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ABSTRACT

A detailed description of the treatment of fuel-cladding mechanical interaction employed
in the FMODEL code is given. A parametric analysis of the materials properties, fabrication
variables, and operating conditions which are important to predicted fuel-cladding mechanical
interactions is presented and discussed. It is concluded that uncertainty in the fuel ther-
mal expansion data and creep data at low temperatures is most critical for meaningful design
analyses, while the influence of uncertainty in the cladding thermal expansion and small
changes in the rate of power increases is relatively minor. Uncertainty in cladding creep
does not influence the contact pressures resulting from fuel-cladding mechanical interactions
predicted with FMODEL, but is important in predicting the overall cladding damage accumulated
during service.

1. INTRODUCTION

Mechanical interaction between fuel and cladding in a metal clad ceramic fuel pin influ-
ences substantially the performance of the pin. For example, there is an improvement in
thermal conductance across the fuel-cladding gap brought about by contact between fuel and
cladding. This results in lower fuel operating temperatures. Also, mechanical interaction
increases stresses in the cladding beyond those due to fission gas pressure alone. This
causes more permanent deformation of the cladding, and may also result in accelerated void
swelling. In pellet fuels, mechanical interaction may result in the formation of ridges in
the cladding at pellet interfaces due to nonuniform temperature distributions in the pellets.
The presence of ridges can lead to "ratchetting" during cyclic operation and this may
accelerate failure in the cladding due to metal fatigue.

A valid analytical description of the fuel-cladding mechanical interaction in an oper-
ating fuel pin, based on fabrication data and irradiation conditions, would be quite useful
in the design of fuel pins and interpretation of irradiation test results. Accordingly, a
computer code called FMODEL is being developed at Osk Ridge National Laboratory to simulate
the actual in-reactor operation of stainless-steel-clad (U,Pu)O; LMFER fuel pins. It is
intended that eventually FMODEL will contain analytical descriptions of all possible thermal,
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mecnanical, and chemical phenomena which can influence the pertrormance of an operating fuel
pin. Many phencmenological descriptions are already included in the code. Whenever possible
these descriptions have been developed from first principles. In other cases empirical
models are being used until the phenomena are well understood enough to permit sounder theo-
retical bases. FMODEL does not attempt to force-fit the integrated predictions to measured
performance by means of establishing empirical constants. Individual models are developed
on the basis of existing data and experience and inserted into the computer code. Simulated
irradiation histories are prepared for test pins that have been or will be irradiated and
exmained. Predicted performance is then compared with measurements made both during and
.after irradiation of the test pins. If agreement is good the individual models are con-
sidered to be adequate. If agreement is not good the reason is sought in faulty fabrication
and irradiation conditions, erroneous assumptions, or important phenomena which have been
omitted from consideration.

The aspects of FMODEL which deal with fuel-cladding mechanical interaction will be
discussed in this work. In addition, a parametric analysis will be presented to demonstrate
the sensitivity of predicted mechanical interaction to materials properties of the fuel and
cladding, fabrication parameters, and operating conditions.

2. DESCRIPTION OF THE MECHANICAL INTERACTION MODEL

A solid pellet fuel form is the most likely for LMFBR application. Normelly there is a
fabricated diametral gap between the pellet and cladding of at least 0.001 in. Powdered and
spherical fuel forms are also possibilities for the IMFBR and of course with these forms
there is no fabricated gap. However, the thermal expansion of nonpellet fuel forms occurs
scmewhat differently than with pellets, and only pellet fuel forms will be considered here.

When & fuel pin is inserted into a reactor and brought to power, both fuel and cladding
thermally expand. The cladding thermal expansion coéfficient is higher than that of the
fuel at temperatures below 1000°C, so at low heat rates the cladding expands more than the
fuel and the fabricated fuel-cladding gap grows. But at high heat rates both fuel tempera-
tures and thermal expansicn coefficients increase, and fuel thermal expansion overtakes that
of the cladding, causing the gap to grow smaller.

