
that only the top 10 mm of the fuel column was in contact with the cladding, -
and that the total contact area was equal to the cladding inner circumference
times this contact length. This is in accordance with the ucual definition of
the friction coefficient. The second case was calculated by assuming that the
entire fuel column length was in contact with the cladding, but that only the
asperities caused by the gap roughness actually contacted the cladding. Thus
the area in contact for the second case was

ACID = circumference x length x AF

where : AF is the fraction of area that is in actual contact via asperity
tips. (AF is calculated by the Mikic surface response model.)

The results of these two calculations to find the friction factor that is
required to prevent 2xial slipping are shown in Figure 23 (case 1) and Fig-
ure 24 (case 2). The friction factors are plotted versus the rod average
power. The decreasing friction factor of Rod 3 in Figure 24 is caused by an
asperity contact area fraction (AF) that is increasing faster than usual
because of the high stress levels experienced by this small gap rod. Either
case yields friction factors that are less than 0.5.(22) Larger friction
factors that have been reported(23) would thus further reduce the chance of
axial slipping between the fuel and cladding. It thus seems reasonable to
assume that there should be no axial slipping between the fuel and cladding.

An illustration of the radial-axial dominance that was previously dis-
cussed is shown in Figure 25. The base 10 logarithm of the ratio of the effec-
tive axial to the effective radial modulus is plotted versus power level for
Ro1 1 of IFA-432. The first four ramps to power are shown. The crack pattern
and roughnesses from the "standard analysis" of Section 6.0 were used for all
ramps. The scatter of ramp 1 data indicates the transition from solid to
cracked fuel. Subsequent ramps show the development of the trend where the
radial modulus dominates ¢t low power, and the axial modulus dominates at "
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higher powers. Note that a value of 1.0 on the vertical axis means a factor
of ten in the modulus ratio. The power where the modulus ratio changes from

negative to positive corresponds to the power where the cladding elongation
exhibits a noticeable increase in slope. Figure 25 is thus a manifestation of
the radial-axial domination characteristic, shown in terms of the effective
material properties of the cracked fuel column,

POST IRRADIATION EXAMINATION DATA

A mechanism describing the “flow" of fuel fragments via rigid body motions
was described in earlier sections. This flow mechanism is believed to be
instrumental in the development of the radial-axial domination characteristics
of fuel rods. Observations from PIE data that support this proposed mechanism
will now be introduced. It will also be shown that the flow mechanism is con-
sistent with observations made from thermal data.

The PIE of IFA-431(2%) has shown that for BWR rods of typical design
dimensions with non-densifying and unrestructured fuel, there is negligible
change in fuel column length. Table 4 indicates this for Rods 1, 2, and 5.
Rods 3 ana 4 were special designs(s) and Rod 6 had densifying fuel. This
lack of significant fuel length change implies that there was no axial slip-
ping between fuel and cladding that would tend to increase the column length
while forming axial cracks. Any axial cracks that reduce the cladding elonga-
tion response (axial fuel modulus) must have been formed in a different manner.
The cracked pellets must have been axially shortened and radially expanded, and

TABLE 4. [1FA-431 Fuel Column Length Changes
from PIE Measuremerts

Length
Rod Change (mm)
-0.€
+0.1
+1.2
+2.1
-0.2
-6.5

S BSsWw N
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they must have remained in their original axial positions. But the responsible
mechanism (flow of fragments) could not operate the same throughout the whole
rod without contradicting the observed axial variations of thermal conductivity
and gap conductance found by thermal analysis methods. In Appendix B, it is
noted that the upper portions of the rods appeared to have experienced a
greater amount of fuel relocation than the lower portions.

Consistency between the thermal and mechanical evolution of the rods can
be maintained by recognizing that the power/temperature levels of the upper
portions of the rods were about 30% greater than the lower portions. The dif-
ference in temperatures may contribute to an explanation based on fuel creep.
It also allows the axial variation of fuel properties to be explained on the
basis of crack density. This is demonstrated by Figures 26 and 27. More
cracks are observed at the upper thermocouple location, thus the fragment
sizes are smaller on the average and may tend to "flow" (due to rigid body
motion) more than those at the lower position. (Note that the amount of "flow"
is still very small.) Also, the greater crack density at the upper thermo-
couple location requires that the fuel internal void be greater, and the oap
void be smaller, than at the lower thermocouple position. This would result
in higher gap conductance and more relocation at the upper position, which is
exactly the conclusion reached from the transient data analysis.(lg)

For consistency between thermal and mechanical evolution, it is then suf-
ficient that the axial cracks (or gaps) that form should be more numerous
toward the top (higher temperature) region of these rods than at the bottom.
It follows that rigid body motion and friction between fragments contribute to
the evolution of axial variations in mechanical properties that compliment the
axially denendent thermal properties.

The formation of the axial cracks (or gaps) by rigid body motion allows
ramps to power to be completed without the occurrence of axial slipping between
fuel and cladding. There is a lag in axial cladding response while the axial
cracks close up according to the Mikic model. These axial cracks may not be
detected at PIE by gamma scanning because they are generally not planar.

