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Abstract

The wall thickness of a pressure tube is increased in order to reduce the probability of failure in a
pressure tube of CANDU type reactor. It is presented here that the variation of wall thickness chan-
ges stress, hydrogen concentration and delayed hydride cracking in Zr-2.5Nb pressure tube. When
the wall thickness is increased from 4.2 mm to 5.2 mm, the stress exerted on the tube and the deu-
terium taken up during operation are reduced by 19%. Further, the calculated allowable depth of
the surface flaw over which delayed hydride cracking(DHC) is susceptible increases by 50%. DHC
initiation is controlled by the stress and by the hydrogen concentration in the pressure tube. The res
ults are therefore very significant in such a respect that increased wall thickness may reduce DHC
initiation. As the wall thickness increases the hydrostatic tension will increase. Its impact on the ac-
celeration of the crack growth rate of DHC deserves further studies.
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1. Introduction

The fuel channel in CANDU reactor consists of a
zrconium alloy pressure tube, sealed at each end
with end fitting that has side port connections to the
heat transport system as shown in Fig. 1. The gap, or
annulus, between the pressure tube and the sur-
rounding Zircaloy-2 calandria tube is filled with an
insulating gas and contains four close-coiled helical
spring spacers that provide physical separation be-
tween the two tubes and partial support for the pres-
sure tube [1]. The pressure tube is the most import-
ant component in the fuel channel and is designed
to be replaceable. Pickering Units 1 and 2, which are

the early units had the pressure tubes made of Zircal-

oy-2. The remainder of CANDU units use an alloy of
Zr-25Nb on which AECL has devoted an intensive
research effort.

Pressure tubes are in the most severe environment
of CANDU reactor, embracing conditions of high
neutron, relatively high temperature, fluid pressure
stress, and comrosion from the heat transport system
heawy water. Pickering Units 2 [2], 3 and 4 [3] and
Bruce Unit 2 [4] had experienced the failure of pres-
sure tubes caused by DHC(delayed hydride
cracking), hydride blister and manufacturing defects.
In Wolsong Unit 1 the three pressure tube has also
been replaced due to possible DHC at the surface
flaws seemingly caused by debris fretting wear.

The problems with the pressure tube result in the
reduction of the life time of CANDU reactor and can
affect the assurance of its safety. Therefore, the re-
liability of pressure tubes should be assured. There
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Fig. 1. Simplified Description of a Fuel Channel.

are two ways to improve the reliability of pressure
tube ; one is the improvement of material properties
of Zr-2. 5Nb by the change of manufacturing process
[5, 6] and the other the design change of pressure
tube wall thickness. Thicker pressure tubes have dis-
advantage over the neutron economy, but it can be
compensated by the use of SEU{Slightly Enriched
Uranium} which is now under feasibility study for Lar
ge CANDU.

This study is to assess the effect of an increased
wall thickness of pressure tube on stresses, deuterium
pickup and delayed hydride cracking in the body as
well as the roiled joint of pressure tube. Since the
optimum wall thickness for the pressure tube has still
to be determined, it is simply called “w” in this study,
and Tables contain the results of the calculations for
different values of w from 4.2 mm up to 52 mm.

2. Effect of an Increased Wall Thickness on
Stress and Deuterium Pickup

2.1. Stress of Pressure Tube

The major stress in the pressure tube during oper-
ation is the hoop or circumferential stress arising
from the internal pressure. The use of an increased
wall thickness leads to a decrease in the hoop stress
in the body of the tube as indicated in Table 1. The
values in Table 1 show the variation of the inlet and
outlet hoop stresses for different wall thicknesses
from 4.2mm up to 52mm, and the percentage re-
duction over the values for a 4.2 mm tube. There is a
19% reduction in the hoop stress if the pressure tube
thickness is increased to 5.2 mm. The stresses in the
rolled joint are made up from the pressure stress
plus the residual stresses from the rolling operation.
The pressure stresses will be reduced slightly from
those in current rolled joints because the thickness of
the effect is considered minor. The more important
stress is the residual stress. A review of stresses meas-
ured in the pressure tube in zero clearance rolled
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Table 1. The Variation of Hoop Stress with Increased Wall Thickness

Wall Thickness 42

44 4. 4, . .
(mm) (Std.) 6 8 50 52
Hoop Stress Inlet* 156 149 142 136 131 126
(MPa) Outlet* 136 129 124 119 114 109
Hoop Stress
0 —45 -89 —-128 —160 —-19.2
Change(%) 6 ?

