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A METHODOLOGY TO ANALYZE THE STRUCTURAL BEHAVIOUR AT HIGH TEMPERATURE
OF HEAVY WATER MODERATOR REACTOR PRESSURE TUBES

F. Alicino and S. Chiocchio
ANSALDO S.P.A.
Nuclear Equipment Branch
Genoa, Italy

A methodology to analyze the high temperature behaviour of the
Pressure Tubes of Heavy Water Moderated Natural Uranium Fuelled
Nuclear Plants has been developed.

The high temperature conditions for these components is expected
as a consequence of the partial break of a feeder, which can cause a
complete stagnation of the primary coolant, accompanied by a relevant
high pressure state.

Each Pressure Tube, made in Zircaloy-2, 1is located inside a
relevant Calandria Tube, also made in Zircaloy-2, whose functions is
to separate the Pressure Tube from the moderator. A separation
between the two tubes has furtherly to be guaranteed in order to avoid
embrittlement phenomena. CO2 gas fills the gap between these two
tubes.

Due two above described accident, two different but related modes

of rupture can start:

a) a high speed creep mechanism, which can expand the Pressure Tube
up to going into contact with the relevant Calandria Tube;

b) a bursting mechanism due to simultaneous high pressure and
reduced mechanical characteristics.

The contact may be eventually 1localized or circumferentially
generalized. In both cases the creep mechanism can be accelerated and
the burst pressure furtherly reduced. Also circumferential thermal
gradients can arise. A complete analysis of this situation can
requires either analytical or experimental approach.

The analytical approach is presented in this paper.

This methodology has been successfully applied to an Italian
Heavy Water Moderated Nuclear Plant.



A METHODOLOGY TO ANALYZE THE STRUCTURAL BEHAVIOUR AT HIGH TEMPERATURE
OF HEAVY WATER MODERATOR REACTOR PRESSURE TUBES

INTRODUCTION

This paper considers the mechanical behaviour of Heavy Water
Reactor Pressure Tubes when subjected to the thermal transients caused
by a partial feeder break, in presence of flow stagnation.

Heavy Water Reactor Pressure Tubes have the function to support
and position the fuel bundles and contain the primary coolant.

Usually Pressure Tubes consist in a central portion made in
Zircaloy-2 facing the fuel bundles and in lower and upper steel
end-fittings connected to the relevant pressure tube by means of
rolled joints and to the primary lines by means of mechanical joints.
The 1inlet 1line 1is wusually indicated as the "feeder" and the outlet
line as the "riser", referring to vertical Pressure Tubes.

Each Pressure Tube 1is located inside a relevant Calandria Tube
(CT) surrounded by the low temperature heavy water moderator. These
Calandria Tubes have either the function of containing the moderator
or the function of thermal insulating the Pressure Tubes. To reach
this goal a gap between each couple of tubes has to be guaranteed
during each steady operational condition. The contact between the
Pressure Tube and 1its relevant Calandria Tube has to be avoided in
order to prevent embrittlement phenomena of the pressure tube itself.
The only mechanical contact admitted is by means of two garter springs
which have the task to reduce the span lenght of the Pressure Tube.

A sketch of a typical vertical Pressure Tube and the relevant
Calandria Tube is shown in Figures 1 and 2.

DESIGN CRITERIA AND MATERIAL BEHAVIOUR

These components are usually designed referring to the ASME
Section III "Boiler and Pressure Vessel" Code, but because of the
peculiar material used for the Heavy Water Reactor Pressure Tubes it
is not possible to directly use the ASME III stress limits for all the
service levels to be analyzed.



The main difference with respect to ASME 1III steels is the
‘Zircaloy-2 reduced strain-hardening capability, in particular after
radiation exposure. The Zircaloy-2 material presents an Ultimate
strenght/Yield strenght ratio less than 2, while the ASME III steels
usually have a ratio equal to or greater than 2. This aspect causes
that the direct application of ASME TIII 1limits above the yield
strenght of Zircaloy-2 gives a lower safety margin than for the usual
ASME materials. As a consequence of that, in order to have safety
margins not lower than those given by ASME III Code, "ad hoc" limits
have to be set up for the level C and D service conditions, since for
these 1levels the ASME allowables are greater than the yield strength.
In Figure 3 the allowables defined for the material we are discussing

about are listed. It may be observed that the ultimate strength is
the controlling parameter , so the stress limits are set up based on
this wvalue. As a cosequence the Primary Membrane Design Stress

Intensity for faulted conditions is never larger than 70% of the
Ultimate Strength.

The Design Stress Intensity, Sm, has to be defined taking into
account the anisotropy of this material, whose anisotropic behaviour
is shown in Figure 4 (see ref. [1]). The variation of Zircaloy-2
properties vs. temperature are also shown in Figure 4 (see ref.

(11).