If the fabricated fuel-cladding gap is small and the fuel pin is operated at a suf-
ficiently high heat rate, the fuel will expand thermally to the cladding inner surface. A
pressure will develop at the fuel-cledding interface causing both fuel and cladding to creep

" to relieve the resulting stresses. Calculating the response of & cylindrical cladding tube
to a pressure loading at its inner diameter is fairly straightforward, but determination of
the response of the fuel cylinder to a pressure at its outer surface is somewhat more

complicatead.

2.1 Fuel Cracking Model

Typical coolant temperatures in an LMFBR range from 400 to 600°C. A typical fuel pin
contains oxide pellets clad in 0.25-in.-0D X 0.015-in.-thick stainless steel tubing. Such a
pin operated at moderate heat rates (in the vicinity of 16 ki/ft) will have center tempera-
tures approaching the melting point of the fuel. This causes a wide range of fuel properties
across the diameter of the pellet. The fuel at the center is very hot and plastic and is not -
capable of supporting stresses. The fuel near the cladding is relatively cool and cannot be
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strained plastically in tension without cracking. The temperature gradient is very steep,
resulting in a high stress gradient across the pellet diameter. If one calculates the
stresses based on a homogeneous elastic cylinder, it becomes obvious that stresses of that
level cannot be supported. The tensile stresses calculated at the outer fuel fibers es.ceed
the fracture stress and the hot plastic fuel at the pellet center cannot support the high
compressive stresses calculated there. This set of conditions is described analytica'.ly by
assuming radial cracks form in the cold fuel adjacent to the cladding, relieving the thermal
stresses in the mellet. The radial cracks extend from the pellet surface to the point where
the tensile hoop stress in the pellet exceeds the rupture modulus. The radial position of
the root of the crack is determined analytically by comparing the calculated radial distribu-
tion of tangential stresses with published rupture modulus values. A graphical illustration
of this technique is shown in Fig. 1 where the pellet stress distributions at different heat
rates are plotted over rupture modulus curves published by Roberts {1}, It is assumed thet
the hot plastic core of the pellet, interior to the root of the radial cracks, creeps in
response to pressures transmitted from the fuel-cladding interface to the surface of the
plastic core by the wedges of cold, cracked fuel exterior to the plestic core.

2.2 Calculation of the Fuel-Cladding Contact Pressure

During initial startup of a fuel pin it is assumed that the time rate of change of
linear heat rate is constant. The duration of the power ramp is divided into a number of
time steps, At. During each At, the heat rate of the pin will change by AQ. Thermal expan-
sion will cause a change in the outer fuel diameter (ADf) and the cladding inner diemeter
(ADC). The size of the new fuel-cladding diametral gap is given by

& =G+ D, - ODp s (1)
where G_ is the gap size et the beginning of the time step. If the calculated gap size (&)
at the end of the time step is negative, this indicates that the fuel-cladding gep closed
during the time step, and mechanical contact exists between the fuel and cladding. To calcu-
late the magnitude of the contact pressure, an iterative scheme is used whereby the existing
contact pressure at the beginning of the time step (fission gas pressure in this case) is
repeatedly doubled until the correct contact pressure range is bracketed. Then the bracket
is repeatedly halved until the contact pressure is within 1% of the previously calculated
value. The basis of the iteration is the amount of displacement of the cladding inner dicme-
ter and fuel outer diameter due to creep in response to the contact pressure. During o
period of time, at, the cladding inner diameter will increase by an amount, Bes in response
to the pressure. During the same period of time the fuel outer diameter will decrease by
an amount, bpy due to the pressure transmitted from the fuel-cladding interface by the cooler
cracked fuel to the surface of the hot plastic core. Thus, when the relation

B+ g =—0 (2)
is satisfied, the contact pressure used to calculate Ac and Af represents the average contact
pressure during the time step. The same procedure is used to calculate the contact pressure
during an increase in fuel pin heat rate. However, during steady-state operation the effect
of fuel swelling must be considered. The assumption is made that swelling and thermal expan-
sion which occur in the hot plastic core cannot cause radial for-es "o be transmitted to the
cladding. Very little restraint on the plastic core is required to prevent radial movement



- 212 -
‘of this region, and all swelling in this zone is accommodated axially. However, it is
essumed thet the cold outer fuel region swells isotropically. Thus, during steady-state
operation the ADf term in Eq. (1) is not due to thermal expansion, but to fission product
swelling in the cold, cracked fuel region.

