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Summary

The transient fuel pellet-cladding interaction (PCI) of liquid~metal fast breeder reac-
tor (LMFBR) fuel elements or rods is analyzed based on experimental results. The heat gener-
ation, ramp linear power rating, fuel restructuring, temperature distribution, bonding gap
conductance, irradiation swelling, irradiation creep, fuel burnup, fission gas release, fuel
pellet and cladding cracking, crack healing, radiation and oxidation corrosion, stress fa-
tigue cracking, stress corrosion cracking, fuel performance, and reactor safety are taken
into consideration. To improve the mixed (U, Pu)02 or (U, Pu)C fuel performance and reactor
safety, it is desired to: (a) increase the strength and ductility of structural material;
(b) provide adeguate gap distance and plenum space; (c) keep ramp-power increase rate slow,
and (d) reduce the intensity and frequency of transient PCI in order to minimize SFC and SCC.
1. Introduction

The transient fuel pellet-cladding interaction (PCI) can have 2 significant effect on
fuel performance and burnup, fuel-element integrity, reactor safety, and core operating life-
time of a liquid-metal fast breeder reactor (LMFBR). The combination of thermal, nuclear,
irradiation, chemical and mechanical factors with the fuel, bonding and structurzl (or clad-
ding) materials induces the PCI; it can result in thermal expansion, thermal shock, thermal
fatigue, thermal-cycling growth, fuel densification, irradiation swelling, irradiation creep,
stress fatigue cracking (SFC), and stress corrosion cracking (SCC) at the interface of the
pellet §nd cladding. A large number of experimental measurements, both in and out of reac-
tor, and post-irradiation and post-failure examinations supported these results [1].

During reactor operation, the most important factors in these combined effects are
(1) fuel pellet-cladding gap opening and closure, (2) irradiation damage in the fuel elements
or rods, (3) corrosion, reducing the strength and integrity of the fuel element, and (4) fuel
cracking, fission gas release, and induced stresses and strains to imitiate SFC and/or SCC.
These factors can cause central fuel meltdown and/or cladding breach and affect reactor
safety.

In previous papers |2,3] the thermel, radiation and mechanical analyses for unsteady-
state fuel restructuring of cylindrical oxide fuel elements in a LMFBR and Computer Code
ISUNE-1 and the fuel pellet-cladding interaction of LWR fuel elements at unsteady state were
introduced. The main objectives of this paper are:

1. To analyze the principal cause and effect of transient PCI on gap conductance, gap
opening, gap closure, and gap partial opening and partial closure.
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2. To extend the basic crack theory proposed for the fuel-cladding cracking and compare
the predicted results with experimental data observed.

3. To improve the fuel performance, fuel rod reliability, and reactor safety at high
neutron fluence, irradiation temperature, and fuel burnup.

2. Heat Generation Rate, Heat Transfer, and Temperature Distribution in Cladding

Let Zf(E) = the macroscopic fission cross section, ¢(r,E) = the average energy-radial-
dependent fast neutron flux, and E = the average nuclear energy liberated per fission. Then

the volumetric heat generation rate 4, is expressed as
q, = E Z.(B)0(x,E)E = EZ.¢(x) L
When the design or operating coolant temperature, TC, is given, the outer and inner clad- sur-

face temperatures, To and Ti’ and the temperature distribution, T(r), in the cladding from

heat generation of the fuel can be found from the basic heat transfer equations
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where q is the linear power rating of fuel element, kc is thermal conductivity of the clad-
ding material, and h is heat transfér coefficient between coolant and cladding. The heat
transfer coefficient is determined from the Nusselt number NNu for the sodium coolant [4,5]:

Ny, = BD_/K = 6.66 + 3.126(s/d) + 1.184(s/d)? + 0.0155(¢/NP6)0'86 )

1.281

=1 - 0.962(s/d)/N, (i /10%) (6)

where NPe is the Peclet number, NPr is the Prandtl number, NRe is the Reynolds number, De is

the equivalent diameter of the coolant channel, K is the thermal conductivity of the Na cool-
ant, and s/d is the ratio of fuel lattice pitch to rod diameter.

If €4 and €, = are the tangential and thermal (expansion) strains at the inmer clad ra-
i

dius T3 855 Eipe and gp are tangential, thermal (expansion) and irradiation swelling
s

strains at the outer fuel radius re; and K is the thermal conductivity of the bonding gap

gap
to be determined, the relationship between temperature TS at the outer fuel surface and tem-
perature Ti at the inner clad surface is given by [6] (see Egq. (4))
- q
T, =T, + In [r,(1 +&y + Ep)/rg(Ltgg e, )] (@)]
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Therefore, the heat generated from the fuel passes through the bonding gap and the cladding

of the fuel elements or rod to the coolant by means of heat transfer.

