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SUMMARY

The irradiation swelling, creep, and stress analysis of light water reactor (LWR) oxide U0y
fuel elements is analyzed. The analysis is based on the basic physical and mathematical
assumptions and the experimental data of the fuel and cladding (or canhing) materials. In
the analysis, the nuclear, physical, metallurgical, and thermo-mechanical properties of the
fuel and cladding materials under irradiation envitonment will be examined carefully.

The objectives of the paper are mainly (1) to formulate and carry out the irradiation swell-
ing, irradiation creep, and stress analysis of fuel element for LWR power reactors and
(2) to develop a computer code which will facilitate the computations for fuel element design,
safety analysis, and economic optimization of the power reactors.

In a general procedure of the analysis, the irradiation swelling, irradiation creep, heat gen-
eration, temperature distribution, etc., in the fuel and cladding of the oxide fuel elements dur-
ing the reactor in operation will be studied. Some theoretical models and relations (on the basis
of accepted experimental data) for irradiation swelling and creep in the fuel and cladding ma-
terials will be postulated and developed. Some analytical and empirical relations (based on test
results) for heat generation and temperature distribution in the fuel elements during fuel res-
tructuring will be derived. The fuel restructure is, in general, divided into the central void, co-
lumnar grain, equiaxed grain, and unaffected grain zones (or regions) after a sufficiently long
period for the fuel elements to be irradiated (or operated). From these relations derived for ir-
radiation swelling, irradiation creep, heat generation, and temperature distribution in the fuel
and cladding, together with the well-known strain-stress, incompressibility, compatibility, and
stress equilibrium equations, the irradiation swelling, creep, and stress analysis for the LWR
fuel elements can be carried out.

From the analytical results obtained, a computer code, designated as ISUNE-2 (which is
in the sequence of Computer Code ISUNE-1 and -1A developed and used previously for liquid-
metal fast breeder reactor fuel element design, and safety and economic analysis), can be dev-
eloped. With some reliable experimental data (measured during fuel elements in operation) as
input, the computer code may predict various cases of LWR (oxide or carbide) fuel elements
in operation.

The general scope and resulting contribution of this paper is to provide a realistic analysis
and a reliable operating LWR fuel element code for use by nuclear power utilities to predict
the fuel element behavior in power reactors. The fuel element design, safety analysis, and econ-
omic optimization depend largely on the fuel element behavior in the power reactors.
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The irradiation swelling, creep, and stress analysis of light water reactor (LWR) oxide
(U0y) fuel elements is analyzed. The analysis is based on the basic physical and mathematical
assumptions and the experimental data of the fuel and cladding (or canning) materials, In
the analysis, the nuclear, physical, metallurgical, and thermo-mechanical properties of the
fuel and cladding materials under irradiation environment are examined carefully,

The objectives of the paper are mainly (1) to formulate and carry out the irradiation
swelling, irradiation creep, and stress analysis of fuel elements for LWR power reactors and
(2) to develop a computer code which will facilitate the computations for fuel element de-
sign, safety analysis, and economic optimization 'of the power reactors.,

In a general procedure of the analysis, the irradiation swelling, irradiation creep,
temperature distribution, etc., in the fuel and cladding of the oxide fuel elements during
the reactor in operation are studied, Some theoretical models and empirical relations (on the
basis of accepted experimental data) for irradiation swelling and creep in the fuel and irra-
diation creep in cladding materials are postulated and developed., Some analytical and empiri-
cal relations (based on test results) for heat generation and temperature distribution in the
fuel during fuel restructuring are derived. The fuel restructure is, in general, divided into
the central void, columar grain, equiaxed grain, and unaffected grain zones (or regions) af-
ter a sufficiently long period for the fuel element$ to be irradiated (or operated). From
these relations derived for irradiation swelling, irradiation creep; and temperature distri-
bution in the fuel and cladding, tegether with the well known strain-stress, incompressi-
bility, compatibility, and stress equilibrium equations, the irradiation swelling, creep, and
stress analysis for the LWR fuel elements can be carried out.

From the analytical results obtained, a computer code, designated as ISUNE-2 (which is
in the sequence of Computer Code ISUNE-1 and -1A developed and used previously for liquid-
metal fast breeder reactor fuel element design, and safety and economic analysis), can be de-
veloped., With some reliable experimental data (measured during fuel elements in operation) as
input, the computer code may predict various cases of LWR (oxide or carbide) fuel elements in
operation.

The general scope and resulting contribution of this paper is to provide a realistic
analysis and a reliable operating ILWR fuel element code for wse by nuclear power utilities
to predict the fuel element behavior in power reactors. The fuel element design, safety anal-
ysis, and economic optimization depend largely on the fuel element behavior in the power re-

actors,

1. Introduction

To predict the time-dependent nuclear, physical, metallurgical, and thermo-mechanical
properties of reactor fuel elements (or rods) under neutron irradiation conditions, a number
of computer codes or programs for computing the performance of oxide fuel elements (or rods)
have recently been developed [1-11]. These computer codes can be utilized to facilitate the
fuel element design and analysis for light water reactors (IWR's) and liquid-metal fast
breeder reactors (IMFBR's), respectively. The physical and mathematical assumptions in each
computer code, however, differ (more or less) from one another.

