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L'ENERGIE ATOMIQUE DU CANADA LIMITEE

ANALYSE DU FLECHISSEMENT DU AU FLUAGE DES CANAUX DE COMBUSTIBLE

DANS LES REACTEURS NUCLEAIRES "CANDU"

pah

M.J. Ve.ttiQie.ui zt S .8 . Lambe.itf

RESUME

Les tubes de force sont les réservoirs sous pression des réacteurs nucléaires CANDU*.
Les tubes de force insérés dans des tubes de calandre concentrique forment des canaux
de combustibles horizontaux. Ils sont encastrés à chaque raccord d'extrémité par
des joints dudgeonnés et supportés par les tubes de calandre à plusieurs pointu
intermédiaires par l'entremise de cales d'écartement. Les tubes de force et de
calandre sont fabriqués d'alliage de zirconium. Des contraintes multiaxiales sont
induites dans les tubes de force par la combinaison de la pression interne, des
forces axiales et des charges en flexion. Des déformations dues au fluage en
résultent. Le fluage dépend des contraintes et de la température, et est accéléré
par le flux de neutrons rapides. Avec le temps, le tube de force fléchira et
pourrait toucher le tube de calandre. Il se pourrait aussi que la courbure aux
endroits les plus contraints en flexion devienne trop grande pour permettre le
passage libre des grappes de combustible.

Cette communication présente une analyse du fléchissement dû au fluage des canaux
de combustible. L'analyse considère les facteurs suivants: l'anisotropie des
alliages de zirconium; la variation des taux de fluage due aux flux neutroniques
non-uniformes; l'asymétrie due au gradient de température le long des tubes; l'effet
des forces axiales possibles; l'effet des pentes nominales aux extrémité; et, le
comportement non-linéaire dû aux jeux nominaux d'assemblages. De plus, le problème
est statiquement indéterminé et est instationaire puisque au cours du fléchissement
les réactions aux points de support et la distribution des moments de flexion changent
avec le temps.

On établit d'abord les relations entre le fluage dû à la flexion et le comportement
plastique du matériau. La composante plastique et la composante élastique de la
courbure sont intégrées deux fois pour obtenir le fléchissement. Les équations
simultanées pour la déformation à chaque point de support sont établies. Ces
équations sont résolues de façon exacte pour chaque interval de temps donnant les
réactions et la distribution des moments de flection. On répète le procédé pour
couvrir la vie prévue du réacteur. La composante de la déformation due au fluage
est intégré avec le temps. L'analvse est mise en application sous forme d'un code
d'ordinateur qui est facile à utiliser et très efficace.

On donne des examples pour illustrer 1'analyse. Les effets de plusieurs paramètres
tels que le nombre de cales d'écartement, les forces axiales, l'asymétrie due à la
température et les jeux d'assemblage sont discutés. On conclut que le fléchissement
dû au fluage n'est pas un problème majeur dans les canaux de combustible. Par
analyse, on peut concevoir des canaux dont la vie n'est pas limitée par le fluage
en flexion.
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ABSTRACT

Pressure tubes are the pressure vessel of CANDU* reactors. The pressure tubes are
inserted in concentric calandria tubes to form horizontal fuel channels. They are
clamped at both end-fittings by rolled joints and supported by the calandria tubes
through spacer-supports at several intermediate points. Both pressure and calandria
tubes are made of zirconium alloys. Multiaxial stresses are induced in the pressure
tubes by the combination of internal pressure, axial forces and bending loads. Some
creep deformation of the fuel channels results. Creep is related to stress and
temperature, and is accelerated by fast neutron flux. In time, the pressure tube
will deflect and could touch the calandria tube or the curvature at points of high
bending moments could become too large to allow free passage of the fuel bundles.

This paper presents an analysis of the creep deflection of fuel channel assemblies.
The analysis considers the following factors: anisotropy of zirconium alloys; non-
uniform creep rates due to the neutron flux distribution; asymmetry due to temperature
gradients along the tube; effect of possible axial forces; effect of nominal slopes at
the rolled joints; and, non-linearities due to nominal assembly clearances. Further-
more the problem is statically indeterminate and time dependent since, as creep
deflection occurs, the reaction forces at the support points and the bending moment
distribution change with time.