3. Linear Power Rating and Temperature Distribution in Fuel

Fuel restructuring (or grain growth) and redistribution occur in the ceramic fuel after
2 sufficient period of neutron irradiation. In the fuel restructuring process, four distinct
regions (or zones) are formed: (1) central void, (2) columnar grain region, (3) equiaxed

grain region, and (4) sintered or unaffected grain region in the fuel, as shown in Fig. 1.
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The distribution of fast neturon flux ¢ in the fuel is essentially uniform. For a given
linear power rating g, the volumetric heat generation rate q, per unit length in the unaf-

fected grain region, equiaxed grain region, and columnar grain region is expressed as

- 2 - -
Gz = UMTGs Gy = Ays PylPys Qyy = dyg Py/0g &)

where Pis Pys and Py are the actual smeared densities (fractions of theoretical demsity, TD)
of the mixed fuel (U,Pu)O2 in the three regions (Fig. 1).
In the transient reactor operation during power up or power down, the linear power rat-

ing varies with time and slope m as ramp functions from a base linear power rating 4,

a=aq (1 + mt) (power up); a=gq (1 - mt) (power down) (9)

The thermal conductivity K or Kf of the mixed oxide fuel depends on the fuel temperature T

and fuel density p for a prescribed fuel preparation and sintering process [1]:
- - _ -1
K = Kg(T,p) = C; + [T(C, - Cyp)] (10)

where Cl’ C2 and C3 are constants [2].

To determine the temperature distribution in the fuel, the heat conduction per umnit vol-
ume of the unaffected grain region is first conmsidered. At any given time t, by angular and
axial symmetry and in the equilibrium state of heat gemeration, the heat conduction is
ar had I3
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Substituting Eqs. (8) and (10) into Eq. (11) and integrating with appropriate limits, temper-
ature distributions in the unaffected grain, equiaxed grain, and columnar grain regions have
been derived [2,3].

From the balance of power output before and after formation of the four regions in fuel

restructuring, a relation to determine the central void radius, or rv/r1 is

/) = Lglep)? (ayy = apdfagy + (g, = gp)/a,1"? (2)

Therefore, from the derived temperature distribution equations and Eq. (12), the values of
rz/rs, TZ/TS, r1/r2, Tl/TZ’ Tv/Ti’ and rv/r1 can be found.

With a sufficiently long, high-temperature operation during fuel restructuring, columnar
grain growth is developed by the formation and movement of porosity-fabricated pores of fis-
sion gases out of this region. The pores move up with the thermal gradients. Migration up
to the central region results in central void and columnar grain region. The fuel density p3
is usually 99-100% TD. The velocity v of a migrating pore has been given in reference [27.

Since the temperature distribution in fuel is parabolic or exponential [2], the average
thermal gradient (BT/ar)av occurs at rS/3, and this threshold temperature for colummar grain

and concomitant central void formation as a function of time t is given by

3/2]

rs/3t = [C4 exp(-CS/T)T (8T/8r)aV a3

where 04 and C5 are constants. For known values of Yoo t and (8’1‘/31:)avy the threshold cen-

tral temperature TC or T can be obtained from Eq. (13).
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The equiaxed grain growth related to the initial grain size D0 before irradiation and

grain size D after irradiation through time t is given by -

D - 02 =k t exp(-Q/RT) (14)
where ko is a constant, Q is the activation energy, R is the universal gas constant, and T
is the temperature during the process of equiaxed grain growth. TFigure 2 shows typical vari-
ations of calculated and measured centerline temperature with linear power rating of the ox-
ide fuel element.
4. Gap Conductance and Pellet-Cladding Interaction (PCI)

With either helium or sodium as the bonding material between the fuel pellet and clad-
ding of LMFBR fuel elements, the mein functions of the bonding gap have been given in (3).

Originally, the bonding gap is open. Causes of gap closure include thermal expansion,
irradiation growth, irradiation swelling, irradiation creep, and radial-circumferential dis-
locations of fuel cracking. Gap opening, closure, and reopening can affect gap conductance

(or heat transfer coefficient) h As predicted theoretically and observed experimentally,

gap’
partial or complete gap closure occurs when new fuel elements are in operation [7]. Irradia-
tion-induced fuel demsification, crack healing, and/or power down could cause the gap to re-
open [7].

