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ABSTRACT
This paper presents the results obtained at nondestructive examination of unirradiated pressure tubes
(PT) samples with artificial discontinuities, the probabilities of detection/evaluation being determined
and a model for life/maintenance time prediction based on hidden Markov chains.

1.

INTRODUCTION

Pressurized heavy water reactors (PHWR) use natural Uranium (U238 oxide) enriched with U235
(aprox.0.5%), Plutonium or mixtures of fission products. The oxides mixture is sinterized in pellets
shape, these being inserted into thin tubes to form fuel rods. A number of 28 to 37 rods form a nuclear
fuel bundle. The heavy water is used as coolant fluid as well as neutrons moderator, into two separate
circuits. The principal constituent is represented by the horizontal cylindrical vessel named calandria
vessel. In the case of CANDU 6 [600 MW(e)] reactors, in the frontal walls of the calandria vessel, 380
holes are practiced, where fuel channel are inserted (Figure 1).

Figure 1 - Fuel channel assembly

The fuel channels are made from two concentrically tubes: the inner tube named PT (in which 8
bundle of nuclear fuel are inserted and through which heavy water from primary coolant circuits
circulates) and outer tube named calandria tube. The concentricity of the two tubes is assured by 4
garter springs. The space between the tubes represents a thermal barrier between the primary coolant

circuit where heavy water circulates at 3100C and heavy water from moderator circuit which has 700C.
In this space CO2 or dried N2 is inserted.
The PT are made from Zr2.5%(wt)Nb alloy, with 6m length, 103mm ID and 4.2mm wall
thickness. The full power refueling requirements for CANDU 600MW(e) reactors involve replacing
about 110 fuel bundles per week, which entails refueling 14 fuel channels per week. The replacing of
the fuel bundles is made with loading-unloading machine. During the reactor work time, the PT are
constrained to an intense neutrons bombing (approximate 1013 neutrons/s) which leads to the
modifications of elastic properties of Zirconium alloy, and a small quantity of heavy water radiolysis
according to reaction 2D2O→2D2+O2.
In the conditions of pressure and temperature inside PT, the gaseous deuterium diffuses in the
tube’s wall. If the deuterium’s concentration exceeds a threshold value, zirconium hydrides appear in
the tube’s wall, which, at their turn, diffuses to the outer wall of tube. At relatively small
concentration, the zirconium hydrides have circumferential orientation. At high values of
concentration, these start to orient on radial direction, conglomerates and form blisters. Under the
influence of hydrate, the incipient cracks in PT can develop in unstable and uncontrolled forms, being
named Delayed Hydrogen Cracking (DHC) phenomena.
During the outage, a number of PT, selected after statistical criteria [1] are nondestructive tested.
The examination is made with a control head that is displaced inside the tube with the load-unload
machine. The examinations are made by visual technique using a video camera, by ultrasound using
different procedures, more transducer types and by eddy current [2]. The examination is delayed by
the presence of scratches on the internal surface of the tubes due to frequently operations of nuclear
fuel loading-unloading and those on external surface due to possible displacing of the garter springs
sequel to small vibrations.
The data resulted from the examinations are evaluated and, when are interpreted as representing
flaws on tube, the problems if the channel should be replaced (operation that is difficult, expensive, of
long standing, resulting an important quantity of irradiated materials which are considered nuclear
waste), or it could be maintained in the reactor until the next outage when will be compulsory
reexamined, are set. If the signals obtained from different procedures are considered as derived from
cracks, including DHC, predictions about the crack growth are made using Paris law [3] or diverse
models for cracks growing solved using finite element methods [3]. Unfortunately, for classical
prediction methods used in present, are not enough experimental data which shall allow, for example,
precise determination of factor KI (for this, the profile of crack shall be evaluate) or other parameters.
In this paper is proposed a life prediction method which use as input parameters, previous
experience as well as uncertainties that can happen due to the probability of detection and evaluation
of defects. This method is based on hidden Markov chains and was developed for the discontinuities
examined with eddy current transducer with rotating magnetic field.