3. SENSITIVITY ANALYSIS

A fictitious fuel pin having a fuel-cladding dismetral gap of 0.002 in. was established
to study the sensitivity of the fuel-cladding mechanical interaction to varietions in
essumed fuel and cladding properties, fabrication parameters, and operating conditions. The
cheracteristics of this pin are given in Table I. As indicated in the table, the simulated
irradiation history for this pin consists of & rise to normal power, & power increase , and
an extended period of steady-state opera.ti"on at normal power. A plot of the predicted (with '
FMODEt.) fuel-cladding mechanical interaction during this irradiation history is given in
Fig. 2. Both annealed and 20% cold-worked type 316 stainless steel claddings were considered.

The mechanical interaction is described in terms of the contact pressure at the fuel-
cladding interface. The lower portion of the figure shows the predicted buildup of pressure
due to differential thermal expansion during power changes and the upper portion is the con-
tact pressure due to fuel swelling during steady-state operation. The predicted contact
pressure builds rapidly during power increases, after the initial gap has closed. When nor-
mal power has been achieved and the power is no longer increasing, the contact pressure
deceys as fuel and cladding creep. The seme situation prevails during the power increase.
The return to normal power from the overpower condition (at about 211-hr elapsed time) is
accompanied by a reopening of the fuel-cladding gap because of the reduction in fuel tempera-
tures. This gap gradually closes again due to fuel swelling, but the contact pressures pre-
dicted from this source are smell compared with those which developed due to power changes
early in the irradiation lifetime. For this reason the sensitivity analysis will deal only
with the first 200 hr of the irradiation history.

Note that the contact pressures plotted in Fig. 2 for annealed and 20% cold-worked
claddings are nearly identical, except during the last 6000 hr or so. This sma.li difference
is due to the different swelling characteristics assumed for the two claddings. The similar-
ities early in the irradiation history (in spite of the different creep characteristics of
the two claddings) are due to greater sensitivity of contact pressure to fuel creep proper-
ties than to those of the cladding. This will be discussed in greater detail later.

3.1 Fuel Thermal Expansion

Examination of the available data for thermal expansion .of mixed oxide fuel leaves one
somewhat confused. NUMEC investigators have reported that the coefficient of thermal expan-
slon for mixed oxide systems generally increases with increasing plutonium content [2] and
decreases with increasing oxygen-to-metal ratio {3]. Equations relating the coefficient of
thermal expansion to temperature for several compositions studied by Roth and Halteman [2]
are plotted in Fig. 3. Also plotted are the expressions for thermel expansion used in the
FMODEL code, based on data for UO, and the expression used in the LIFE code (4). Exemination
of these plots reveals that the thermel expansion is greater for the 5% Pu compound than for
the 12.5% Pu compound (curves 5 and 6). Both compounds have about the same oxygen-to-metal
ratio. This contradiets the observation of increasing thermal expansion with inecreasing
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plutonium content for mixed oxides. Two UQ, samples were measured by Roth and Haelteman with
slightly different oxygen-to-~uranium ratios. Their thermal expansion characteristics were
similar (curves 3 and 4). However, two PuQ, samples were measured, one prepared by oxalate
precipitation and the other prepsred by hydroxide precipitation, and their thermal expansion
cheracteristics were vastly different (curves 8 and 9).

Since there is substantial variation in the oxygen-to-metel ratios of the compounds
studied by Roth and Halteman, little can be concluded from the curves shown in Fig. 3. How-
ever, subsequent work by Roth et al. (3] suggests that the following equation describes the
change in thermal expansion coefficient of (U-20% Pu)0O, over the temperature range O to
1500°c.

ap = (125.9 = 57.3 x) x 207 °c7! (3)

where X is the oxygen-to-metal ratio. The range of applicability of this equation is from
oxygen-to-metal ratios of 1.930 to 2.020. According to Eq. {3) the expansion coefficient
for stoichiometric (U-20% Pu)O, for O to 1500°C is about 11.3 X 107® °C~}. However, the
expression plotted in Fig. 3 for (U—20% Pu)O, with an oxygen-to-metal ratio of 2.1 is about
23 x 107% °c"1, and from Eq. (3) the thermal expansion coefficient should decrease with
increesing oxygen-to-metal ratios. These two results are clearly contradictory. In addi-
tion, & single date point for stoichiometric (U—20% Pu)O, measured by BNWL investigators [5]
is substantially lower than would be predicted from Roth and Helteman's expression for
(U—20% Pu)o,.