# The pressure at inlet and outlet ends are 12.7 MPa and 11.03 MPa,/ respectively.

joints {7) indicates that rolled joints made with press-
ure tubes having a wall thickness up to 5.5mm pro-
vide acceptable residual stress. The residual hoop
stresses on the inside surface of 5.5mm thick press-
ure tube are generally below 70 MPa which compar-
es well with the standard zero clearence joint in whic-
h the residual hoop stresses are between 35 and 70
MPa. The residual axial stresses at the inside surface
were up to 480 MPa, compared with 300 MPa for
current wall thickness. The residual stresses in the
outside surface are slightly higher in tubes with thic-
ker walls.

Fig. 2 shows the variation of stress intensity factor
with increasing the wall thickness. The stress intensity
factors associated with the flaw size were calculated
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Fig. 2. Stress Intensity Factor in the Body of Tube with
Thicker Wall Thickness

to compare the safety margin against fracture in-
itiation with different wall thickness [8]. This calcu-
lation is based on the flaw dimension{length 2c=4.2
mm, depth a=1.2mm) found on the pressure tube
0-08 in Wolsong Unit 1 in 1992 [9]. From reference
8, the stress intensity factor for a semi-elliptical sur-
face crack is given by:

Ki = ovVra/QF

where o =applied hoop stress, Q =flaw shape par-
ameter [1.0+146{(a/c)'%], a=flaw depth, ¢=half
flaw length, F =geometry correction factor which is a
function of a/c and a/w, [Mi+Mz{a/w)?+ Ms(a/w)
“if,), Mi=1.13—0.09a/c), M:=—054+0.89/]0.
2+(a/c)l, M:=05-1.0/[0.65+(a/c)]+14{1.0—
(a/o)l, fi=[la/c)*(cosg)* + (sing)?}1/4, £=1+(1.
0—sing}40.1+ 0.35(a/w}?], § =angle around the flaw
front and =90° corresponds to the deepest point of
the flaw. If the wall thickness increase from 4.2 mm
to 5.2mm, the stress intensity factor, Ki, for 5.2 mm
tube is reduced by about 18%. This means that the
resistance to fracture is increased by 18% at the

same flaw.

2.2. Deuterium Pickup in the Body of Tube

In CANDU fuel channnels that use COz as the an-
nulus gas it is considered that very little deuterium is
picked up via the outside surface, and in the body of
the tube it can be assumed that all of the deuterium
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is picked up from the inside surface as a result of the
corrosion reaction at the inside surface :

Zr + 2D:0 — 2102 + 4D.

Most of the deuterium released by this reaction dis-

solves in the D20 coolant, but about 5% of it is ab-
sorbed by the pressure tube [10]. At the oxide thic-
knesses found in CANDU pressure tubes the cor-
rosion rate and total deuterium(D) pickup at the in-
side surface are independent of the wall thickness of
the tube. Thus the total deuterium pickup in the
body of the tube is not affected by the wall thickness
; the deuterium concentration is, however, affected by
the wall thickness, as the deuterium concentration is
calculated from the amount of D picked up divided
by the material that absorbed it.

For tubes with deuterium pickup only at the inside
surface the deuterium concentration in a thicker tube
be smaller than that in a current tube, and depends
on the inverse of the wall thickness, ie:

Devex = Da2(4.2/w)

where D is the deuterium concentration in a
tube with wall thickness w compared with the D con-
centrarion in a 4.2 mm thick tube{Da2). D pickup rat-
es were calculated by the 55% upper confidence lev-
el in CANDU 6 pressure tube based on 1992 scrape
data. Table 2 shows how the 95% D pickup rate (in
ppmH per 8760 EFPH) at 310°C changes as the
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Fig. 3. Effect of Increased Wall Thickness on Deuterium
Pickup
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Fig. 4. Schematic Diagram of the Rolled Joint showing
the Five Possible Routes for Deuterium Ingress
into Pressure Tube at Rolled Joint.

Table 2. The Effect of Increased Wall Thickness on the Deuterium Pickup Rate.

Wall Thickness

4.2* 44
{mm)

46 48 50 52

Deuterium™
Pickup Rate 1.30 1.24
{ppmH/8760EFPH)

118 1.14 1.09 1.05

D Pickup Rate

0 —46
Change(%)

—-92 —123 -161 —-19.1

* Reference tube

** Calculated 95% Upper Confidence Level D pickup rate at 310°C by CANDU 6 pressure tubes based on

1992 scrape data.
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wall thickness increases. The value is decreased by
19% by changing the pressure tube thickness from

2 to 5.2mm. The effect of wall thickness on the D
pickup rate is shown in Fig. 3.