Slopes of cladding elongation versus power plots that are less than the calcu-
lated thermal expansion 4) occur because the hydrostatic (r,s) forces of the
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FIGURE 26. Crack Pattern of Pellet 42 of Rod 6 of IFA-431
Lower = ~rmocouple Region
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FIGURE 27. Crack Pattern of Pellet 9 of Rod 6 of IFA-431
Upper Thermocouple Region
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fuel cause a Poisson shortening of the cladding, until thermal expansion closes
the axial fuel cracks enough to transmit appreciable forces. The existence of
these hydrostatic forces is demonstrated in the following paragraph.

The thermal conductivity factor of the in-reactor data has previously been
plotted versus the hydrostatic stress (see Figure 6). It is apparent that
there is always a finite stress level at the cladding inner radius, its magni-
tude depending on the crack and gap roughness parameters which yield acceptable
thermal soiutions. Radial stresses at low power (<3 kW/m) for the typical
design Rod 1 were calculated to be between 7 x 104 and 3 x 106 pascals. These
may have an interesting effect on cladding elongation data, as can be seen in
Table 5. It is apparent that the post-irradiation permanent elongation is gen-
erally greater than that at hot standby just before discharge from the reactor.
The elongation sensors were set to zero at hot standby at the beginning of
irradiation. Calculation shows that about 1.5 x 107 pascals hydrostatic
stress at the cladding ID is required to shorten Rod 1 by the amount shown via
the Poisson mechanisms. This is not an unreasonahle value when the variations
in stress level with crack pattern and roughness values are considered. Stress
levels of this magnitude could have an impact on present conceptions of PCI-SCC
failure mechanisms, as evidenced by the failure of power reactor rods that have
operated at low power only. The uncertainties in the results from Table 5 are
current 1y under investigation at PNL.

TABLE 5. Permanent Cladding Axial Elongation for IFA-431

Permanent Elcngation (mm )

Rod PIE (Hot Standby)
1 +0.24 +0.13

2 +0.17 +0.08

3 +0.25 +0.14

a4 +0.39 +0.45

5 +0.18 +0.17

6 +0.16 +0.09
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QUT-OF-REACTOR EXPERIMENTS

A series of simple laboratory experiments were conducted for the purpose
of verifying the reduced elastic moduli calculated from in-reactor data. There
were four independent variables of interest: the gap size, the applied load,
the fuel design (flat or dished pellet ends), and the fuel initial state
(cracked or uncracked). These four varichles were distributed among the eight
tests in order to form a half-repetition fractional factorial test matrix(zs)
(see Table 6). Of the four variables, only the applied axial load and cycle
number had any significant effects. The test results at the lower stress
levels were representative of the expected elastic modulus reductions for the
cracked fuel columns.

A schematic of th. test apparatus is shown in Figure 28. A short length
of zircaloy tubing (10.9 mm 0D x 9.5 mm ID x 152.4 mm long) was used to contain
the stack of five pellets. The pellets were 94%-TD, 15.2 mm-long depleted U0
that were sized to provide the gaps shown in Table 6. Short lengths of drill

2

TABLE 6. Axial Compliance Test Matrix
Gap Load Fuel Initial

Sample  (mm)  (kg) Design State
1 0.102 440 F u
2 0.254 4400 F u
3 0.254 440 D U
1 0.102 4400 0 u
5 0.254 440 F c
6 0.102 4400 F c
7 0.102 440 D C
8 0.254 4400 D C

F = Flat ends

D = Dished Ends
U = Uncracked

C = Cracked
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rod were used as anvils, the lower one remaining stationary while the upper
anvil compressed the fuel column. The assembled fuel column was F 1d verti-
cally in a clamshell support and placed on an Instron testing machine, where
simultaneous measurements of applied load and fuel column axial deflection
were obtained. A1l tests were conducted at room temperature.

A variable of interest was the initial state of the fuel, whether it was
intact (solid) or precracked. Several methods of precracking the fuel were
attempted. The most acceptable method was to crack the pellets as each was
inserted into the cladding. This was accomplished by impacting the ends of the
pellets with a star drill and hammer. Post-test destructive examination showed
that there was no visible difference between the initially cracked and initially
urcracked fuel. The load application had apparently cracked both fuel types to
the same extent.

Each assembled fuel column was cycled through fou: loading sequences. As
an example, the results from Test 4 are shown in Figure 29. The discontinui-
ties in the cycle 1 curve are due to the fuel cracking under applied load,
which was audible during the test. There is a similarity between these curves
and the cladding elongation data plots presented in Appendix B. For any cycle
past the first, there is a region of no response until the fuel column is con-
tacted by the upper anvil. This is analogous to the in-reactor data, where the
point of apparent FCMI initiation (the onset of axial domination) occurs at
higher power levels than on the first power ramp. The axial deflection of the
short samples (horizontal axis) corresponds to the closing of the axial fuel
cracks for the in reactor data, while the stress level of the short samples
(vertical axis) corresponds to the axial elongation data.