The above discussion refers to the standard stress verification
for emergency and faulted condition based on using Primary Stress
Intensity , calculated by linear-elastic methodologies, to be compared
with the suitable Design Stress Intensity. The alternative procedures
for faulted conditions, outlined by ASME III Appendix F, can be used
with no modification of the allowable limits, because they are based
on the ultimate strength which is the controlling parameter for this
material.

ACCIDENTAL SCENARIOS WHICH CAN GIVE A HIGH TEMPERATURE STATE
FOR THE PRESSURE TUBES

The pressure tubes can experience a very high temperature state,
with temperature very higher than the design one, when subjected to
the pressurized thermal transient following a very particular size
partial feeder break accident.

Such an accident represents a faulted condition for the involved
pressure tube, thus the level D service limits have to be applied in
studying its effects on that tube.

Following the most conservative approach, a complete stagnation
of the coolant has to be postulated as a consequence of this accident.
This stagnation is the cause of a sudden increase of the coolant
temperature, while the pressure remains pratically unchanged with
respect to the normal operating value, at least in correspondence to
the highest temperature values.



Typical temperature vs. time and pressure vs. time curves
associated to such an accident are shown in Figure 5. The scenario
highlighted has a very high potential of impairing the involved
pressure tube, because three different but related failure modes can
start:

1) the bursting pressure can be reached;
2) thermal creep phenomena can occur;
3) local instability can occur.

FAILURE MODES

A pressure tube 1is depending with respect to the following
failure modes:
- static collapse (bursting);
- buckling (elastic and/or plastic):;
- creep;
- non-ductile fracture;
- fatigque.

The creep phenomena usually considered are only those related to
the effects of the neutron radiation, because these tubes wusually
operate at moderate temperatures, where no thermal creep phenomenon
can occur.

As before said, the accident above described can start three of
these failure modes.

The static collapse can be experienced if the applied pressure
can become larger than the burst pressure of the tube. The examined
situation has a high potential for static collapse because the high
temperature causes a very large decrease in Zircaloy-2 mechanical
properties (see Fig. 4) and the pressure acting on the component
remains pratically at the normal operating value. For static
collapse, however, pressure is not the only load to be considered,
even if it is the predominant one.

The high temperature state starts a high speed thermal creep
mechanism which together with other analogous phenomena (radiation
creep, thermal expansion, pressure itself) and depending on time
duration of this state can expand the pressure tube up to going into
contact with the relevant Calandria Tube.

Due to «creep the pressure tube becomes weaker because its inner
diameter increases and thickness decreases (see Figure 6 and 7). For
this reason the bursting pressure decreases itself so enhancing the
possibility for static collapse.

The creep phenomena if very lasting in time can lead to failure
in an independent manner with respect to pressure effects. Furtherly
the contact between calandria and pressure tubes may be dangerous for
the integrity of the calandria tube itself and can start local
instability phenomena which can be a further cause of failure.



The other modes of failure usually considered for this component
(buckling, neutron creep,non-ductile fracture, fatigue) are not
involved by this accident so they are not considered in this analysis.
Based on the above considerations, an analytical methodology to assess
the integrity of such tubes in front of the considered accident has
been developed. 1In the flow-chart of Figure 8 the main items and
their logical connections of this methodology are presented.

METHODOLOGY

In Fig. 8 the activities to be performed in order to analyze
this situation are shown. Essentially three kinds of analyses are
carried out depending on the three involved failure modes.

In order to qualify the component against this accident all these
analyses have to be satisfied. 1In practice it is possible to show
that the local instability analysis can be performed in different ways
depending on the possibility to demonstrate that the gap existing
between the pressure and the calandria tubes is greater than zero
during the entire transient.

To perform all the above analyses, stylized transients (see
Figure 10) conservatively derived from the postulated ones (see Fig.
5) are used. On the point of view of local plastic instability
analysis the involved parameters are the circumferential and the
longitudinal stresses, entering the diagram shown in Figure 9. This
approach is felt to be yet valid in the examined condition 1if the
constraint of the tube is wunchanged with respect to the normal
operating conditions. 1If a contact is experienced the determination
of the state of stress requires a very particular methodology and also
the wusual verification approach may be no more valid. So it is very
fundamental to check if contact may be realized or not, 1in order to
decide if the standard plastic instability methodology is still valid.

Due to the complexity of the problems, an analyisis of the local
behaviour of the two tubes come into contact couldn't be only an
analytical one but could require also experimental studies.

So it results to be very fundamental to verify if the contact
could be experienced or not by the tubes, if the contact has the
characteristic to be very lasting in time and if the contact is very
marked.

If the contact is such to not anticipate any contacts (global or
local) between the two tubes, as said before no 1local instability
problems are expected, so experimental studies studies result to be
unnecessary. Also it experiments are necessary if moderate contacts
for a very short time are found or the contact has an oscillatory

nature.