The correct expression for thermal expansion coefficient versus temperature for a fuel
of a given stoichiometry and plutonium content is not obvious from the available data. How-

ever, using an equation of the form
a, = [8 + B(0.00107) T) x 107 °¢c~! , (4)

and varying B between 1.0 and 10.0 yields an envelope which includes most of the curves
plotted in Fig. 3. The fuel-cladding mechanical interaction predicted with the FMODEL code,
using Eq. (4) with the B values given above to represent the lower and upper boundaries of
the envelope, are shown in Fig. 4. The values of the cladding thermal expansion coefficient
(o c) used in this calculation are also given on Fig. 4 The very substantial difference
between the predicted behavior of the pin using fuel thermal expansion data from the two
extremes of the data envelope indicate that the uncertainty in the thermal expansion charac-
teristics of mixed oxide fuels are not acceptable for design analysis of fuel pins with small
fuel~cladding gaps and operated at moderate to high heat rates.

As indicated in Fig. 4, the initial diametral gap was taken as 1 mil, in spite of the
fact that the base case value was 2 mils. No fuel-cladding mechanical interaction was pre-
dicted by FMODEL with B = 1 and an initial 2-mil gap. To be consistent, the cladding thermal
expansion analysis (which follows) was conducted with & 1-mil gap, but 211 the remaining
portions of the sensitivity analysis (except for the gep size analysis itself) use an initial
gap size of 2 mils. In addition, all remaining portions of the sensitivity analysis use a
value of B = 6 to describe the fuel thermal expansion characteristics.

3.2 Cladding Thermal Expansion

The cladding thermal expansion data are somewhat more consistent than those of the fuel.
Figure 5 is a plot of the coefficlent of linear thermal expansion versus temperature from



- 214 -
several sources [6~9] for AISIi type 316 sfaiﬂless Bt‘;eel. Tne data appear to converge at high
temperature, and the relatively large divergence at low temperature is of little consequence
because cladding temperatures normelly are in excess of 400°C. As was the case with the
analysis of fuel thermal expansion, predicted fuel-cladding mechanical interactions were
computed with the FMODEL code using the upper and lower portions of the data envelope. These
results are plotted in Fig. 6. As shown, there is little change in the predicted performance
in going from the maximum to the minimum cladding thermal expansion.

3.2 1Initial Gap Size

It is logical to expect that fuel-cladding mechanical interaction due to differential
thermal expansion between fuel and cladding during power increases would depend strongly
upon the size of the fabricated fuel-cladding gap. A large gap provides more space into
which the fuel may expand, and this should reduce the interaction. The extent of fuel-
cladding interactions for initial cold diametral gaps of 1, 2, and 3 mils is shown in Fig. 7.
For these calculations the power density for the cases of 1- and 3-mil geps wes altered to
obtain the same heat rates (Table I) that were used for the case with a 2-mil gap. The pre-
dicted fuel-cladding mechanical interaction did indeed decrease substantially with each l-mil

increase in the gap size.

3.4 Fuel and Cladding Creep Strength

The creep strength of the fuel meterial veries with tempersture, porosity, stocichiometry,
grain size, plutonium and impurity content, and method of fabricetion. In addition, the
type of test (compressive or bend), test atmosphere, strain rate, rate of fissioning (for in-
reactor tests), and prior history of the material will influence the results. The situation
is similarly complicated for the cladding. Due to the complex nature of this mechanical
property and the vast quantities of data available in the literature, & comﬁrehensive evalua-
tion of the data, such as was done with the thermal expansion data, is beyond the scope of
this work. To examine the sensitivity of fuel-cladding mechanical interactions to changes in
the creep properties of the fuel and cladding, representative data were selected from the
literature and cases run through FMODEL where the creep strengths of fuel and cledding were
both increased and decr_eased by an order of magnitude from base case values. Boheboy's k
data [10] for UO; (out of reactor) were used for the fuel, end Biancheria's equations [11]
were used to describe the thermal creep behavior of type 316 steinless steel cleddirg, with
Claudson's equation [12] to account for flux enhancement of cladding creep.