The results of the eight out-of-pile axial compliance tests are shown in
Table 7. The elastic moduli were calculated for three stress regions for each
test from the load-compliance curves. The effects of gap size, pellet design
and precracking were negligible. However, significant change:c in elastic modu-
lus can be seen due to stress level and cycle number. Some of these scoping
tests were conducted at loads that were up to two orders of magnitude higher
than those calculated from in-pile data. This was done in order to magnify any
effects on the cladding and to obtain information on fuel cracking methods.
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TABLE 7. Axial Elastic ModY31 for Compliance Tests
(in Pascals x 10-1iY)

Stress Level Cycle Number
Test  (Pascals x 10-7) T 7 3
1 0-2 0.67 1.07 3107 1.
2 -4 1.65 2.14 2.14 2.4
4 -6 2.49 2.49 2.49 2.
2 0-20 2.05 2.51 2.30 2.40
20 - 40 1.45 3.07 3.16 3.
40 - 60 1.61 .21 3.3 - 3
3 0-2 0.79 1.10 0.92 0
2 -4 1.38 1.84 1.84 1.
4 -6 1.29 1.54 1.3 &.
4 0-20 1.48 2.23 2.14 2
20 - 40 1.94 3.05 S 2
40 - 60 1.50 2.68 312 - 3
5 0-2 0.55 1.38 .83 1.
2 -5 0.85 1.70 P . RIS B
4 -6 1.10 1.65 1.54 1
6 0-20 1.01 2.23 5 S N
20 - 40 1.70 2.81 .87 2.
40 - 60 1.53 3.12 ek . &
7 0-2 0.38 0.89 e N
2 -4 0.77 1.65 1.53 1,
4 -6 1.07 1.66 e ¢ R O
8 0 - 20 0.79 1.78 1L L
20 - 40 1.49 2.91 2.9 2.
40 - 60 1.38 2.86 352 %
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The axial elastic modulus is plotted versus cycle number for the lowest
stress level of each test ir Figure 30. The high load range tests are even
numbered and the low load range tests are odd numbered. When compared at the
same stress levels, the results of the out-of-reactor tests agree reasonably
well with effective elastic moduli calculated from in-reactor data. The change
in modulus due to temperature differences between the two data types is well
within the scatter. This is taken as an indication that the analysis methods
derived for in-reactor data are va2iid, and that the results are correct. Recall
that it was not necessary to assume a crack model to find axial moduli for in-
reactor data.

Another manifestation of rigid body motion was observed in the out-of-
reactor tests that contributes both to anisotropy and to FCMI localization.
Figure 31 shows sample 4 during post-test destructive examination. A longitu-
dinal window has been removed from the cladding (Figure 3la), and then the
cladding cut in half (Figure 31b). The pellet fragments and crack patterns
have permanently deformed the cladding inner surface. Of special interest are
the deformations due to fragment motion at the pellet-pellet interfaces. The
cladding deformation is also visible on the outer surface of the rod. A bright
ring can be seen around the tube in the right hand portion of Figure 3la. This
was made visible by scratching that occurred during removal of the sample “rom
the clamshell support. The cladding diameters at the ridges were 0.01 to
0.03 mm larger than the mid-pellet diameters. Since the tests were conducted
at room temperature, there was no thermally induced pellet "hourglassing," and
this effect is attributed to a "mushrooming" of the pellet ends due to the
applied axial load. The fragments at the ends of the pellets had apparently
rotated outward enougn to cause plastic deformation of the cladding, which
manifested itself in the form of bamboo ridges.

Under operating conditions in reactor, the thermal stresses of a cracked
pellet are localized within each fragment, which would tend to reduce the
thermal hourglassing effect. The bamboo ridges observed from in-reactor
exper iments are thus expected to have a component due to mechanically induced
mushrooming (fragment rotation). Reductions in the effective axial modulus at
low powers may be mitigated by the rotation of some fragments about their
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points of contact with the cladding, thus contributing to the radial-axial
domination characteristics previously demonstrated. This effect would be
enhanced with dish-ended pellets, where the resistance to rotations would be
less. At higher powers, mushrooming would increase the fuel-cladding friction
and thus contribute to the prevention of axial slipping. The mushrooming
would also have an effect on Poisson's ratio for the fuel, and would cause a
Poisson-induced reduction in cladding axial elongation. These effects are
expected to be elastic for normally operating rods of typical design and low
exposures.
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8.0 DISCUSSION

In the foregoing analysis, we have recognized that pellet cracking has an
effect on the thermal and mechanical performance of nuclear fuel rods. We have
developed a model in order to quantify these effects. Analysis of in-reactor
data shows that the effective thermal conductivity and elastic moduli ¥ cracked
fuel are significantly reduced from values for solid pellets. The magnitude of
these effects depends primarily on the amount and distribution of free void
within the fuel rod. The magnitude of the free void is determined by the ini-
tial design pellet-cladding gap and the power/temperature level, while the dis-
tribution of this void is determined by the crack pattern and the effective
Mikic roughnesses.

Probably the most important assumption made was that the gap roughness was
specified by forcing the gap conductance to agree with results obtained by
transient analyses of data from the upper 20% of the power range. A check on
the values used for crack roughness was obtained by comparison with effective
thermal conductivities found by transient analyses. This approach was neces-
sary because no values for roughnesses were known from strictly mechanical
considerations. This implies that the mechanical results obtained are implic-
itly dependent on the thermal solutions. Future work should concentrate on the
separation of thermal and mechanical results by providing values for mechanical
parameters that more accurately represent physical reality.