In previous papers [1-4] the thermal, radiation and mechanical analysis for oxlde fuel
elements of IMFBR's (formulation of Computer Codes ISUNE-1 and -1A) was presented. In this

paper the irradiation swelling, irradiation creep, and stress analysis of IWR oxide fuel
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elements (formulation of Computer Code ISUNE-2) is introduced. In all the papers, the physi-

cal and mathematic assumptions are based on fundamental principles and experimental results.
The formulation of the computer programs is well defined and rational, and the frequency of
convergence of the codes is within reasonable cycles.

The objectives of the paper are to (a) formulate and carry out the temperature distribu~
tion, irradiation swelling, irradiation creep, and stress analysis of cylindrical oxide fuel
elements, and (b) develop a computer code to predict the fuel element performance of LWR

nuclear power plants,

2. Temperature Distribution and Heat Generation

The temperature distribution in the middle cross section of the long, cylindrical ILWR
fuel element and the heat generation in the fuel zone during a constant linear power opera-
tion are analyzed. The analysis begins from the outer surface of the clad and proceeds
through the cladding material, the clad-fuel gap, and the outer fuel surface to the central
void of the fuel.

2.1 Temperature Distribution in Cladding

In a IWR the heat transfer coefficient, h, between the coolant and the cladding for tur-
bulent flow under forced heat convection in a long tube is represented by the empirical re-
lation

4/5 1/3

N, u = 0.023(NRe) (N,.) (2.1)

N

where Ve = hD/Kco’ the Nusselt number; NRe

Prandtl number; D is diameter or characteristic length of coolant passage; Kco is thermal

Pr
= pvD/yu, the Reynolds number; Ny, = Cpu/Kco’ the

conductivity of coolant; v is coolant velocity, or velocity; p is coolant density or density;
w is coolant viscosity; and Cp is specific heat of coolant at constant pressure,

For a given bulk (or designed) coolant temperature Tco’ the outer surface temperature
To, the temperature distribution T(r), and the inner surface temperature Ti’ of the clad can

be calculated from the basic heat transfer equations:

T0 = TCo + 2nr0h (2.2)
= - D
T(r) T+ ZﬂKc 1n(ro/r) r, ST o<t (2.3)
= -9 _
T, =T+ ln(ro/ri) (2.4)

27K
[+

in which q is linear power (or heat) rating, Kc is thermal conductivity of cladding material,

and r,, T are inner and outer radii of clad.

2,2 Gap Conductance and Temperature Distribution in Bonding Gap

The heat transfer from the outer surface of the fuel to the inner surface of the clad
must pass through a bonding gap between the fuel and the clad, The main functions of the
bonding gap are to (a) increase the heat conduction from the fuel to the clad, and (b) pro-
vide free space for thermal expansion and irradiation swelling of the fuel and cladding
materials.,

During the fuel elements in normal eperation, thermal expansion and irradiation swelling
of the fuel and clad materials can cause closure of the bonding gap. Furthermore, thermal-

cycling growth and thermal cracking of the oxide fuel can result in local, partial metal



interference between the fuel and the clad. The change in the thickness from initial gap ;2 1/3
closed gap is to affect the gap conductance (or heat transfer coefficient) of the fuel ele-
ment. In other words, the heat transferred from the fuel through the gap and the clad to the
coolant is to be affected by the gap thickness, Lg’ and the gap conductance, hgap'

Experiments have shown that a partial or complete gap closure occurs early in the opera-
ting lifetime of the fuel elements [12-14]. Some observations have also indicated that the
gap may reopen after it has been closed [15]. Over a sufficlently long time of operationm,
the irradiation swelling and thermal expansion of the fuel and cladding materials and the
craaks formed in the fuel pellets may close the gap again. Figure 1 shows the residual expan-
sion (pellet expansion/pellet diameter) varying with gap thickness (gap thickness/pellet
diameter) at varieus linear power (or heat) ratings from experimental data [12-13] and calcu-
lated results, Figure 2 gives some experimental data for gap closure varying with fuel burnup
at various linear power ratings [16,17].

After a sufficient burnup of the fuel, volatile impurities and fission gases are to re-
lease to the gap through fuel cracks. The primary source of the volatile gases is the sin-
tering atmosphere and impurities in the fuel., The chief sources of fission gases which induce
irradiation swelling are the fission yields of Kr85 and Xe133. He4 is a common filling gas
for the bonding gap.