The relations between bending creep and the creep behaviour of the material are first
established. The deflection is obtained by double Integration of both the elastic
and creep components of the tube curvature. Simultaneous equations for deformation
at each support point are formulated. These are solved exactly for each discrete
time interval yielding the reaction forces and the bending moment distribution. The
process Is repeated until the design life is reached. The creep component of
deformation is integrated with time. The analysis is implemented in a dedicated
computer code which is easy to use and very efficient.

The analysis is illustrated by examples. The effects of several parameters such as
number of spacer supports, axial loading, temperature asymmetry and assembly tolerances
are presented. It is concluded that creep deflection is not a maior problem in fuel
channels. By proper analysis, the channels can be designed so that their life is not
limited by creep deflection.
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1. INTRODUCTION

Pressure tubes are the pressure vessel of CANDU reactors [t]. The pressure tubes are

inserted in concentric calandria tubes to form horizontal fuel channels. They are clamped

at both end-fittings by rolled joints and supported by the calandria tubes-through spacer-

supports at several intermediate points. The pressure tubes contain the fuel bundles and the

heavy water coolant. Both pressure and calandria tubes are made of zirconium alloys. Multi-

axial stresses are induced in the pressure tubes by the combination of internal pressure,

axial forces and bending loads. With time some creep deformation of the fuel channels occurs.

Creep of zirconium alloys is related to stress and temperature, and is accelerated by fast

neutron flux. Eventually, the pressure tube will deflect and could touch the calandria tube

or the curvature at points of high bending moments could become too large to allow free pas-

sage of the fuel bundles.

This paper presents an analysis of the creep deflection of fuel channel assemblies.

The problem is treated from a solid mechanics point of view. The creep relationships for

zirconium alloys are assumed known [2], The creep deflection of fuel channels has been

analysed before [3]. The latter analysis considered the following factors: anisotropy of

zirconium alloys; non-uniform creep rates due to neutron flux distribution; statically inde-

terminate loading; and, bending moment distribution changes with time. However it assumed

symmetry and was limited to four spacer-supports. The current analysis considers in addition

the following: any number of spacer-supports; asymmetry due to temperature gradients along the

tubes; effect of possible axial forces; effect of nominal slopes at the rolled joints; and

non-linearities due to nominal assembly clearances.

2. DEFINITION OF THE PROBLEM

A fuel channel assembly is illustrated in Fig. 1. The forces acting on the pressure

tube are the internal pressure and the distributed weight WP of the fuel bundles, the heavy

water coolant and the tube itself. Axial forces PP are also possible due to creep elongation

of the pressure tube [4]. The axial forces may be time dependent. There are vertical reac-

tion forces FP at the end-fittings and FG at the spacer-supports, and ben ling moments MP at

the end-fittings. The calandria tube is similarly loaded with bending ro/menta MC and reaction

forces FC at the end-fittings, forces FG at the spacer-supports, ana distributed loading WC.

The latter Is due to the weight of the tube itself and to upward buoyancy for-:es since the

calandria tube is submerged in the cool moderator. Axial loads PC are also possible in the

calandria tube. The slopes Y at the end-fittings of both pressure and calandria tubes may be

slightly different than zero due to minimal assembly tolerance and tube out-of-straightness.

The latter and clearances at the supports CL may cause non-linearities. It is possible,

particularly at the beginning of reactor operation, or with severe axial loads, to have an

unloaded support or a downward reaction on the pressure tube. Furthermore coolant pressure

and temperature gradients along the pressure tube cause asymmetry. Typical operating condi-

tions for pressure tubes are transverse stresses 110-120 MPa, temperature 250-300°C, and fast
17 -2 -1

neutron flux of up to 3.3x10 n'm -x (>1 MeV).

3. RELATIONSHIP BETWEEN BENDING CREEP AND MATERIAL CREEP BEHAVIOUR

The pressure tubes are effectively thin wall tubes subjected to combined internal pres-

sure, bending loads and axial forces. This is a multiaxial creep problem which is further

complicated by the anisotropic behaviour of zirconium alloys. The problem is analogous to

that of plastic deformation under raultiaxial stresses. Thus the Von Mises yield criterion
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generalized for anisotropic materials as proposed by Hill [5] may be used to deSLiib > the

multiaxial stress state. This is represented by the effective stress 0- such that:

of = iTiOj-oJ
2 + G(a2-a3)

2 + m c y c ^ ) 2 + 2Lo*2 + 2Ma*3 + 2Na
2
1]

0' 5 (1)

where a , a and a are the stresses in three mutually perpendicular axes corresponding to

the axes of anisotropy, and o^> CT
23

 a n d a31 a r e C h e s n e a r stresses. F, G, H, L, M and N are

parameters characterizing the state of anisotropy of the material. Since the axes of aniso-

tropy of zirconium alloy pressure tubes coincide with the axes of principal stresses in this

case, eq. (1) reduces to „ _ i n z

af = [F(aa-crtr + G(at-ar)
2 + H C a ^ r ] 0 - 5 (2)

where a , a and o equal respectively a , a and o , and are the axial, transverse, and

radial stresses.