The changes caused by varying the cladding creep strength an order of magnitude in each
direction from the base case values were so slight that they cannot be detected in a plot of
contact pressure versus time. The influence of changes in the fuel creep strei;gth is
substantial, however, as shown in Fig. 8. Increasing the creep strength (creep rate factor
of 0.1) caused the fuel-cladding contact pressure to reach a slightly higher value during
both the initial startup and power increase, and to decay much more slowly during the
following periods of stead;’~state operation. Decreasing the creep strength had the reverse
effect. '

The conclusion which is drawn from these results is that the fuel creep strength con-
trols fuel-cladding mechanical interactions. Thus, it would appear that reducing the
uncertainty associated with fuel creep data is more important, from a design standpoint,
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than similar effort for the cladding. I-iowever, it should be pointed out that, although the
plot of fuel-cladding contact pressure versus time changes very little with creep strength
of the cladding over two orders of magnitude variation, the total amount of creep predicted
from the cladding does indeed change. Since cladding damage 1s associated in some way with
the amount of plastic strain accumulated during service, it is important to have well-
characterized cladding as well as fuel, for design purposes.

3.5 Coolant Temperature

The influence of coolant temperature on fuel-cladding interaction for the fictitious
pin is shown in Fig. 9. The base case coolant temperature is 5C0°C. A coolant temperature
of 370°C corresponds to the inlet of the EBR-II core, and is also the lowest temperature
which can be handled by the "theta" cladding swelling equation [12]. A coolant temperature
of 4C0°C corresponds to the top of the pin. Less mechanical interaction occurs with the
higher coolant temperature because the cladding expands thermally more than at the lower tem-
peratures, and both fuel ard cladding have less creep strength.

3.6 Rate of Power Increase

To study the influence of the rate of power increase, the duration of the first cycle
was first increased to 20 ar, and then decreased to 5 hr. The base case value was 10 hr.
Since the heat rate increases from O to 16 kv/ft during the first cycle, changing the dura-
tion of the cycle effectively chaages the slope of the power ramp. The results are shown in
Fig. 10. The contact pressure versus time curve is shifted according to the change in the
duration of the first cycle, but the magnitude of the contact pressure is influenced very
1ittle. It is thus concluded that small chenges in the rate of rise to power have little

influence on the performance of the pin.

4. DISCUSSICN AND SUMMARY

detalled description or the FMCDEL treatment of fuel-cladding mechanical interactions
has been given, with a sensitivity analysis of several important materlals properties, fabri-
cation variables, and operating conditions which strongly influence mechanical interactions.
The influence of changes in these parameters on the fuel-cladding mechanical interaction pre-
dicted with FL{ODEL has been shown grephically. While tne plots of fuel-cladding contact
pressure versus time are important in understanding the behavior of the small gap, high
density pin studied, they do not tell the whole story. It is also important to have some
feel for the amount of darage done to the cladding in each case. Using the plastic strain
predicted by FMCDEL at the outer cladding surface as a measure of cladding damage, the
influence of the different parameters can be directly compared. This information is sum-
marized in Table II. If the ratios of the two numbers given ror each parameter for each
cycle in the operating history are computed and compared, the results are not particularly
surprising in view of what has been presented already. The uncertainty in the fuel thermal
expansion date produces by far the greatest amount of uncertainty in cladding damage. The
range of fuel creep strengths studied has substantial influence on the shape of the fuel-
cladding mechanical interaction curve as shown in Fig. 8, but its influence on cladding
demage is quite small, as shown in Table II. The entries in Table II dealing with coolant
temperature, cladding creep strength, and initial gap size also have fairly large cladding
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damage ratios. However, the coolant temperatures studied do not represent uncertainty, but
rather the range of temperatures which can be expected along a typical IMFER fuel pin. That
significantly more damage is predicted by FMODEL at the hot end of such a pin than at the
cold end, holding everything else constant, is not particularly surprising. The strong
influence of initial gap size on mechanical interaction and resulting cladding damage has
already been demonstrated in Fig. 7, and the cladding creep strength is being used directly
as a measure of cladding damage. Therefore, the fact that a hundredfold change in the creep
strength results in significant changes in predicted cladding strain is expected. All the
other parameters included in Table II show very little influence on cladding damage, and are
therefore concluded to be unimportant, or adequately characterized.
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Table I. Fabrication Deta and Operating Conditions for Base Case Fuel Pin%®~