In the (r,8) plane, the assumption of a hydrostatic stress state permitted
the use of bulk modulus concepts to reduce the number of unknowns. The hydro-
static assumption is considered reasonable by analogy with rigid body mechanics
solutions for systems of comparable characteristic dimensions. The ratio of
fragment size to cladding inner radius is comparatively large, and direct
transmission of forces is expected. However, further characterization of frag-
ment geomet:-ies (crack patterns) will be required in the future to adequately
model the evolution of the fuel system and to separate out power/temperature
history path dependencies.
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The primary assumptions of the Mikic surface response model are that the
interacting surfaces are nominally flat and have normal distributions of asper-
ity heights. These should be considered first order approximations until they
can be quantified by experimental measurement. However, they are justified
from observations of PIE photo macrographs. Fuel fragments with curved sur-
faces remain relatively well aligned when compared to the random contact occur-
ring in 2 pile of grasel. Most fracture surfaces are rough and irregular enough
to be considered to have a normal asperity height distribution.

The Mikic model is intended to represent the elastic response of the sur-
face interactions. Although there may be plastic flow or fission erosion of
asperities, the small rigid body motions of the fragments are expected to result
in new asperity interaction pairs with every change in power/temperature level
until an asymptotic configuration is reached that establishes the lowest energy
state of the cracked fuel system. Even then, stochastic effects may momentarily
upset this preferred equilibrium configuration.(4)
evolving variable and is probably path dependent.

The roughness is thus an

The radial elastic modulus calculated from in-reactor data was found to be
sensitive to variations in crack pattern and roughness. The expected decrease
in inferred modulus with increasing ramp number was obtained by an approxima-
tion of crack pattern and roughness evoiution that was consistent with the
hypotheses of Section 4.0. The effective thermal conductivity also responded
as expected, decreasing as the fuel became more cracked. The variations in
radial modulus and thermal conductivity trends as they approached asymptotic
values is taken as a display of their dependency on crack pattern and rough-
ness evolution. Much of the data scatter is probably caused by the use of rod-
averaged values for temperature, power, and cladding elongation, and this will
receive greater emphasis in the future. In particular, the thermal conduc-
tivity facter (CFAC) needs to be more carefully def ined.

The condition of no axial slipping between fuel and cladding for in-
reactor data allowed the axial modulus to be derived independently of any
assumed axial crack pattern or roughness values. The no-slip condition
imposed on this data set is supported by four items. The first is that cal-
culations have shown that the friction factors rey'red to prevent axial
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slipping between fuel and cladding are within reasonable limits. The second

is that fue! column length changes from PIE measurements are apparently negli-
gible for rods of typical design. The third is the axially varying radial
crack density (observed from PIE data) that accommodates the formation of axial
cracks via rigid body motion (flow) of fragments. The fourth is the mechani-
ally induced mushrooming observed from the out-of-reactor compliance tests
that can contribute to the reduction of the effective axial modulus for the
cracked fuel column.

The in-reactor effective moduli were calculated by using a value of 0.25
for the Poisson's ratio of the cracked fuel, based on soil mechanics research.
We believe that the rigid body mechanisms described above will render the
Poisson's ratio stress dependent. Further work is required in this area, as
the results may significantly affect the degree of f.el anisotropy, and thus
will dictate the level of complexity required for fuel performance codes such
as FRAPCON.

The out-of-reactor tests have confirmed the axial modulus magnitude and
the stress dependency that was found from the in-reactor data analysis. That
the in-reactor and out-of-reactor data yielded similar values for axial modulus
is taken as a strong indication that the analysis method used for the in-reactor
data was valid.

Analytical and experimental results in general support the hypothesis that
the fuel rod possesses distinct regimes of domination by the effective elastic
moduli of the cracked fuel column. The transition from radial domination at
lower powers to axial domination at higher powers is expectec to affect the cal-
culation of the stored mechanical energy in the fuel. This in turn affects the
prediction of FCMI or PCI-SCC induced failures, which are @ subject of interest
for licensing and requlation.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

The effects of the thermally induced cracking and subsequent relocation of
UO2 fuel pellets on the thermal and mechanical properties of LWR fuel rods
during irradiation were quantified in this report.

Data from the NRC/PNL Halden experiments IFA-431, IFA-432, and IFA-513
were analyzed. Beginning-of-life in-reactor measurements of fuel center tem-
peratures, linear heat ratings, and cladding axial elongations were used in a
new model to solve for the effective thermal conductivity and elastic moduli of
the cracked fuel column. The following conclusions were reached:

e Pellet cracking allows the fuel fragments to relocate toward the
cladding. This relocation redistributes part of the initial free
void (gap) into the fuel in the form of cracks. The resulting
reductions in fuel thermal conductivity and elastic moduli are
primarily dependent on the amount and distribution of the free void,
and always occur s'multaneously.

e For a typical helium-filled BWR rod at BOL, the effective thermal
conductivity of the cracked fuel was reduced to 70-90% of that for
solid U02. The effective elastic moduli were correspnndingly
reduced by one to two orders of magnitude.

e The calculated fuel-cladding gap remained relatively constant (closed)
with respect to power level, indicating that the fuel fragments do not
retreat from the cladding when the power/temperature level is reduced.
Thus, the concentric solid cylinder model traditionally used for fuel
performance codes may not properly model the mechanical behavior of
power reactor fuel rods, much less the mechanical-thermal interrela-
tionships. This is expected to have an impact on PCI-SCC failure
predictions with the advent of high exposure irradiation histories.

e Analytical results and experimental observations have in general
supported the conclusion that the fuel rod response to power changes
may be dominated by the effective radial elastic modulus of the
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cracked fuel at low powers, and experience a transition to axial
domination at higher powers. The importance of rigid body motions of
the fuel fragments was demonstrated by the "mushrooming" observed
from the laboratory axial compliance tests.