Merkle [6] has shown that the principal creep rates e , £ and E are given by:

Ea = E f/a f [F(oa-at) - H ( V a a ) ]

K= *i/at tH (vv - G ( V V ] (3)

where c is the effective creep rate. The relationship between effective stress and creep

rate for zirconium alloys at any given time is of the form, [2]:

ef = B o" (4)

where n is the stress exponent and B is a paraceter which includes temperature and neutron

flux effects. From eq. (2), (3) and (4), the following relations may be derived:

a) For a thin wall calandria tube under combined bending and axial loading but negligible

internal pressure, a = 0, a = 0 and o = o + o . The suffix z refers to the

stresses and creep rates at a distance z from the neutral axis for bending stress.

a is the axial stress due to the axial load PC alone and a. is the additional stress
p bz
due to the bending moment. The relationship between creep rate and stress is:

( /

b) For a thin wall pressure tube under combined internal pressure, bending loads and

axial forces, CTr = 0, O^ = 0t/2 + a , c^ = a& + o b z = crt/2 + o + afcz. The relation-

ship between creep rate and stress becoir.es:

eflz = BCa^""
1) [0.5(H-F)at + (F+H) (oykJ^)] (6)

At the outermost fibre of the tube x = c, and E is obtained from eq. (6). At the

neutral axis, where z = 0 and a, = 0, £ is given by:
Dz ao

E a o = B^fo""
1) [0.5(H-F)Ot + (F+H) 0p] (7)

It is essential to determine the stress distribution across the tube section. Due

to compatibility requirements the bending strain rate E which is defined as:

Kz = *az " =ao <8>
must satisfy • e It. = z/c (9)

If eqs. (2), (6), (7) and (8) were inserted in eq. (9), the stress distribution would not yet

be simply defined. Consider the limiting case where the stress exponent n=l. For all

practical purposes this is the case for zirconium alloys [2]. Thus eqs. (6), (7) and (8)

substituted in eq. (9) reduce to:
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abz
/Obc = z / c (10)

This indicates that the bending stress distribution is linear across the tube and that the

neutral axis for bending is at the tube centreline. Eq. (6) simplifies to:

e a z = B[0.5(H-F)ot + (F+H)(crp 4 o^)] ( 1 1 )

Inserting eq. (11) in eq. (8):

% z " B < F + H> a
b E <12>

This expression may be used to predict pressure tube bending creep. It shows that the bend-

ing creep is independent of the internal pressure. Thus the pressure gradient due to pres-

sure drop should not cause bending creep asymmetry in the pressure tube. Similarly eq. (5)

reduces to eq. (12) which may also be used for calandria tube bending creep analysis. The

above is analogous to the analysis proposed by Finnie and Heller [7] for isotropic materials.

4. ANALYSIS OF CREEP DEFLECTION

Since the above limiting case yields a linear distribution of bending stresses across

the tube, analytical techniques analogous to those derived for elastic deformation may be

used and the principle of superposition applies. For deflection calculations it is desir-

able to express the bending creep rate in terms of the curvature change rate K (x,t) which

is a function of the position x along the tube and of time t. By analogy to elastic beam

deflection analysis: ^ ( x > t ) „ - ^ / c ( 1 3 )

Let e, = C(x,t)CT, where C(x,t) represents the creep behaviour of the material as defined by

eq. (12) for z=c. Also a b c = M(x,t) c/Ij thus

Kc(x,t) = C(x,t) M(x,t)/I (14)

where M(x,t) is the bending moment and I the moment of inertia. Since the elastic curvature
2 2 "

Iv.(x,t) = M(x,t)/EI and considering that curvature is equivalent to 6 Y/Sx or Y for quasi-

straight beams, the total curvature K(x,t) is given by:
t .