2.2.1 Gap Closure

The gap conductance hgap (which may consist of the surface constriction conduc-
tance hs, the gas conductance h as’ and the radiant heat conductance hr)’ in the case of gap
closure, may be expressed as [7,16-18]

K P, K
h__=h +h +n =-BA0t., E2S +h
gap s gas T aH al(éf +8) + (5 + E) o

(2.5)

where Km = ZKCKf/(Kc + Kf), harmonic mean of the fuel and clad thermal conductivities; Kc is

thermal conductivity of cladding material as defined; K = K, is thermal conductivity of fuel

£

material, Kgas is thermal conductivity of volatile, fission, and filling gases of the gap;

P, is interfacial contact pressure between fuel and clad; a is radius of contact spotswith
Int 12 2 2.1/2
6=2 (8 + 6
hardness of the clad [16]; §f, Q: = temperature jump distances at inner clad and outer fuel
surfaces; and hr = radiant heat transfer conductance (or coefficient). The radiant heat

R 6f and Gc are arithmetic mean roughness heights of fuel and clad; H is

transfer conductance is determined from the radiant heat flux relation, from the fuel and the

Stefan-Boltzmann equation

-1
A
_ i £ 1 2, .2
h, = ogp [ef *E, (ec 1)} (Tp + T ) (T; + T)) (2.6)

In case the gap is closed or the fuel and clad are in contact, and the fuel surface Af is

practically equal to the clad surface Ac; therefore, eq. (2.6) reduces to

-1
e, 2, .2
hr = OSB[e + 3 1} (Tf + Tc)(Tf + Tc) 2.7)
f c
where Ogg 1s the Stefan-Boltzmann constant, e;, 8, are emissivities of the outer fuel and

inner clad surfaces, and Tf = TS, T = Ti are as defined. The values of the roughness heights

c
Gf + 6c and the temperature jump distance §f + gc can be determined experimentally from the
relationship between the gas conductivity Kgas and gas conductance hgas’ eq. (2.5)
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Kgas/hgas =a,(6; + 6) + (& + E)D (2.8)
The values of ﬁf + 6c and E‘f + §c can be found from Fig., 3 by using the experimental data ob-
tained from various sources. Also, from the slope of the curve (Fig. 3) the value of the para-
meter a, can be obtained.
For purposes of comparison, the predicted and measured gap conductance of oxide fuel
rods is shown in Fig. 4.
2.2.2 Gap Opening
In the case the gap is not closed by thermal expansion, irradiation swelling, and
cracking of the fuel, and the radial gap thickness Lg = al(éf + 6c), the gas conductance re-
duces to

as

hgas L, + (8 + &) (2.9

Therefore, by combining eqs (2.7) and (2.9), the gap conductance without closure (hS = 0)

becomes
K -1
= - —g35 .1 2, 2
hgap hgas +h. =77 R + Ogp [e + 3 1 (Tf + Tc) (Tf + Tc) (2.10)
g £ c £ c
The temperature Ts (= Tf) at the outer surface of the fuel element can be given by [4]
ri(l + sei + ethc)
T =T, =-=—%—1In (2.11)
s i angap rs(l + ees + ethf + es)

where Kgap is gas thermal conductivity, Ty is outer radius of fuel surface, €9y 1s tangen-
tial strain of clad at T, €6 is tangential strain of fuel at T €thes Cthy &re thermal
expansion strains of clad and fuel, and €5 1s irradiation swelling strain. The mean tempera-

ture Tg may be written as
Tg = (Ts + Ti)/2 (2.12)

The gap conductivity in eq. (2.11) 1s expressed as

1,1 "Loa
Kgap =) Kgas + 4Lg USB[?; + ; - 1] ’I‘g (2.13)

The gap thickness can be calculated from the relation

+ e) (2.14)

L=ri(l+ee +eth)-(1+69 +€th s
i c c

g ]
Values for Ts’ Kgap’ and Lg are obtained by combining eqs. (2.11), (2.13), and (2.14) through

the forthcoming iteration process since the strains €g 0 €g o €y’ and €, are involved.
1 s

2,2.3 Partial Gap Closed and Partial Gap Open

In the case, the gap is partially closed and partially open due to bambooing (or
ridging) along the axial direction of the fuel element, the average gap conductance can be
evaluated from the equations obtained in case (1) and case (2). In other words, the mean
value of the gap conductance is obtained by averaging the values calculated from the equa-
tions derived for the cases of gap alosure and gap opening, respectively,

The phenomenon of bambooing (or ridging) of the fuel elements can occur during a IWR
power plant in operation, as shown in Fig. 5. The gap at the ridge (or node of a bamboo) 1s

closed while the gap in the valley is open along the axial direction of the fuel element.
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2.3 Heat Generation and Temperature Distribution in Fuel

Fuel restructuring and redistribution generally occur in the oxide (or ceramic) fuel
after a sufficient time of nuclear irradiation. In the fuel restructuring process, four dis-
tinct regions can be formed in the fuel: the central void (or center hole), the colummar
grain region, the equiaxed grain region, and the unaffected (or sintered) grain region. These
regions and the radius of central void T the outer radius of columnar grain region ry, the
outer radius of equiaxed grain region Ty, and the outer radius of unaffected grain region
(vuter fuel surface) T, are schematically shown in Fig., 6. The corresponding temperatures at
these surfaces are denoted by TV’ Tl’ TZ’ and Ts’ respectively.