2.

HIDDEN CHAIN MARKOV MODEL

The nondestructive evaluation operations contain two stages: the properly control which is ended with
the obtaining of raw data and their interpretation; in the case of PT testing, this is made by third level
operators [1], [4]. Due to the noises as well as another causes, the properly control operation presents a
specific uncertainty degree, defined by the probability of detection (POD). The causes and the
mechanism of degradation which lead to the apparition of a certain defect as well as the way in which
it will be evaluated when the future operation conditions can not be know in present, make that the
lifetime prediction should be a stochastic process.
The stochastic process rely on simple considerations on physics (e.g. linear or nonlinear trend)
and complete this information by a statistical treatment of a degradation measurements dataset,
generally obtained via non-destructive testing (NDT) [5]. In such models, the degradation indicator
becomes a random variable.
For a given environment, the aim is not to forecast the exact value of Xt, but rather the range of
possible values weighted by a probability distribution function (Pr) denoted by fXt ; the more important
fXt(x), the more likely Xt to take values in ranges [a, b] is given by relation:
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To describe the degradation processes we used Markov processes [6]. This is a stochastic
process with the properties that the given value of X(t), at time τ, where τ > t, are independent of the
values of X(u), u < t.
We assume that the system structure can be any one of N ≥ 0 discrete states. A Markov chain is
a discrete-time stochastic process {Xn, n = 0, 1, 2, ..} for which the Markov process properties holds.
The conditional probability of moving into state j at time n+1 gives that at the current time, n, the
object is in state i is given by:
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The transition probabilities by P matrix are difficult to evaluate. We need statistical data referring to
the number of different types of degradations appeared during the work time of the same type of
nuclear power plants (in our case CANDU type), as well as of concrete values for the probability of
detection and evaluation of different types of degradations.
To define the Markov chain Xn, it is necessary to asses the transition probabilities between all possible
condition state pairs. If there are N states, then this results in a NxN matrix:

P
 11
P
P =  21
 .
P
 N 1
3.

P

12

P

22

.
P

N2

P 
1N

... P 
2N

.
. 
... P 
NN 
...

(3)

THE MODEL OF LIFE TIME PREDICTION OF PRESSURE TUBES FROM PHWR
NUCLEAR POWER PLANTS

Let’s S denote the number of possible states for system at t time, finite number, and Xn(t)∈S denote
the system state at time t. During between two successively controller for pressure tubes,
(n-1)*T ≤ t < n*T, n = 1, 2, . . . ,
(4)
where T denote the length control range, the PT system achieves as homogenous Markov chain.
A Markov chain is governed by the transition matrix P, where Pjk(t) elements represent the
transition probability of moving from the current state j to state k:

(

Pjk ( t ) = P X ( t ) = k X ( 0 ) = j ; j , k ∈ S , t > 0

)

(5)

We define the following possible states:
OK : S state in which PT is not degraded;
D1 : S state in which PT are in slowly degradation state; the depth limit of defect is 0.15mm;
D2 : S state in which PT are degradated in relatively major degree; the depth limit of defect is
0.5mm;
- F1 : S state in which PT system can be in critical degradation state; depth limit of defect is
1.6mm or more.
The system states D are included in two categories: D1d and D2d - states with defects detected at
control and D1n and D2n -states with defects undetected at control.
If we start in one of the states OK, D1u or D2u at the beginning of an inspection interval, we get a
time continuous Markov chain. This will be valid for the complete inspection interval of length, T.
However, if during the inspection we detect that the PT is in the state D1, the next inspection interval
will start in state D1d. The states Xn((n-1)*T) and Xn(n*T) are of particular interest because by their
-

comparison, results the way in which the PT evolutes. We consider the transitions of state that occurs
at times T, 2T, ….. In order to fit the model to data, we introduce the variables Un and Vn. Un tells the
true state for PT before inspection, and Vn tells the true state after inspection.