Deuterium pickup by the pressure tube at the rol-
led joints is considered to take place via different
routes [11], as indicated in Fig 4. Some of these
routes are of more importance than others, but it is
clear that since they all involve surface or PT/EF
(Pressure Tube/End Fitting) interface effects the total
amount of D passing into the pressure tube in a rol-
led joint will be independent of the wall thickness of
the pressure tube. However, the D concentration in-
crease in the rolled joint will be smaller for the thic-
ker tube than for the current tube because the D pic-
kup at the surface will be distributed over more ma-
terial.

The equivalent hydrogen(Heq) concentrations at
the burnish mark in a rolled joint has been calcul-
ated. The wall thickness values used were 4.2 and
52mm, the burnish mark was taken to be 63mm
from the end of the tube, and the initial H concen-
tration in the tube was taken to be 5 ppm. The inlet
conditions used were 260°C with a TSS(Terminal
Solid Solubility) of 37.4 ppmH and a D pickup rate
from corrosion at the inside surface of 0.5 ppmD per
hot year. The corresponding outlet conditions used
were 306°C, TSS 71.1 ppmH and a D pickup rate
from corrosion at the inside surface of 2 ppmD per
hot year. The rolled joint design was considered to
be the same as that in CANDU 6 units with the bur-
nish mark located 63 mm from the end of the tube.
The results in Table 3 for 0 to 30 years show that
the use of a thicker pressure tube increases the time
needed for the Heq concentration at the burnish
mark to exceed the TSS and for hydrides to be pres-
ent during operation.

3. Effect of a Thicker Pressure Tube on DHC

3.1. Delayed Hydride Cracking Assessment
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Table 3. Effect of Increased Wall Thickness on the Heq
Concentrations at the Burnish Mark in Rolled

Joint for up to 30 Years of Service.
Years Inlet Outlet

4.06 52 4.06 52

mm mm mm mm

0 50 50 5.0 50
1 181 153 158 134
2 245 202 245 202
3 280 233 311 254
4 299 254 36.6 207
5 311 270 413 333
6 320 283 454 365
7 326 294 49.0 394
8 331 303 524 420
9 335 311 555 444
10 339 318 584 46.7
11 342 323 61.1 488
12 344 328 63.6 50.8
13 347 331 654 527
14 349 335 66.7 54.5
15 350 337 67.6 56.2
16 352 340 683 579
17 354 342 689 595
18 355 344 694 61.1
19 356 346 699 62.6
20 358 347 703 64.1
21 359 349 70.6 65.5
22 360 250 709 66.7
23 361 351 713 676
24 362 35.3 719 68.2
25 36.3 354 728 68.7
26 36.6 355 74.1 69.1
27 364 35.6 758 69.5
28 365 357 717 69.8
29 366 358 799 701
30 36.6 358 824 703

In this section the effect of using a thicker pressure
tube on DHC is examined, using the information con
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tained in Section 2. There are two different areas to
be considered, the body of the tube and the rolled
joints.

For delayed hydride cracking to occur it is necess-
ary that the local stress be high so that the stress in-
tensity factor exceeds that needed for DHC (Kwn),
and that hydrides be present. The use of a thicker
tube leads to benefits in both of these factors. In Sec-
tion 2 it was known that the hoop stress in a tube
depends on its thickness and that the use of a 5.2

mm thick tube leads to a reduction in the hoop stres-

s by 19% from that in a 4.2mm tube. This reduction
in hoop stress, o, means that larger flaws are needed
for the initiation of DHC. For DHC initiation, the
stress intensity factor must exceed Km, and the dep-
th, a, of a sharp flaw for this to happen is given by

a={Kmn/(cx )} (where c is a constant)

which shows that a reduction in the hoop stress, ,
leads to an increase in the depth of the flaw needed
to allow DHC to initiate. For example, with a 19%
reduction in the hoop stress from the use of a 5.2
mm thick tube, there is an increase of 50% in the
depth of a sharp flaw needed to exceed Kin. The
another advantage from the use of a thicker tube is
found in the lower Heq concentration in the tube
when deuterium is picked up during service. The
Heq concentration is given by :

Heq = Huniiar+ 0.5 Dpicked up.

Thus a reduction in the deuterium concentration
leads to a reduction in the Heq concentration, and
the use of a 5.2 mm thick tube leads to a 19% re-
duction in the deuterium concentration as shown in
Section 2. Soon after the unit is commissioned the
deuterium concentration will be small, and the Heq
will be dominated by the Hinitial value ; but after sev-
ral years the deuterium concentration will become
more important in Heq. A lower deuterium pickup
rate will delay the time at which the Heq concen-
tration in the body of the tube will exceed TSS at
operating temperature ; it will also decrease the tem-

perature to which the pressure tube must be cooled
during reactor cooldown before TSS is exceed and
DHC can initiate. Thus the amount of crack growth
during the cooldowns will be reduced.