The heat generation rate is approximately proportional to the fuel density p for a cer-
tain enrichment. For a given linear power (or heat) rating q, the volumetric heat generation
rate q , in the unaffected grain region, equiaxed grain region and columnar grain region are

respectively written as
2
%, a/mr, i, ~ qv3p2/93, 1, <1V3pl/p3 . (2.15)

where Pr> Pys and py are known fractions of the theoretical density (TD) of U0, in the three
respective regions,
In the unsteady state of power reactor operation the linear power rating of the fuel

element may vary as a ramp function from the base linear power rating 9p*

q = qy(1 + mt) (2.16)
in which m is the reciprocal time parameter (positive or negative) and t is time, as defined,

In general, the fuel thermal conductivity, K = Kf, depends mainly on fuel temperature T
and density p for specified fabrication processes. In an operating temperature range, the
fuel density in each region is practically constant. Thus the thermal conductivity in the
vo, fuel of IWR can be expressed as [4,19]

Ke = K(T,p) = 0 + [T(C, - Cyp)] 7" (2.17)
C, are constants,

2> 73
From the Fourler equation of heat conduction, the heat transferred per unit volume of

where Cl, C

the unaffected grain reglon at any temperature T(r,t) is
= oT
qvg = 2K3(T, p) ot (2.18)

Substituting eq. (2.17) into eq., (2.18) and performing the integration with appropriate

limits yield the temperature distribution in the unaffected grain region as

n(r/Ty), r, ST ST T, ST ST (2.19)

39)

At the outer surface of the equiaxed grain region, r = Ty, T = T2, eq, (2.19) becomes

2 2,2
q_v3rs(1 -r /rs)/4 =C(T-T) + (G -¢C )
r (1 - rz/rz)/A =¢C¢, (T, -T) + (C, - C )'lln(T /T ) (2.20)
qv3 s 2" s 1'72 s 2 303 2'"s ‘
The heat conduction in the equiaxed grain region 1s given by
(q, -aq, )(rg/zf) +q, /2 = -K,(T, p) 3T/ or (2.21)
3 2 2

Introducing eq. (2.17) into eq (2.21) and integrating yield the temperature distribution in

the equiaxed grain region as
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q, (3/w[1 - e/rp?+ (1 - g, fa, ) InG/x 2] =0 - )+ (cy - € )t /T
v, "2 2 v, v, 2 1 2 2 " 3P 2
for Ty <r srz, Tl =T zTZ (2.22)
At the outer radius of the columnar grain region, r = Tys and T = Tl’ eq. (2.22) becomes
2 2 B _
qu(rz/h)[} - (rl/rz) + (1 - qvg/qu)ln(rl/rz)} = G (r, rz)
-1
+ (Cy - C4p,)  In(T,/T)) (2.23)
Similarly, the heat conduction in the columnar grain region is
2 20,
qvl(r - rv)/z = Kl(T,p)aT/ar (2.24)
Upon substitution and integratiom, it gives
a2yl - e+ @drptaEi?] = o - 1) + (€, - Cup) Mn(T/T))
Gy, 1 1 vl 1 1 1 2~ %3P 1
for T, St <1, Tv 2T le (2.25)

Let the radius of central vold r = r, the temperature distribution in the columnar region

then becomes
211 /ey - 2ln v /)] = ¢q(x, - C, - C.py) tinT /T 2.26
qvl(rl )[ - (rv rl) (¢ nr,iTy ] N l(rv rl) +( 2" 301) R | (2.26)

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

zone, a relation to determine the central void radius (or the ratio rv/rl) is

_T 2 1/2
rv/r1 = lﬁrz/rl) (qu - qv3)/qvl + (qvl - qu)/qvl] (2.27)

The value of TS can be obtained from eq. (2.11) for a given value of T The values of
rv/rl and TV/T1 can be found from eqs. (2.26) and (2.27). Similarly, the values of rl/rz,
TI/TZ’ rZ/rs, and TZ/Ts can be determined from eqs. (2.23) and (2.20), respectively. The
temperature distribution in the fuel zone 1s determined from eqgs. (2.19), (2.22), and (2.25)
which are parabolic in nature,

Since the temperature distribution in fuel is parabolic and their average thermal gra-
dient (aT/ar)av occurs at rs/3, the threshold temperature for columnar grain formation as
well as concomitant central void formation as a function of irradiation time t, can be

expressed as

r /3t = - [c enn(-cg/m/m /o0, (2.28)

where C4, C5 are constants. For given values of T t, and (BT/ar)av, the threshold center-
line temperature Tc( = Tv) can be calculated from eq. (2.28).