G Cladding outside diameter, in. 0.25
Cladding thickness, in. 0.015
Fuel pellet dismeter, in. 0.218
Fuel density, % of theoretical 95
Normal power, kw/ﬁ. 16
Overpower, kW/f% 17.6
Flux (normal power),neutrons cm™2 sec™?! 1.53

(> 0.1 Mev) x 10*°

Fluence, neutrons/em?® (> 0.1 Mev) X 1022 6.73
Coolant temperature, °C 500
Burnup, % FIMA 12.75
Gap conductance between fuel and cladding, 1.136
W em2 ¢

Film conductance between cladding and sodium, 11.36

W em 2 °¢c™}

a'Opera*l;:l.ng history: The pin is brought to normal power over 10 hr and
held for 100 hr. Then the power is increased to a 10% overpower condition
over 1 hr and held for an additional 100 hr. The pin is then lowered to
rormal power and operated under steady-state conditions for 12,000 hr.

Table II. Summary of Accumulated Plastic Strains

Cumulative Cladding Plastic Strain at End of Cycle,® %

Case T 2 3 7 5
Bage case . B
Annealed cladding 1.64 X 1074 1,17 x 1072 1.19 X 1077 2.45.% 10"? 1.84 x 10-2
20% cold~worked cladding 1.12 x 1074 8.86 x 107* 8.97 x 107¢ 1.78 X102 1.27 x 107!
Fuel thermal expansion
B =10 2.63 X 1072 3,66 x 102 3.67 x 1072 3,97 x 10~2
B=1 3.01 X 10% 5.54 x 10°% 5.61 x 10~% 1.22 x 10~2
Cladding thermal expansion
C=18 D= 0.00308 8.99 x 10~° 8.85 x 10°% 9.07 x 107 1.86 x 10~2
C=122% D= 0.00615 1.50 X 10~* 1.01 x 103 1.03 x 10~3 2.04 x 10-2
Fuel creep rate
Factor = 0.1 2.01 x 107% 3.11 x 102 1.18 x 102 1.46 x 10~2
Factor = 10 5.92 X 10°% 6.17 x 10°% 6.37 x 104 1.52 x 10~3
Cladding creep rate
Factor = 0.1 1.64 x 1075 1.19 x 1074 1.21 X 10™% 2.47 x 10°%
Factor = 10 4.40 X 10™% 9.38 x 107 9.66 X 10~% 1.12 x 103
Coolant temperature
370°C 8.60 x 107 1.26 x 103 1,28 x 102 2.62 x 10~3
600°C 1.43 X 1072 6.32 x 1072 6.56 X 1072 1.70 x 10~?
Rate of power increase
Doubled 4.74 x 107% 1.11 x 10°* 1.12 x 10~ 2.39 x 10~3
Halved 3.28 x 1004 1.26 x 1073 1.27 x 10~3 2.54 x 10~3
Initial gap size
1 mil 3.72 x 1072 7.57 x 1073 7.75 x 102 9,00 x 10~3 2.69 x 10~2
3 mils 3.75 x 1073 7.09 x 10~%* 7.18 X 10~% 1.61 x 103 1.76 x 10~2

H'Cycle 1 - rise to full power over 10 hr; cycle 2 — steady-state operation at full
power for 100 hr; cycle 3 — power increase to 10% overpower over 1 hr; cycle 4 — steady-state
operation at 10% overpower for 100 hr; cycle 5 — steady-state operation at 16 kW/ft for 12 ,000 hr.
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Mechanieal Tnteraction.
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Fig. 5. Thermal Expansion Coefficient Versus Temperature for Type 316 Stainless Steel.
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Fig. 7. Influence of Initial Gap Size on Predicted Mechanical Interaction.
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Fig. 10. Influence of Slope of Power Ramp on Predicted Mechanical Interaction.