We also make the following recommendations:

Since the primary independent variables (roughnesses and crack pat-
tern) were not known, they were determined from limiting conditions
provided by transient thermal data analysis results. Future work
should quantify these parameters on stronger physical foundations to
ensure no in-breeding between thermal and mechanical models.

Much of the scatter in the results calculated from in-reactor

data was caused by a lack of separating out effects due to power/
temperature level. Refinements in the results may be obtained by
more detailed analysis. In particular, the definiticn of the ther-
mal conductivity reduction needs improvement, as do the elastic
moduli dependencies on axial power profile shapes.

More simple ex-reactor exp .riments should be performed. Since they
have a distinct economic advantage over in-reactor experiments, the
cost /benefit ratio is very good. The bench-top experiments are also
directly observable and more easily measured, thus permitting more
comp lete separations of individual phenomena. This is especially
advantageous concerning the effects of rigid body motion of frag-
ments and the study of Poisson’' ratio for the cracked fuel.

Although the in-reactor tests have yielded well-qualified and useful
data, the uncertainties in thermal results could be significantly
reduced by an assembly with xeinon fill gas instead of helium. This
would serve to refine the transient data results and thus provide a
better thermal index for checking the three primary mechanical
parameters.
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APPENDIX A
THERMAL ANALYSIS METHODS

Two methods have been developed at PNL for the analysis of in-reactor
thermal behavior of fuel rods. In the first method, the total thermal
resistance of the rod is plotted versus its steady state power. The thermal
resistances of the fuel interior and fuel-cladding gap have opposite slopes
with respect to temperature. Thus the slope of the total resistance versus
power plot reveals whether the rod is fuel or gap dominated.

The second method uses transient data. The center temperature response
to power down ramps is cast into a normalized form. This response is compared
with the expected response predicted by numerical calculations for chose:n func-
tions of fuel body and gap resistances. Two types of power decay ramps reveal
whether the thermocouples are operating properly, and what the partition of
the resistance is between fuel body and the gap. The transient behavior
provides a qualitative confirmation of the steady state “ehavior.

In this report, the steady state method is applied in making observations
from the data, and the transient results are used during data analysis.
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TOTAL THERMAL RESISTANCE - STEADY STATE DATA

The "total thermal resistance,” RT’ of a nuclear fuel rod is found by
simply dividing the temperature difference (from centerline to coolant) by the
local rod power, and its units are indeed those of resistance. From the Ohm's
Law analogy with heat transfer, we find

Q = HAT
where ( = Watts (current)
H = W/K (conductance)
T = K (potential)

The power can be made a local quantity by normalizing by length.
P =Q/L = W/m

Then the “total resistance" is RT = AT/P = mK/W, where AT is the temperature
drop from centerline to coolant. This represents a very simple series elec-
trical circuit with the rod power as the source and the coolant as the sink,
the resistance connecting the two. Figure A-1 shows how the calculated com-
ponents from fuel, gap, and cladding resistance contribute to the total ther-
mal resistance for Rod 1 at beginning of life. The increase in fuel resistance
(with increasing power) is due to decreasing fuel thermal conductivity, while
the decrease in gap resistance is due to fuel thermal expansion closing the
"gap" and increasing the amount of solid conductance between fuel and cladding.
(The term "gap" refers to the thermally equivalent annulus between fuel and
cladding, but does not necessarily imply that it is geometrically symmetric.)
The cladding resistance rises nearly linearly. These combine so that the result-
ant total resistance, RT' is nearly a constant for an "open gap" helium-filled
rod. We will call this rod a "balanced rod." When the "gap" closes, RT
increases with power since the fuel resistance dominates and the change in gap
resistance is minimal ("fuel dominated rod"). A xenon filled open "gap" causes
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FIGURE A.1. Components of Resistance

the total resistance to decrease with increasing power ("gap dominated rod").
Plots of RT vs. power can thus be used as an indicator of gap closure or low
gas conductivity (Figure A.2).

The total resistance is in fact the only thermal “property" of the rod
that is actually measured with centerline thermocouples. It is the ratio of
measured temperature drop and measured power. All other thermal characteristics
of the rod must be inferred. Gap conductance is an example of an inferred
variable.

The sensitivity of the resistance when plotted versus power is also of
note. Figure A.3a shows the form in which most data is received and plotted.
It is difficult to determine from this plot what the fuel rod is actually doing
because the data are sparce. However, Figure A.3b shows the same data in terms
of resistance. Here the nonlinear character and scatter of the data are both
evident,
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FIGURE A.2. Resistance Behavior of Various Rods

Since the total thermal resistance, RT requires a minimum of assumptions and
is a sensitive indicator or rod characteristics, it is used in this report to
represent the events occurring during the lifetimes of the IFA-431, IFA-432,

and IFA-513 rods.
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TRANSIENT ANALYSIS METHODS

The data for this analysis consists of fuel centerline thermocoupie
measurements and relative power measurements using a cobalt fast response
SPND. The true power measured by vanadium SPND's may be checked to provide
steady state values immediately before and after the transient period by
comparison with the cobalt SPND readings.