For the equiaxed grain growth, by analyzing the experimental data of grain growth
related to the initial grain size D0 and the grain size D after annealing of irradiation time
t, the cubic equation for the best representation of the results is obtained [4]

3 3

D™ - D

0 kot exp (-Q/RT) (2.29)

where ko is constant, Q is activation energy for the process of equiaxed grain growth, end R,
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T have been defined. With the specified value of average, minimum grain size D for the ex-
tent of equiaxed grain in the fuel and the known values of DO, t, Q, k, and R, the tempera-
ture T2 (= T) can be evaluated from eq. (2.29). This relation is also coupled with the tem-
perature distribution equations derived for the fuel.

The temperature distributions in the fuel element vary with irradiation time for two
different cases are shown in Figs. 7 and 8. The predicted temperature rise in the early life
of the fuel-element operation has been verified by various experimental data.

The comparison of predicted and measured centerline temperatures of thc fuel elements is
given in Fig, 9. It is seen that the prediction and measurements of the centerline tempera-

tures are in excellent agreement [21,22].

3. Irradiation Swelling and Fission Gas Release

Apart from irradiation growth and thermal-cycling growth, the most significant radiation
effects on nuclear fuel and clad affecting the physico-mechanical stability of reactor fuel
elements are irradiation swelling and irradiation creep.

In the previous papers [3,4] a general description for the proposed model of irradiation
swelling has been made. In this paper only the resulting equations derived from the model of
irradiation swelling are given,

3.1 Irradiation Swelling in Fuel

The volumetric increase due to fission solid-solution swelling (AV/V)Sld is expressed as
- T = '
(Av/v)Sld = CFt cba_vt/c1 (3.1)

where Cb is constant volumetric contribution per fission per unit volume, F = qv/Ci is the

fission rate per unit time t per unit volume of the fuel, q, is volumetric heat gemeration

rate, and Ci is conversion constant, The total volumetric increase of fission-gas swelling

(AV/V)gas due to fission gas bubbles anchored at the grain boundaries (w/v) gas bubbles

sgb’
at the dislocation (NUV)Sgd, and gas bubbles moving in the grains (AV/V)ng 1s represented

by the relation [3]

(Av/v)gas = (Av/v)Sgb + (Av/v)sgd + (Av/v)ng (3.2)
in which
x=-1
Wiy, = 1 i;o Ni’n(% m di) (3.3)
T ACUR (3.4)
t -t

0]
L
~
I~
joa |
o
w
~

(AV/V)ng (3.5)

L is average parallelepiped length of gas bubbles in the direction of thermal gradient, D

is average diameter of the grains in the equiaxed grain region, di = bubble diameter on the
grain boundary, d' is new bubble diameter at the dislocation, tg is time required for a
bubble to travel across the parallelepiped in the grains,tcg is time required for a bubble to
attain its critical size to begin moving, dCg is critical diameter of the grown bubble size,

n (= x) is number of time intervals, Ni n is number of bubbles per unit area at ith collision
s
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after xth time intervals, and N0 is the number of bubbles with diameter d per unit volume.
For the isotropic case, the swelling strain e = (w/vy/3.

3.2 Observation of Irradiation Effect in Zirconium Alloys

The cladding material of LWR fuel elements is zirconium alloys: Zircaloy-2 and Zircaloy-
4. The behavior of Zircaloy-2 and Zircaloy-4 is very similar except that during high-tem-
perature water corrision Zircaloy-4 absorbs less hydrogen than does Zircaloy-~2, The mechani-
cal properties of Zircaloy are slightly affected by increasing neutron irradiation and hydro-
gen concentration (forming hydrides). Little irradiation swelling, however, has been observed
[23]. So far, no voids have been observed in pure zirconium reported from neutron irradiation
experiments. Therefore, the irradiation swelling of Zircaloy may be ignored.

3.3 Fission Gas Release

Fission gas release from the oxide fuel consists of two components: (1) that due to
grain growth at elevated temperature, (2) that due to gas bubbles migrating away from grain
boundaries when micro- and macro-cracks of the fuel take place,

For component (1), the total number of fission-gas atoms mg released first to the cen-

tral void due to grain growth can be evaluated from the semi-empirical equation

2 .
mg = mfnrth (3.6)
where me = 0.27, the average fission-gas atoms produced per unit volume, and f, r2, and t are

as defined.

For component (2), the total number of fission-gas atoms, m released from the grain
boundaries to the central void from bubbles located between the radii rj and rj-l of the fuel
zone can be given by [3,4]

. ndZ
SN (by- 0d.) 2wl -l ) (3.7)

™ = N %ich’  EkT 37 T .
in which Nt i{s total number of bubbles migrating away from the grain boundaries per unit vol-
ume, v is surface tension of fuel material, % is hydrostatic pressure in fuel around the
bubble, d_,
eqs. (3.6) and (3.7) the total fission gases m, released first to the central void and then

is diameter of collided bubble, and k, T have been defined before. By adding

to the plenum of the clad are obtained,

4, Irradiation Creep and Cracks

Nuclear radiation can induce the irradiation creep in the fuel and clad of LWR fuel ele-
ments during reactor operation. The rate of irradiation creep e is, in general, much great-

er than that of thermal creep.