Local instability problems 1is expected to start if a state of
permanent contact is obtained. Such a permanent situation can turn an
initial local contact into a global one so weakening an entire
beltline of the tube, which can experience instability phenomena.



The only analytical approach is herein presented because when the
methodology has been applied, it has been possible to prove that no
contact 1is anticipated for the two tubes, due to the postulated
accidental transient.

STATIC COLLAPSE APPROACH

The first objective 1is to study the state of stress induced by
the considered temperature and pressure transients and compare it with
the allowables.

The aim of this evaluation is to determine the safety margins
against rupture during the LOCA transient, considering all the loads
acting on the tube besides pressure, and the variation vs. time of
the mechanical characteristics.

Due to the severity of the situation, more sophisticated methods
than the simple elastic analysis have to be used. In particular the
stress ratio method has been felt to be practicable.

Even 1if the reference code doesn't give a specific formulation
for this method in the case of piping or components subjected to
pressure (see Appendix A-9000 of ASME III Code, ref.(3]),the stress
ratio method has been applied treating the pressure effects as given
by a normal force and considering the maximum pressure stress (the
circumferential one) overposed to the other stresses (axially
oriented).

The stress ratios have been calculated during the transient (one
time per second) using each time the state of stress given by the
relevant pair of temperature and pressure and the allowable stresses
determined with reference to the actual temperature. No matter in
determining the allowable limits for all the 1loads but pressure,
because they are indicated by the Code.

For pressure it has been deemed that the burst pressure with a
safety margin should be used. The safety margin has been assumed as
by ASME III Code; so the value 0.7 has been used. The burst pressure
has been determined by means of the following relationship (see ref.
(2],[4] and [5]):

n
Ps = Su (0.25/(n+0.227)) (e/n) (2 t/Di)(1-t/Di)

where:
Su = ultimate strenght
n = strain hardening ratio
e = Neper number
Di = inner diameter
t = thickness

Before performing any calculation, the simple check to determine
if the pressure is itself able to failure the tube has to be carried
out. So the pressure acting inside the tube during the tranient has
to be compared with the burst pressure at each instant. This
comparison gives the residual margins against failure and thus the
residual ability of the components to withstand more 1loads besides
pressure.



In determining Ps the irradiated and unirradiated conditions have
to be assumed, since both mechanical (due to radiation hardening of
the material) and geometrical (due to neutron creep phenomena)
characteristics change. An upper bound may be found not considering
the hardening effects for Su but using the irradiated value for "n"
(lower than that for unirradiated naterial). Also the effects of the
thermal creep which <cause a further change of the geometrical
properties have to be considered.

In Figure 11 is shown the variation of the burst pressure against
the applied pressure versus time, during the styilzed transient
presented in Fig. 10. In Figure 12 is shown the variation of Stress
Ratio versus time obtained in ths case when the methodology has been
applied (for CIRENE Heavy Water Reactor). Having the Stress Ratio
always under 1.0 during all the transient indicate that no static
collapse problem ise expected.

DEFORMATION APPROACH

This approach is based essentially in determining the uniform
cirumferential expansion of the tube due to all the effects which it
experiences.

The effects wusually taken into account are (in the elastic
field):

- neutron creep;
- thermal expansion;
- pressure.

At the actual temperatures the thermal creep becomes very
important and, depending on the duration, is the controlling effect.
All these causes have to be evaluated to determine the axisymmetric
expansion of the tube. The relationship used are the following:

a) for neutron creep (see ref [1]):

w.c.
£g.= OpK- $ (T-160)t

wherii
£y = circumferential strain due to neutron creep
2
® = fast netron flux (E > 1 MeV) [n/cm s]
Gp = loop stress [psi]
T = temperature [ C]
=27

K = constant = 4 * 10
t = time [hour]



b) for thermal expansion :

'3
E,- 4T
where: =1
® = coefficient of thermal expansion [s ]

AT = difference between present and initial temperature

c) for pressure (only in elastic field) :

£5 =P * R /(s E)

where:
P = internal pressure [MPa]
R = inner radius [mm ]
s = thickness [mm]
E = modulus of elasticity [MPa]

d) for thermal creep (see ref [7]):

. n  -(Q/RT)
=A8S e

2&
wher
= creep constant
strain hardening ratio
activation energy
= gas constant

e:
A
n
Q
R

The variation of circumferential deformation vs. time is so
found (see Figure 13). It has to be compared to the allowable strain,
which it has been assumed specifically for this material to be 3 §&,
only for the verification against rupture (see ref. [1] and [8]).

If the comparison is satisfactory , it is furtherly necessary to check
the residual gap between the pressure and the calandria tubes
(considering also the expansion of this last tube). If this gap is
greater than zero it is possible to state that no local problem should
arise. A confirmation of that may be reached, at this time, only when
it is possible to exclude also any local contacts.