The first step in this analysis is to normalize the temperature response.
(26) The transient temperature differ-
ence between fuel center anu coolant is divided by its steady state value

This is done in a classical manner.

before the ramp starts:

Tn = Jct - Tcool
Tcs - Tcool

where Tn = normalized temperature
Tcool = coolant temperature
Tct = transient center temperature
Tcs = steady state center temperature at beginning of ramp.

This normalized temperature is used in the analysis of two types of power
down ramps, linear and step.

The linear power down ramp is shown in Figure A.4 where the normalized
power and temperature are plotted. The power decreases to about 80% of its
initial value in about 30 seconds.

An indication of the state of the rod can be seen by comparing the slopes
of the normalized power and temperature curves. If the Pn (normalized power)
curve has a greater slope than the Tn curve, the rod is relatively sluggish in
its response and is termed "gap dominated." If the two slopes are equal (within
statistical limits of the data), the rod is termed "balanced." If the Tn slope
is greater than the Pn slope, the relatively quick exhausting of fuel stored
energy results in a "fuel dominated" rod, where the "gap" is "closed." However,
this analysis is insensitive to reasonable variations in fuel and gap thermal
properties that are used. Within statistical limitations of the data, this
analysis cannot distinguish between solid or cracked fuel thermal conductivities.
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Rather than being a detriment, this result can be used to verify that the

(26)

thermocouple data is consistent with the power data, providing a useful

and necessary check on the health of the instrumentation.

The second type of transient analysis performed is for step power drops,
as shown in Figure A.5. The classical lumped parameter solution (assuming
constant thermal properties) for the idealized step power drop 15(26)

a.t

Tn = a+ (l-a) e °F

where "a" is the fraction of initial power at the end of the step power drop.
The normalized temperature data is plotted in the form

-aft
In(Tn-a) = In(l-a) + In e .

= constant '°Ft
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This means that plots of -In(Tn-a) versus time should be linear. The
thermocouple time constant causes the predicted Tine to be translated by a
small amount, but does not affect the slope of the line.

While actual data is not ideal, there are useful ranges where the above
plots are approximately linear. It is possible to determine the partition of
resistance between fuel and gap by comparing measured and predicted plots of
-In(Tn-a) versus time. Although the decizive comparison is qualitative in
nature, the results confirm the steady state resistance versus power behavior,
and in general show that the effects of the cracks on fuel thermal
conductivity and gap conductance are significant. The reader is referred to
References 19, 26, and 27 ror a complete discussion.
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APPENDIX B
OBSERVATIONS FROM THE IN-REACTOR DATA

In this Appendix, data from IFA-431, IFA-432, and IFA-513 are presented.
IFA-431 and 432 are shown in the form of total thermal resistance versus
burnup plots in order to summarize the results obtained from these rods.
References are cited pertaining to specific details of results. IFA-513 data
are presented for beginning-of-life (BOL) conditions in more detail than for
IFA-431 and IFA-432. Resistance versus power and cladding elongation versus
power plots are shown. Observations and trends in the data are discussed on a
rod-by-rod basis.

OBSERVATIONS FROM IFA-431 AND IFA-432

Figures B.1 through B.12 show resistance versus burnup plots for all rods
of IFA-431 (to end-of-life) and IFA-432 (to 18 GWd/MTM). These plots were
constructed from steaacy state data only. That is, the data file was filtered
so that the change in local linear heat rating varied by no more than 5% from
one data point to the next.(a) The various symbols and numbers represent
steady state data within 5 kW/m power increments (Table B.1).

TABLE B.1. Symbols Used in Figures B.6 Through B.12

Local Power Symbols Numbers
(kW/m) (uppe.’ TC) (lower TC)
5-10 0 1
10-15 A 2
15-20 + 3
20-25 X 4
25-30 O 5
30-35 t 6
35-40 X 7
40-45 Z 8
45-50 Y 9
50-55 0 10

(a) Successive data points are separated in time by at least 15 minutes.
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Comparing Figures A.2 (Appendix A) and B.1l, it can be seen unat the
scatter of each band of data in Rod 1 IFA-431 is representative of the range
of resistances to be expected at each thermocouple location over various power
levels. Rod 1 is a typical BWR rod design. Note that the distance between
each band of data is greater than the scatter within a band, and that the
resistance at the lower themocouple location is greater than that at the upper
thermocouple location. This implies that there was more pellet-cladding con-
tact (PCI) at the upper end of the rod than at the lower. The rod seems to be

slightly decoupled axially with respect to thermal data. The therm.i behavior
of the upper thermocouple region of the rod is apparently independent of the
behavior at the lower thermocouple region.