The thicker wall thickness can lower average val-
ues of stress and hydrogen concentration. But what
is the more important is local values at crack tip. As
the wall thickness increases the state of stress moves
from plane stress to plane strain. Hence the triaxial
stress state is favored. Then the hydrostatic tension
will increase. Hence the crack tip hydrogen concen-
tration increases to accelerate crack growth rate of
DHC.

The stresses in the rolled joints were summarized
in Section 2 as follows ;

Total hoop stress=Pressure Hoop Stress+ Re-
sidual Hoop Stress.

The pressure hoop stress was shown to be slightly
reduced in the rolled joint by the use of a thicker
tube. The residual tensile stresses in the rolled joints
made with thicker pressure tubes are similar to those
in joints made with 4.2 mm thick tubes. Thus the use
of thicker tubes does not significantly affect the total
hoop stress in the rolled joints. However, the thicker
tube does affect the Heq concentration at the bur-
nish mark; its effect is to delay the time at which
TSS is exceeded at the burnish mark and to reduce
the temperature at which hydrides can be present

during cooldowns.
3.2. Flaw Tolerance Assessment

The major concems for flaws in pressure tubes aris-
e from DHC and result in pressure tube fracture.
Sharp flaws are acceptable if the following criteria are
satisfied [6] ; Ki ( Kn and hydrides are not present,
the safety margin{ Ki/Ki) against fracture initiation is
greater than or equal to /10 for service level A and
B conditions and /2 for service level C and D con-
ditions, and the safety margin against plastic collapse
is greater than or equal to 3.0 for service level A and
B conditions and 1.5 for service level C and D con-
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Table 4. Safety Margin against Fracture Initiation in a Flaw Tolerance Assessment

Wall Thickness 42 44 46 48 50 52
(mm) (Std.)
Safety Margin, Inlet 349 366 383 4.00 415 431
(K/Ka) Outlet 412 434 452 479 499 521
Safety Margin Aver. 0 5.1 97 154 200 250
Increase (%)

ditions. The safety margin for fracture is indicated as
K/K, where K is the fracture toughness of Zr-2. 5Nb
alloy and K is the stress intensity factor. This ratio is
the safety margin and it is increased by increasing
the wall thickness of the tube.

Table 4 shows the effect of wall thickness on the
safety margin for tubes with different wall thickness
from 4.2mm to 52mm. The pressure at inlet and
outlet ends used in calculation are 12.7 and 12.03
MPa, respectively. The fracture toughness of Zr-2.
5Nb alloy used in calculation of safety margin are
3243 MPa+/m at inlet{278°C) and 33.29 MPa+/m

at outlet(318°C) [8]. Using the pressure tube with
the increased wall thickness leads to decrease in the
hoop stress. As the wall thickness changes from 4.2
mm to 5.2 mm, the stress intensity factors, K, reduce
from 9.29 to 7.52 MPa+/m at inlet and from 8.07
to 6.39 MPa+/m at outlet due to reduction of the
hoop stress. Therefore, the safety margin is increased
by 25% for the 5.2 mm wall thickness tube with sharp
flaws. This result means that the service life of press-
ure tube increases by 25% with using the thicker wall
thickness.

4. Conclusion

The effects of an increased wall thickness of Zr-2.
5Nb pressure tube on the stress, deuterium pickup
and delayed hydride cracking were studied. The res-
ults are as follows :

(1) If the pressure tube wall thickness changes from
4.2mm to 5.2 mm, the hoop stress and the deu-
terium concentration are reduced by 19% for

thicker pressure tube. The residual hoop stress
on the inside surface of thicker pressure tube at
the rolled joint region compares well with stan-
dard wall thickness tube with zero clearence joint
There is an increase of 50% in the depth of a
surface flaw needed to exceed the stress intensity
factor for DHC. For thicker pressure tube the
amount of crack growth during the cooldown is
reduced.

{2) DHC initation depends on the stress and the hy-
drogen concentration in tube. Thus it is assessed
from the these results that the safety margins for
DHC initation is greatly increased and the re-
liability of pressure tube during service is
improved. However, the crack growth rate of
DHC is increased by high hydrogen concen-
tration at the crack tip due to hydrostatic stress in
the thicker wall thickness tube.
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