4.1. Gap Opening and Gap Conductance

Gap conductance hgap consists of gas conductance hgas’ radiant heat conductance hr’ and
gas surface constriction conductance hs. In the case of gap opening during operation, the

gap conductance is expressed as

h _=h _+h, h =0 (15)
gap gas r s

When the gap length, Lg’ between the fuel pellet and cladding is sufficiently large,

Ly=r (e o, " Eepe) T rg(1 S0, " Ctns ¥ ep) 2 2,(8, + 8,) 16)
The gas conductance is represented by

hyps = Kyoo/ [y + &g+ £ + 2,5, + 6] an
where Kgas is the thermal conductivity of the fission, volatile and bonding gases (or va-
pors), a, is constant about 1.10-1.25, 6f and GC are arithmetic mean roughness heights of

the fuel and clad surfaces, and éf and £C are the temperature jump distances of the fuel and
clad.

The radiant heat conductance hr is derived from the relations of the balance of radiant
heat flux, Qrad/a’ and the Stefan-Boltzmann law [7]

-1

denta e @l (18)

_ -1
hr = USBlef + e

Introducing Egs. (17) and (18) into Eq. (15), the gas conductance for the gap opening is

K
gas

o“Lg+£f+§C+a1(6f+6c)

o) gl el -t aterh A

h
gap

where 9cp is the Stefan-Boltzmann constant, ee and e, are emissivities of the outer fuel and
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inner clad surfaces, and T_ and Ti are the fuel and clad surface temperatures.

4.2. Complete Gap Closure

In the case of complete gap closure, Lg vanishes and the gap conductance is

hgap = hgas * hl’: N hS (20)

If Km = Zkac/(Kf + KC), the harmonic mean of fuel and clad thermazl conductivities, Pm is
the interfacial contact pressure between fuel and clad surfaces, a is the radius of inter-
face-contact spot due to Pmy H is effective hardness of the clad (e.g., for stainless steel

316, H = 1.5(10A)Kg/cm2)y then the gap conductance for the complete gap closure is given by

Kgas -1 -1 -1 2 2
(hgap)c = gf + Ec + al(éf + 6c) * C’SB[E:E teg - 1] (Ts * Ti) (Ts * Ti) *

Kum (21)
al

For a very thin gap, the mean temperature of the gases contained in the gép is taken as
Tg = (Ts + Ti)/2 = (To + Ti)/z (22)

The thermal conductivity of the gaseous gap Kg“p can then be obtained approximately by adding
the gas thermal conductivity Kgas and the radiant thermal conductivity Kr:

_ _ -1, -1 -1 .3
Kyap = Kgas * Ky = gy * 4L, USB[ef + el 1] T (23)

4.3. Gap Partially Open and Partially Closed: '"Bambooing" (or Ridging)

When the gap is partially open and partially closed due to "bambooing" zlong the axial
direction of the fuel element, a mean gap conductance is approximated from Egs. (19) and
(21):

bugp = [, )+ () 172 (26)

The cause for partial gap opening and partial gap closure is the "bambooing" of the ceramic
fuel element: lateral expansion outward at each end contrasts to the lateral shrinkage near
the midsection of each fuel pellet. This is attributed to the combined effects of fuel den-
sification, isotopic shrinkage, restricted thermal expansion, irradiation swelling, and in-
duced stresses and strains in different proportions at different locations on the fuel pellet
and, consequently, cladding. ’

Verification of the predicted (by the computer code) and measured gap conductance re-
ported for UO2 and (U,Pu)O2 fuel pellets with He bonding is given in Fig. 3.

5. Irradiation Swelling in Fuel and Structural Materials

Apart from thermal-cycling and irradiation growth, the most important irradiation ef-
fects on nuclear fuel and structural or cladding materials are swelling and creep, which lim-
it the performance of fuel elements or rods and affect reactor safety and economics.

Irradiation swelling in the ceramic fuel is composed of (1) fission product solid solu-
tion swelling and (2) inert fission gas swelling (major part). The total change in volume,
AV/V, due to irradiation swelling has been derived [2]. For irradiation swelling in struc-
tural (or cladding) material from experimental data of cold-worked stainless steel (Types
304, 316) as well as high-temperature nickel alloys (Inconel-600, Incoloy-825), the empirical
equations for change in volume obtained from transmission electron microscopy (TEM) and mac-

roscopic dimension measurement (MDM) plotted in Fig. &4 are in good agreement.
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6. Irradiation Creep in Fuel and Structural Materials

On the basis of analytical results and experimental data, it was postulated that the
irradiation creep strain £ and creep strain rate ¢ of the ceramic fuel are represented by
the power function creep law [3]. In the same manner, the irradiation creep strain & and
creep strain rate ¢ at creep stress 0, neutron flux ¢, irradiation time t and irradiation
temperature T of the structural material were postulated [3].