K(x,t) = Y(x,t) = M(x,t)/EI + f (C(x,t) M(x,t)/I) dt (15)
o

Integrating twice and inserting the appropriate boundary conditions:

xx t

Y(x,t) = r f[ M(x,t)/EI + f" (C(x,t) M(x,t)/I)dt] .Sx.&x. (16)

o o *b

which expresses the deflection Y(x,t) at any time t and any position x along the tube. The

problem is now to determine the bending moment distribution M(x,t) which is time dependent.

5. BEHDING MOMENT DISTRIBUTION AND LOADING

As the creep deflection increases, the reactions at the ends and at the spacer loca-

tions change and the bending moment distribution changes with time. Since the number of

unknowns is greater than the number of equilibrium equations, the problem is statically

indeterminate. Considering in addition that the creep behaviour C(x,t) is not uniform along

the tube due to temperature and neutron flux dependence and that it may also change with time,

an exact solution of eq. (16) is difficult. This type of problem is best solved by numerical

methods on a digital computer.

The life of the reactor is divided into short intervals of time At. t is the
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equivalent full power time and t is the elapsed time from reactor otart-up to the end of

time interval n. The bending moment distribution M(x,t ) at t is calculated for each time
n n

interval and is assumed constant during that interval. The loading and bending moment dis-

tribution is resolved by formulating the displacement relationship to satisfy the boundary

conditions at the end-fittings and the displacement constraints at the supports.

As shown on Figure 1, (o) and (L) denote the ends of the tubes and (1), (2)...(i)...

(N) the spacer-supports. To satisfy equilibrium, the bending moment distribution along the

pressure tube at time t must satisfy*:

N ,
x'£/

MP(x,t ) = MP(o,t ) + FP(o,t )x + V 1 FG(i,t ) <X-L(i)> - WPx'£/2 - PP(t ) YP(x,t ,) (17)

i=i

where <x - L(i)> denotes positive values only of x-L(i).

For conciseness let: C(x,t ) = C(x,t ) At /I and BIP(x,t ) = 1/EI + C(x,t ). Thus
n n n n n

from the discretization of eq. (15) with respect to time, we get:

n-1
YP(x,t ) = MP(x,t ) BIP(x,t ) + V > MP(x.t) C(x,t) (18)

n n n e j
t»i

Inserting eq. (17) in eq. (18) and integrating once with respect to x, we obtain the slope

YP(x,t ) for the pressure tube:
n

i x x
YP(x,tn) » MP(o,tn) C BIP(x,tn)dx + FP(o,tn) f BIP(x,tn)xdx

o

X

,t ) / BIP(x,t )(x-L(i))dx - WP f BIP(x,t )(x2/2)dx
n J n j n

1=1 L(i) o

x n-1 x

- PP(tn) J BIP(x,tn) YP(x,tn_1)dx + YP(o) + V ^ j MP(x.t) C(x,t)dx (19)

Integrating a second time to obtain the pressure tube deflection:

XX XX

YP(x,tn) = MP(o,tn) ff BIP(x,tn)dxdx + FP(o,tn) f f BIP(x,tn)xdxdx

N x x x x

+ ̂ FG(i,t n) j f BIP(x,tn)(x-L(i))dxdx- WP ff BIP(x,tn)(x
2/2)dxdx

1=1 L(i) 1<X) o"o

n-1 x x

- PP(tn) ff BIP(x,tn) YP(x,tnl)dxdx + YP(o) f dx + ^ /"/MP(x,t)C(x,t)dxd;

(20)

* It is convenient to use MP(x,tn) and YP(x,tn_i) instead of the average value of MP(x,t)
and YP(x,t) over the time interval. For small At this makes little difference except to
evaluate the initial elastic deflection YP(x,to). Consequently the latter is evaluated by
iteration.
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Equation (20) formulates the total deflection for the pressure tube. As explained

earlier this equation represents a double integration of the curvature. During the integra-

tion, the elastic and creep components of the curvature are kept apart do that the plastic

deformation alone is integrated with time. This is expressed in the last term of eq. (20).