This observation is based on the assumption that there exists adequate
axial mixing of the fill gas within the rod, and is independent of the possi-
bility of fission gas leaks through the thermocouple leads.(zs) A lack of
gas communication within the rods would have resulted in greater resistances
at the upper thermocouple locations since this region ran at about 30% greater
power than the lower ends of the rods. The local fission gas release would be
higher in the higher temperature regions. A1l helium filled rods with open
gaps (and fuel that performed as expected) experienced a greater increase in
resistance at the lower thermocouple than at the upper.

Another question arises pertaining to any possible bias or error in the
determination of local heat ratings. We believe these heat ratings have been
properly quantiiiea to reduce the uncertainty to approximately 5%.(29) These
tests were designed to provide internal check points for this purpose in parti-
cular.(s) Analytical methgg§ developed at PNL have shown the thernocouples

to be operating properly.

Figure B.2 shows the resistance history for Rod 1 of IFA-432. This rod
exhibits a behavior similar to Rod 1 of IFA-431, except that the separation
between bands of data becomes discernible at a greater burnup. A magnifica-
tion of BOL data from this plot reveals that the resistance trends reverse
direction more often than expected. The two bands of data begin complete
separation at approximately 6 GWd/MTM and the same trend develops as in Rod 1
IFA-431, indicating that fuel-cladding contact is greater at the upper portion
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of the rod than at the lower. Notice that for th: lowar thermocouple the pat-
tern of numbers on the plot indicate that rasic ance decreases with increasing
powe: . This is the signature of a "gap-dominated" rod, where the "gap" is open
and the fill gas has been degraded by fission product release. The upper thermo-
couple for Rod 1 of IFA-432 failed at approximately 8.5 GWd/MTM rod average
burnup.

T~e large gap design Rod 2 of IFA-431 (Figure B.3) experiencad a trend
similar to Rod 1. Note that the separaticn of the data bands is greater for
the larger gap rod. Rod 2 of [FA-432 is shown in Figure B.4. The upper por-
tion of this rod containe: an ultrasonic thermometer which failed at startup,
consequently yielding no useful data. The lower themocoupl> resistance curve
reflects the fission gas release from this large design gap, higher temperature
rod. Gap dominated resistanc. s are seen to develop with increasing burnup.

Figure B.5 shows the results for Rod 3 of IFA-431. In this case, the
fuel and cladding were in firm contact very early in life due to the small
initial cold gap. The state of the gap was the same at both upper and lower
thermocouple locations. Since for a closed gap (fuel dominated resistance)
the resistonce rises with power, the resistance at the higher power upper
thermocoup'e is greater than that at the lower. However, both bands of data
rise slightly with burnup, reflecting fission gas release. Figure B.6 shows
the small gap Rod 3 of IFA-432, which exhibits behavior very similar to Rod 3
of IFA-431, where the whole fuc.l column was in contact with the cladding from
BOL.

Figure B.7 shows the history of Rod 4 of IFA-431, which was backfilled

with xenon.(ll) In this case, fission gas release cannot degrade the fill
gas thermal conductivity. The decrease in resistance with burnup is a clear
indication of increasing fuel-cladding contact. Gap domination of the total
resistance is evident, and was expected for a fill gas of such low conduc-
*iyity. Rod 4 of IFA-432 is shown in Figure B.8 and axhibits behavior similar

J Rod 4 of IFA-431. Because of the high fuel temperatures experienced by
this rod, the thermocouples failed relatively early in life, and the rod was
removed from the assembly at the end of the first reactor testing cycle. It
was replaced with a non-instrumented rod of Rod 1 design.
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Rod 5 of IFA-431 is shown in Figure B.9. This rod contained fuel pellets
that were 92% TD and stable with respect to in-reactor densification (Table 1).
However, a review of pre-irradiation characterization data(s) has shown that
this fuel was susceptable to thermally induced microcracking. This micro-
cracking caused the fuel to expand and contact the cladding early in life,
producing a fuel dominated total resistance. This is evident from the rise in
resistance with power seen for this rod.

Rod 5 of IFA-432 is shown in Figure B.10, Its fuel was manufactured from
the same material as Rod 5 of IFA-431. Although the resolution of Figure B.10
is not enough to demonstrate it, microcracking probably also occurred here.(s)
and the total resistance was fuel-dominated at BOL. However, fission gas
release caused the resistance at the lower thermocouple to become gap dominated
after about 8 GWd/MTM. The upper thermocouple in this rod failed at approxi-

mately 5.2 GWd/MTM,

The history of Rod 6 of IFA-431 is shown in Figure B.11. This rod
contained 92% TD fuel that was unstable with respect to in-reactor densi-
fication, Post-irradiation examination (PIE)(Zd) performed on this rod at
Harwell, UK, shows that this fuel did indeed densify. However, there wa, also
a larger than expected amount of fuel-cladding contact. This can be seen in
Figure B.11 as a generally decreasing resistance that becomes increasingly
fuel dominated with burnup. Rod 6 of IFA-432 was also fuel dominated at BOL.

Figure B.12 shows the resistance history for Rod 6 of IFA-432. The upper
thermocouple of this rod failed at about 6.8 GWd/MT™. Although this rod had
the same fuel as Rod 6 of IFA-431, a gap dominated resistance has developec
with increasing burnup, indicating that PCI was not as extensive. Alsc, more
fission gases were released due to the higher burnup and temperature.