In order to perform this analysis the real geometry
(technological deflections) of the pressure and the calandria tubes
have been considered. All the loads applied by the supporting
structure (the Reactor Assembly) are considered and the deflection of
the two coupled tubes is determined, evaluating the minimum residual
gap between the tubes (in such an evaluation all the above parameters
are obviously considered). In this manner if a final gap larger than
zero 1is found any local instability problem can be completely
excluded. So any other verification except that usually carried out
for plastic instability is unnecessary.



In the worst case (pair of Pressure and Calandria Tubes having
the most reduced initial gap) th: curve of Figure 14 it has been
obtained, where the variation wvs. time of the gap during the
described accidental transient supposed to occur at the end-of-life
condition is presented.

PLASTIC INSTABILITY

This verification may be performed in two steps. The first one
is that normally used and consists in determining the 6% and 62
acting on the tube and entering in the diagram of the Figure 9. Since
also the residual stresses have to be considered , this verification
is controlled by particula. zones as that of the rolled joints, where
the technological procedure 1is such to froze a high residual stress
state.

Also during the considered transient these zones are those more
stressed, except in the case a contact is obtained. In this case,
however, as already said, a different approach (experimental besides
analytical) should be pursued.

APPLICATION

The methodology above described has been successfully applied to
the CIRENE Nuclear Power Plant, evaluating the behaviour of the
pressure tube subjected to the feeder break with a flow stagnation
transient.

It has been demonstrated :

1) the ability of the tube to withstand all the loads and the
pressure during the transient;

2) the <creep strain (due to both neutron and thermal creep) is
less than the allowable;

3) the <calandria and the pressure tubes don't come into contact
also locally;

4) the plastic instability verification has been conducted using
the Figure 9 diagram; no further analysis are necessary for this stand
point.

In particular, to evaluate the 1local final residual gap, the
results of a peculiar code to select and optimize the Pressure and the
Calandria tubes to be coupled, taking into account their geometrical
characteristics, besides all the loads and displacements applied, and
examining all the possible configurations, have been used.



CONCLUSIONS

A peculiar method to evaluate the effects of high temperature
pressurized transients of H.W.R. Pressure Tubes has been described,
in order to «consider all the failure modes which can occur in this
situation. The methodology has been successfully applied to the
CIRENE Nuclear Power Plant
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Figure 1

LONGITUDINAL SECTION FOR THE CIRENE PRESSURE AND CALANDRIA TUBES
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Figure 2

TRANSVERSAL SECTION FOR A TYPICAL H.W.R.
PRESSURE AND CALANDRIA TUBES
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Figure 3

ALLOWABLE LIMITS FOR EMERGENCY AND FAULTED CONDITIONS
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Figure 4

VARIATION vs. TEMPERATURE OF LONGITUDINAL AND CIRCUMFERENTIAL
PROPERTIES OF ZIRCALOY-2 MATERIAL
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INNER RADIUS VARIATION vs. TIME

Inner Radius Variation

53.58
.57
/ I e S
53.56
53.55
$3.54
53.53-%\
53.52 —frrrrrremy AT TP e T T T wrrerrerbrrv e rrreever e
0 10 20 30 40 50 60 7 80 90 100 110 120 130
Time [s]
Figure 7
THICKNESS VARIATION vs. TIME
Thickness Variation
2.6116
2.6114
- \
2.6112 \
2.611 \
2.6108 \
2.6106 T \
2.6104 \‘
2.6102 \
2.61 \
2.6098 \l
2.6006 N
,,.._’-’—“'—ANW_‘
2.6084 \\
2.6082
2.608 —trrrvrrrrrfrroe LD RLR AR Aan AR ARRa AR RARRAA LAy At aaas aaa i a et as e aa et R AL AA L) AARAALALAI SLLRaRRL TS 02 e NRL M
0 10 20 30 40 80 70 80 80 100 110 120 130

Time [s]



Ft?re 8
HIGH TEMPERATURE ANALYSIS FOR H.W.R. PRESSURE TUBES

METHODOLOGY FLOW-CHART
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Figure 9

ALLOWABLE STATE OF STRESS CURVES FOR PLASTIC INSTABILITY ANALYSIS




Temper.[C.”100] and Press [IMPa]

& Press.[MPa]

Bursting preess.

5.8
5.6
5.4
5.2

4.8
4.6
4.4
4.2

3.8
3.6
3.4
3.2

2.8
2.6

18
17
16
15
14
13
12
11
10

@Q > OO O W @ ©

Figure 10

STYLIZED TRANSIENTS
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BURSTING PRESSURE VARIATION vs. TIME DURING THE TRANSIENT
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STRESS RATIO VARIATION vs. TIME DURING THE TRANSIENT
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