7. Fuel Burnup and Fission Gas Release

Fuel burnup, BU, is equal to fission rate F multiplied by time t:
BU = Ft (25)

Fission gas release is mainly a function of fuel irradiation temperature and burnup, as is
irradiation swelling in fuel. Figure 5 shows the variation of irradiation swelling and fis-
sion gas release measured with fuel temperature and burnup of (U,Pu)OZ.

8. Fuel Pellet and Cladding Cracking and Crack Healing

Crack nucleation and crack propagation are caused mainly by thermal shock, thermal-cy-
cling fatigue, nonuniform thermal expansion, and stress corrosion effect. It was postulated
that shearing stress (microstructural, intergranular, and macroscopic stress) nucleates
cracks and that principal stress propagates and extends cracks along the plane normal to that
stress. Experimental results verify the theoretical prediction [8], as well as SFC and SCC.

Fission gases containing I, Cd, Te and their compounds such as CsI, CdIz, CSZTe released
from the radial cracks of the fuel pellets can readily attack the inner surface of the clad
through the PCI, opposite to fuel pellet cracks [6].

Crack healing is related to annealing grain growth. The recovery in mechanical strength
and ductility or rate of crack healing depends on the irradiation-annealing temperature T,
time t, and stress 0. It is postulated that the rate of crack healing, 3c/dt, is a function

of a second-order (inelastic) property of crack length c¢ and irradiation temperature T:

dc/dt = gcz exp(-Q/RT) = chz (26)

where g is a constant, and gr = 8 exp(-Q/RT) as defined. The relation for crack length c
and fracture strength O of a cylindrical fuel pellet (or clad) is expressed as

1/2

o = (En/nc) 27)

where E is the elastic modulus and n is specific energy per unit area ofithe material. Inte-
grating Eq. (26) from t = 0 for c = <, (the maximum crack length before healing) to any time

t for any crack length ¢ during crack healing, the crack ratio is
c/c_ ={(1+cg t)—l (28)
o o°T

At the end of complete healing time, tf, when the original strength Gf (or elastic limit) is

recovered, by eliminating c/co the stress ratio is

1/2

_ 2
cf/c0 = (1 + quTt/noo) (29)
Hence, the healing time required to recover the original strength of the material is
€, = rr(o2 - 02)/qu for 6. > 0© (30)
£ f o T i o
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9. Sodium Corrosion of Structural Material

The effect of radiation and oxidation corrosion of high-temperature sodium coolant on
structural materials such as stainless steel 304 or 316 in 2 LMFBR is to influence their
strength, ductility and surface cracking [1]. The corrosion raté of liquid sodium depends
mainly on impurities (0, C, N,..., especially oxygen content), clad temperature, coolant flow
velocity, and exposure time. Theoretically, the corrosion rate follows a parabolic law at a
given temperature [1]. TFigure 6 shows variation of corrosion rate with clad surface tempera-
ture of the structurzsl materials [9,10].

10. Introduction to Stress-Strain Analysis and Computer Code

Mechanical analyses for the LMFBR and LWR fuel elements or rods have been carried out
on the basis of the basic assumptions and experimental results [2,6]. From the stress and
strain equations derived and the important variables as the functions of radial space and
irradiation time of the fuel element selected, schematic flow charts of Computer Code ISUNE-5
are programmed, similar to the gemeral flow chart and the stress-strain flow chart used in
Computer Codes ISUNE-1 and ISUNE-4 [2,6]. With selected input data and material constants,
these important variables for temperature distributions, fuel performance, gap conductance,
irradiation swelling, sodium corrosion rate, etc. are computed (see Figs. 2, 4-6).
11. Conclusions

From the preceding analysis for transient fuel pellet-cladding interaction of LMFBR fuel
element or rod with Computer Code ISUNE-5, the following main conclusions are drawn:

1. Temperature distribution, fuel cracking, and change in gap conductance vary with the
radial space, irradiation time and linear power rating of the fuel element or rod.

2. At a ramp linear power rating, because of fuel restructuring the radii of central
void, columnar grain, equiaxed grain and unaffected grain regions near the midplane
of the fuel element change appreciably to affect the fuel cracking and PCI.

3. The basic crack theory was postulated and verified by experimental observation and
postirradiation examination for SFC and/or SCC during PCI. The fission products I,
Cd, Te and their compounds CsI, CdIzy Cs,Te, etc. can attack the inner clad surface
for mucleation of SCC. The corrosidn rafe increases with oxygen content, clad sur-
face temperature and exposure time in high-temperature sodium coolant.

4. To improve fuel performance and reactor safety, it is necessary to (a) increase the
mechanical strength and ductility of the structural material, (b) provide adequate
bonding gap distance and plenum space for fission gas accommodation, (c) keep the
ramp power increase rate slow, and (d) reduce the intensity and frequency of tran-
sient PCI of LMFBR fuel element or rod.
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