It is evident from the foregoing discussiun that a variety of results may
be obtained from dimensionally similar rods. Rods with lower density fuel,
densifying fuel or large initial free volume (gap) may exhibit more randomness
than do the standard design BWR rods. These figures show in general that the
rate of gap closure (increasing solid conductance) is faster than the rate of
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fission gas release for the first few GWd/MTM. Subsequently the rates reverse
relative magnitudes and the total resistance tends to increase with burnup.
The total free volume (initial gap size) affects the fuel temperatures, and
thus apparently influences when this rate reversal occurs. Two consistencies
are to be noted in this data. The first is the sharp rise in resistance at
beginning of life, which is accompanied by cladding elongations that are
greater than for subsequent cycles (see Figures B.13, B.14 and B.15 and Refer-
ence 4). The second is the tendency for the resistance to be greater for the
lower power region than for the higher power region for rods of typical BWk
design.

OBSERVATIONS FROM IFA-513

Resistance versus power plots for Rod 1 of IFA-513 are shown in Fig-
ures B.16 through B.19. The sections of the curves below about 10 kW/m should
be disregarded. Although the powers have been corrected for asymmetries in the
flux profile (~adial tilt and axial shape) and for the response lag of the
vanadium neutron detectors, there is evidently an effect at low powers due to
some unknown factor. This effect has not been accounted for in these plots.

A slight rise in resistance magnitude and +lope develops between ramps 1
and 2 for Rod 1. The increase in slope is an indication that the rod resis-
tance has become more fuel dominated. The difference in magnitude between the
lTower and upper resistances at the same power level is apparently due to some
path dependency, i.e., rate of thermal expansion or cracking rate.
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The cladding elonanation sensor history for Rod 2 of IFA-513 is shown in
Figure B.25. The characteristics of these curves are almost replicates of
those for Rod 1. Also note that the power level to initiate PCI has increased
from ramp 1 to ramp 2. It would appear that the fuel has become less rigid,
i.e., that the effective elastic modulus has decreased. As in Rod 1, there is
also a slight decrease in the permanent offset at zero power with increasing
ramp number. Ti.is is an ingication that the rod is undergoing a relaxation
process of some type.

Resistance versus power plots and cladding elongation response for Rod 3
of 1FA-513 are shown in Figures B.26 through B.30. This rod's response is very
similar to Rod 2, except that the magnitude of cladding elongation response is
slightly less. Comparison of cladding elongation responses between Rods 1 and
3 reveals a close resemblance that reflects the identical rod design (see
Table 1).

Rod 4 of IFA-513 was backfil’ad with 8% xenon, 92% helium in order to
reduce the gas thermal conductivity to 75% of that for pure helium. Accord-
ingly, the resistance versus power plots (Figures B.31 through B.J}4) reflect
this design parameter's influence. The upper thermocouple location has
greater resistance than the lower at the same power level. This once again
illustrates that the rod may be relatively decoupled thermally in the axial
direction. The previously mentioned rate of thermal expansion or rate of fuel
cracking may also contribute to this result.

Successive ramps show the resistances becoming increasingly fuel domi-
nated due to fuel relocation. In this case, the resistances of the two thermo-
couple locations seem to be approaching a common behavior pattern. Unfortu-
nately, the cladding elongation sensor for this rod has apparently failed, as
shown in Figure B.35.

Rod 5 of IFA-513 was identical in design to Rod 1. Its response was aiso
nearly identical, as shown in Figures B.36 through B.40. This is an example of
the repeatability of rods of common design.
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Figures B.41 through B.45 show the resistancer and cladding elongations
for Rod 6 of IFA-513. This rod was backfilled with 23% xenon and 77% helium
to simulate a gas conductivity reduction to 50% of that for pure helium. The
resulting gap-dominated resistance for the first ramp to power is shown in
Figure B.41. In this case, the upper and lower thermocouple regions exhibit
resistances of very similar magnitude at the same power. The higher tempera-
tures cause more fuel thermal expansion than in the helium filled rods, and the
internal voidage of the fuel rod has been consumed to a greater extent than in
the helium filled rods. This is true at both thermocouple locations, and the
plots indicate that the thermal effect of fuel cracking may damp out at higher
powers. Thus the integral to melt maintains a reasonable value. Successive
rises to power cause the cracked fuel to produce more solid contact with the
cladding, and the resistance slope characteristics exhibit progressively less
effects due the initial gas conductivity reduction.

The cladding elongation curves for this rod exhibit behavior similar to
the other rods, except that they are slightly higher due to the increased
temperature level.
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FIGURE B.41. Resistance for Rod 6 IFA-513 - Ramp 1

B.48



RESISTANCE (M DEG K/W X.01)

- W

3.50

5 9

3.00

2.73

2.30

1 i i | 1
H-A813- RO b
i x( T LTC RAMP 2
| \\\ ® UTC RAMP 2
rﬁ W—N&
- |
é
1 7 1 |
0 10. 20 30. 40.

LOCAL ROD POWER (KW/M)

FIGURE B.42. Resistance for Rod 6 IFA-513 - Ramp 2
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FIGURE B.43. Resistance for Rod 6 IFA-513 - Ramp 3
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FIGURE B.44. Resistance for Rod 6 IFA-513 - Ramp 15
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FIGURE B.45. Cladding Elongation for Rod 6 IFA-513
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