4,1 Irradiation Creep of UO2 Fuel

Experiments show that the in-reactor creep rate of UO2 in the low temperature region
(below 800-900 oC) is relatively insensitive or moderately dependent on temperature, and is
substantially enhanced over the out-of-reactor creep rate. In the high temperature region
(above 1100 0C), however, the creep rate is strongly dependent on temperature with an acti-
vation energy Q of the order of the out-of-reactor creep. The creep rate enhancement in-
creases with the fission rate of UO2 fuel in the reactor., For instance, the creep rate ¢
of UO2 in-reactor at a fission rate of 1.2 (1013) fissions/cm3-sec in the stress range 107-
284 kg/cm2 and temperature range 1030-1190 °c is greater than that of out-of-reactor UO2 by a

factor of about four, as shown in Fig. 10 [4].
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Based on experimental data and theoretical analysis [5], it is proposed that the irra-

diation creep strain e and creep rate ¢ of UO, in-reactor are expressed as

2

[
L}

(£d"/0,) exp(-Q/RT) 4. 1)

€

(0"/g,)exp(-Q/RT) (4.2)

where g = o(f) is creep stress at a steady state of fission rate F defined, a, 1s material
creep modules, n 1s material creep number, and Q, R, and T have been defined previously,
Equation (4.2) 1is essentially a power-function creep law for predicting the creep rate of
the oxide fuel operated 1n reactor. Both e and n depend moderately on the fuel structure,
density, irradiation time, etc.

The irradiation creep induced in the oxide fuel is a slow process of plastic deformation.
Similarly, the irradiation cracking which occurs in the oxide fuel 1s also a process of plas-
tic deformation, Fuel cracks are commonly observed to occur in the principal planes and as-
sociated with the principal stresses. The initiation of crack nucleation and the direction of
crack propagation in the case of multiaxial stresses due to nonuniform thermal expansions and
thermal-cycling fatigue may be interpreted by the distortion energy theory. On the basis of
structural mechanics it is postulated that under the irradiation enviromnment and yield condi-
tion of the distortion energy theory the shearing stress nucleates cracks and the maximum
principal stress propagates and extends cracks along the plane normal to the principal stress
[26], when the principal plastic stresses occur,

The irradiation cracks of the UO2 fuel may relieve the principal tensile stresses, re-
lease the fission gases from the central void to the plenum, and modify the gap conductance.
In general, the cracks have little effect on the fuel density.

4,2 Irradiation Creep, Cracks and Thermal Gonductivity of Zircaloy

A considerable amount of interest has been given to the irradiation creep rate € of
Zircaloy. A number of irradiation creep rate laws have also been introduced on the basis of
various sets of experimental data [27,28]. In this paper the irradiation creep strain and

creep rate of Zircaloy clad at irradiation time t are proposed in the relations [26]

e= e (1 - e-th/f)eG/Or: + Bowt (4.3)
¢= ¢, pexp(al/o, - Qt/F) + B (4.4)

where @ is neutron flux, F is reference neutron fluence, o, g, are creep stress and reference
creep stress, and €y B are dimensional constants, On the right side of eq. (4.4), the first
term represents the thermal creep rate, the second term gives irradiation growth, and the
last term expresses the correlated irradiation creep rate of g and @ for prescribed values

of ¢, B, and F.
(o]

5. Stress and Strain Analysis

In the stress and strain analysis of long, cylindrical IWR fuel elements (taking the
thermal and irradiation effects into account, the same basic assumptions are made [3,47.
From these assumptions the equations of stress equilibrium, strain compatibility, and stress-

strain relations at any irradiation time t are given by [3,4]
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dor/dr + (or - o'e)/r =0 (5.1)
de e/dr + (ee - er)/r =0 (5.2)
e, = lo, - vi(gy + oz)]/E + oT + e, + ¢
¢g=log= v, + o) VE+ oT + e + ¢ (5.3)

e, = [0, - v(g, + gQVE+ aT + e + ¢

where 0. Og O, are radial, tangential and axial principal stresses, s Cg and e, are
radial, tangential and axial principal strainms, € and €, are irradiation swelling and irra-
diation creep strains, E is elastic or reduced modulus, yis Poisson's ratio, o 1s linear
thermal expansion coefficient, and r, T have been defined, For the plane strain state, the
axial strain variable, e, = 0. The thermal expansion strain, df, and irradiation swelling

strain, eg» are combined in a single term of linear resultant thermal and radiation strain

E:R=°'T+€s=et:h-'-es

(5.4)

The average value of the linear thermal expansion coefficient for UO2 may be evaluated from
the proposed empirical equation on the basis of experimental data collected between 1000 °c
and 2200 °c