Similar equations may be derived to obtain the slope YC(x,t ) and the deflection YC(x,t )
n n

for the calandria tube. In these equations the terms MP(o,t ), MC(o,t ), FP(o,t ), FC(o,t )
n n n n

FG(l,t )...FG(i,t )...FG(N,t ) are unknowns and must be determined for each time interval,
n n n

There are N+4 unknowns and hence we must formulate N+4 simultaneous equations to resolve
them. Following eqs. (19) and (20), four equations may be formulated to satisfy the boundary

i i

conditions at x=L, that is: the slopes YF(L) and YC(L) and the deflections YP(L)=0 and

YC(L)»0 for pressure tube and calandria tube respectively. N further equations may be

obtained from the deflection constraints at the spacer-support locations, thus at L(i)

YP(L(i),tn) - YC(L(i),tn) - CL(1) (21)

where CL(i) is the nominal clearance between spacer-supports and tubes as shown on Fig. 1.

The above equations now form a set of N+4 simultaneous integral equations from which

the N+4 loading and bending moment distribution unknowns can be resolved by numerical

techniques. Hence MP(o,t ), MC(o,t ) , FP(o,t ), FC(o,t ), FGl(t ), FG2(t )...FGN(t ) are
n n n n n n n

now known and the bending moment distribution is completely defined. The creep deflection

of both pressure and calandria tubes may now be calculated.

6. COMPUTER IMPLEMENTATION. CALCULATION EXAMPLES AMD DISCUSSION

In the numerical solution of eq. (16), the fuel channel is divided in short discrete

elements of equal length Ax. The integrations are done using the trapezoidal rule. It is

assumed that, in a given element, the bending moment and the creep rate are constant over

Ax. The above analysis has been implemented in a dedicated computer code which is very

efficient. It takes roughly 15s to simulate the life of a typical fuel channel on a CDC-

CYBER-175 computer.

A creep deflection calculation for a typical fuel channel is shown on Fig. 2. In

this case LP-6.3m, LC=5.9m, Ll=1.55m, L2=2.59m, L3»3.61m, L4«4.65m, WP=65 kg/m, HC—9.9 kg/m,
2 2

EIP-150 kN-m , EIC=131 kN-m , CL-3.2mm. The creep relationships used are:

for the pressure tube;

"2/3 "23 ( /08 ] - 4 7 O t ) / T (22)

e pressure tube;

C(x,t) » [3xlO-4 t"2/3 + 6xlO"23

and for the calandria tube at T=340°K

*m(sin m

h" MPa"

C(x,t) - 1.16xl0~27 *m(sin mc/fc)
0'8 (23)

in which C (x,t) - E./(J., h" MPa" ; t is time, h; <|> is the maximum fast neutron flux,
17 9 1 m n

2.89x10 n m s (>1 MeV); I is the flux length, 6.05m; and T is temperature, 543 K.

Other basic creep deflection calculations were reported before [3].

Based on the above example, several parameters which could now be studied with the

present analysis are outlined as follows:

1) Temperature Gradient: A difference in temperature of 80°C between inlet and outlet

only reduces the minimum clearance between tubes after 40 years from 4.55 to 4.50 mm.

2) Effect of End Slope: The worst combination of slopes of 0.002 at the ends of the

pressure tube only reduces the minimum clearance between tubes after 40 years from 4.55 to
4.37 mm. In practice the pressure tubes are rolled in the end fittings and have slopes
«0.002.
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3) tlwriber of Spazsv-Eui-povts: The effect of the number of supports is shown in Fig. 3.

A fuel channel design with four spacers is very conservative. The time required for the

tubes to be touching is far in excess of the design life.

4) End loads: Axial loads may be possible L4] at some time during the life of the

reactor. Fig. 4 shows the effect of a pessimistic axial loading history on the pressure

tube. The effects are not significant.

7. CONCLUDING REMARKS

A comprehensive analysis was developed to calculate the creep deflection of CANDU

fuel channels. It shows that creep deflection is not a major problem. By proper analysis

the fuel channels can be designed so that their life is not limited by creep deflection.

For the present problem a dedicated computer code as opposed to a general purpose code

proved to be very efficient and simple to use.
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FIGURE 1: Schematic and Idealized Loading Diagram
for a Typical Fuel Channel
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FIGURE 2: Sample Calculation: Pressure Tube and Calandria Tube
Deflection for a Typical CANDU Fuel Channel
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Effect of Number of Spacer-Supports on
Minimum Clearance Between Pressure Tube
and Calandria Tube (A=at midspan; B=between
end-fitting and spacer-support).
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FIGURE 4: Effect of Axial Loading (The axial loads on
the pressure tube were constant for the first
5 years and nil later on; there were no axial
loads on the calandria tube).
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