= 0.75(107%) (T - 625)2/(T - 25) + 19.76(1073)(T - 625)/(T - 25) + 1.15(10°%) (5.5

where the values of 25 %¢ and 625 °C are chosen as room and coolant temperatures, approxi-
mately.
In the creep range (or plastic region), the incompressibility equation is applicable
e +e¢ +¢ =¢ +e =0 fore =0 (5.6)
c z
T 8 z T ]
To simplify the mathematical manipulation, the new variables of average normal stress s and

mean strains e and g are defined as

s = (g + ag+ cz)/3 (5.7)
e = (g + cg+ 3g)/3 ' (5.8)
g= (e - ¢~ 3eR)/3 (5.9

1f g S €, > and e are known, the values of €, and ee can be expressed as
r ¢} z

6 = 3e+ g+ 2er)/2, g = 3(e - g)/2 (5.10)
From the stress-strain relations, eqs. (5.3), the components of the principal stress can be
written as

3E

_ 3 __3E _E__ -

R T R A A A (5.112)
_ 3E 3 __E

B TaFrwd-2p ST T+ nt 1+u(eR+€ce) (5.11b)
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3E

- _E
T A+ w@a-2) *T1ry (eR+ ecz) (5.11e)

By introducing eq. (5.10) and the first two of eqs. (5.11) into eqs. (5.1) and (5.2), the new
equilibrium and compatibility equations in terms of the defined variables e and g can be ob-
tained. With appropriate boundary conditions, e and g can be determined.

For thin clad operated in a moderate temperature range, the material constants (elastic
or reduced modulus, Poisson's ratio, linear thermal expansion coefficlent, etc.) vary
moderately along the clad radius. The average values of E, p, «, etc., can be used. For the
thick fuel zone, the thermal gradients and the density changes due to nuclear irradiation
are so large that the average material constants are no longer adequate for use in the fuel
zone. Therefore, for a thin clad a closed-form solution can be obtained, but for a thick
fuel zone a finite-difference (or finite-element) method must be used to solve the differen-
tial equations with temperature material constants,

5.1 Closed-Form Solution of the Clad

Consider the thin clad a hollow cylinder with inner and outer radii Ty, T subjected to
an internal gas or gap pressure Pg’ an external pressure Po due to coolant, a radial tem-
perature distribution T(r), and an irradiation creep rate éc'

Upon substitution of R g O O from egqs. (5.10), (5.11a), and (5.11b) into eqs.
(5.1) and (5.2), the equilibrium and compatibility equations become

de 2(e, - e )

1 de g 2T ® 4% 2 S O °g (5.12)
1 -2y dr dr r 3 dr 3 dr 3r ‘
2(g + &)
de  dg _ ®
dr ~ dr T (5.13)
Solving for e and g from eqs. (5.15) and (5.16) ylelds
g Ecr-ace
- 2€R+§ _rdr +Al (5.14)
r

i
T T A
20+ 1 l-2py - L 2
g (- D rz Te dr + G- D ecr 2aR r2 (eCr + eCG)rdr + :2' (5.15)
r, r

i i

where Al and A2 are the integration constants. The boundary conditlions for the clad at the

inner and outer radii are

r=r,, g =-P; r=1r, o, = -p (5.16)

where the coolant pressure P0 is a given (or designed) value, and the internal gas pressure
Pg will be given later. The integrals in eqs. (5.14) and (5.15) can be performed analyti-
cally to obtain a closed-form solution. These integrals can also be evaluated by a numerical
(or computer) method when the values of integrands at each interval are prescribed.

5.2 Finite-Difference Method of Fuel Zone

The finite-difference method is applied to obtain a solution for the fuel zone. The

fuel zone may have an outer surface radius Ty and a central void radius r, (see Fig, 6)
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after a sufficlent irradiation time (or burnup) has been attained., There are also the fission
gas pressure PV in the central void and gas (or gap) pressure in the fuel-clad gap. The fuel
zone is divided into N arbitrary intervals along the radius so that there are N + 1 stations.
The first station is taken at the inner radius T, (or at the center of the fuel element).

In the application of the finite-difference method, the compatibility equation, eq.
(5,16), between station 1 and station i - 1 becomes

e - & ) 8 "By _ & + aRi N Bi-1 + ﬁRi-l (5.17)

Ty " T Ty T T4 T '

1 Fi-1
Similarly, the equilibrium equation, eq. (5.15), becomes

3Ey i S Bl B N 3y TS B B 5 N
2T+ y |1 - 2y t & 20+ y_p [1T- 2y, T -1

i-1
E r, =t
i i i-1
- | 2( -6 )+ —"=(3 - € + € )]
2(1 + "i) I: eRi c, T, e"Ri c, cq
i 1 1
E r, - ¢
1-1 R )
+ T+ Vi-]_) [2(2%1-1 - ecr ) - T, (3(-:Ri_1 ecr + ece ):I (5.18)
i-1 1-1 1-1

Similar equations of compatibility and equilibrium can be written between station 1 - 1 and
station i - 2, etc, The combination of eqs. (5.17) and (5.18) gives e and g at the ith sta-
tion in terms of those at the 1 - 1 station. The values of e and g at the ith station can
also be correlated to those at the first station, etc. After ey and g, are found, all the
other values of the e and g can be obtained.

At the n + 1 station, i.e., the outer surface of the fuel zone (the outer boundary con-
dition), the radial stress of the fuel 1s equal to the gas or gap pressure

P (1:2 - rZ)T
crN+1 ) -Pg o [r2(1 + e, + ¢ il1)21- rzili e, + ¢ + e )2]T 1%
91 thc s es thf s in

where Pin is initial pressure of gases, Tin is initial temperature of gases in the fuel-
clad gap, and Tg, Tys Tos eei, ees, €chs and € have been defined [eqs. (2.11) and (2.12) 7.
In the case where the gap 1s closéd, the fuel-clad contact pressure might be small or compar-
able to the gas pressure because the fuel surface becomes soft and rough due to high irradia-
tion temperatures.

At the first station, i.e., at the center of fuel zone (the imner boundary condition),
for a solid fuel element the boundary condition is simply a. = cel. When o, and g, are

introduced into eqs. (5.1la) and (5.1lb), 81 is found: 1 61

g = (¢ -6 - 3eR1) (5.20)

[+3
ry &

For the fuel element with a central void, the boundary condition at the first station is
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PinTv
crl Ty T, (L+ e, + y2 2
in 8 *th,

where Mb is the total volatile and fission gas atoms releasted from grain boundaries in the
unaffected grain region to the central void, and Pv’ Pin
The values of e and g, can be found from eqs. (5.1la), (5.14), and (5.15) after substitution
from eq. (5.21).

In the case where extensive cracks have taken place, the gases of the central void, the

s, T, F, t, etec., have been defined,.
v

fuel-clad gap, and the plenum of the fuel element are interconnected in equilibrium., The
two boundary conditions then become identical at the outer and inner surfaces of the fuel
zone:
B MtR

Vv/‘l‘v + vg/'rg + vp/u:P

a = g. = -P
ML 1 8

(5.22)
in which Vv, Vg’ Vp are volumes of the central void, gap, and plenum, Mt is total mass (in
moles) of gases, Tp is gas temperature in the plenum (slightly higher than coolant tempera-
ture Tco)’ and Tv, Tg, R are as previously defined.

Once e's and g's are solved from the equlibrium and compatibility equations in either
the closed-form solution or the finite-difference method described above, all principal
stresses and stralns produced in the mid-plane of the IWR fuel elements can be determined.
By such successive or iterative processes, the complex nonlinear problem has been solved 1in

a simple, linear manner,

6,

The principle of the iteration method is to solve the nonlinear, thermal elastoplastic
problem under the condition of heat generation, irradiation swelling, and irradiation creep
of IWR fuel elements. The creep (or plastic) strains predicted or presumed at each step in-
volve, practically, the solution of a linear problem,

The procedure to carry out the iteration method is similar to that given before [3,4].

A computer code, ISUNE 2, written in FORTRAN IV language and adapted for the IBM 360
Computer at Towa State University Computer Center is developed to perform the irradiation
swelling, irradiation creep, and stress analysis for IWR fuel elements in unsteady-state

fuel restructuring, The fuel is UO2 or UO2 . PuO2 for Pu recycling in IWR.

7. Conclusions

From the preceding irradiation swelling, irradiation creep, and stress analysis and the
comparisons between the analytic results and the experimental data of the long, cylindrical
LWR fuel elements, the following primary conclusions are drawn:

(1) The relationships of the fuel-clad gap thickness and gap conductence for the case
of gap closure, gas opening, or partial closure and opening are derived based on
experimental data,

(2) From the analytical and experimental creep data, some empirical equations for
irradiation creep laws of the fuel and cladding materials are proposed for the
fuel-element stress analysis [eqs. (4.1)-(4.4)]. These equations are seemingly

on a sound analytical and experimental basis.
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(3) The initlation of crack nucleation and the direction of crack propagation in the
UO2 (or ceramic) fuel (due mainly to nonuniform thermal expansion and thermal-
cycling fatigue) may be interpreted by the distortion energy theory. It is postu-
lated that under the irradiation enviromment and yield condition of the distortion
energy theory the shearing stress nucleates cracks and the maximum principal stress
propagates and extends cracks along the plane normal to the principle stress when
the principle plastic or creep stresses occur in the fuel elements.

(4) The formulation and performance of irradiation swelling, irradiation creep, and
stress analysis of the IMR fuel elements and the development of a relatively
complete computer code, ISUNE 2, will facilitate the computations for the fuel
element design, safety analysis, and economic improvement of the nuclear power

plants,
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