Figure 2 - Overall failure/maintenance model using Markov hidden chains

Thus, we have:
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We introduce the asymptotic distributions of Un and Vn
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We can introduce the matrix R for the transitions from Un to Vn.
We introduce probabilities that degraded states are detected by inspection: q1 – probability that
state D1 of the system is detected; q2 – probability that a degraded failure D2 is detected by the
inspection (it is not know in advance that the state D1 was reached); q3 – probability that a degraded
failure D2 is detected by the inspection; it is known in advance that the state D1 was reached.
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The state vectors, which correspond to the system states before and after inspection, are
calculated with relations:

or

r r
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(9)
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The probability of moving from the state j in state k is calculated with relation:
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Pjk* is the probability of the jk state. The input parameters for the estimation of model
parameters are listed in Table 1. The statistical data was made on 10.000 PT in a range time of 10-12
years at IAEA Vienna.

Table 1 - Inputs to parameter estimation
Parameter definition

Parameter

Value

Number sets
N
10 000*
Length of pressure tubes
L
62 000
Number of tests/inspections 1989-2002
nTF
11.3*
Number of tests/inspections 1991-2002
nTD
9*
Number of days, 1989-2002
N1
4661
Number of days, 1991-2002
N2
3909
Length of test/inspection interval
T
360*
Number of observations in state D1, (i.e. transitions from D1u to D1d ) ND1
187*
Number of observations in D2 when it was not known that state was ND2a
238*
degraded, (i.e. transitions from D2u)
Number of observations in D2 when it was known that state was ND2b
20***
degraded, (i.e. transitions from D1d)
Number of observations in F1
NF1
83*
Probability of detecting D1 failure for coefficient of 95%
q1
0.48**
Probability of detecting D2 failure at test (state D1u not detected q2
0.70***
previously) for coefficient of 95%
Probability of detecting D2 failure at test (state D1 already detected)
q3
0.98**
Rate of detecting D2 in additional inspections; (assuming on the ρ
(2/T)*
average two additional inspections within each interval T)
q3***
* statistical data provided by IAEA Vienna;
** values were experimental determined on unirradiated pressure tubes samples with EDM type
discontinuities; *** value estimated by the EM experts level III

4.

STUDIED SAMPLES; EXPERIMENTAL SET-UP, DETERMINATION OF THE
PROBABILITY OF DETECTION AND EVALUATION

Six unirradiated PT samples having 137 artificial flaws with different types, positions and geometrical
dimensions, made by EDM, were taken into study. The samples were made in Argentina, Canada,
China, Republic of Korea, India and Romania [2]. The tests were round-robin blind type.

For the NDT evaluation of PT samples we have used eddy current methods using the transducer
with rotating magnetic field (Figure 3a) and the experimental set-up presented in Figure 3b.

a
b
Figure 3 - Experimental set up: a. the transducer with rotating magnetic field; b. the control equipment

Slot type discontinuities having depths of 0.125mm and respective 0.47mm were selected. These
depths were considered representative for the state D1 and D2
(a)

Determination of the probability of detection and characterization for discontinuities with
depth of cca 0.125mm.

Therefore it was used the sample ARG1 in frame of Contract No. 11164/R between NIRDTP Iasi and
IAEA Vienna [2]. The inspected flaws are noted with #1, #2, #3 and #4 with the following features:
Table 2 - Flaw details in ARG1 sample
Flaw #
1
2
3
4

Location
and
Orientation
ID, axial
OD, axial
ID, circumferential
OD, circumferential

Length (mm)

Width (mm)

Depth (mm)

Characteristics

6.1
6.15
6.2
6.6

0.3
0.4
0.3
0.4

0.136
0.14
0.152
0.16

calibration slot
calibration slot
calibration slot
calibration slot

The distribution for the estimated defect severity with depth 0.125 mm is presented in figure 4
using an inversion of data [7]. Considering the probability distribution for defects of log normal type
(continue curve by figure 4) and integrating in range 0.1 – 0.3 it was a POD and characterization of
46% with a confidence level of 95%.

(b)

Determination of the POD and characterization for discontinuities with depth of cca
0.47mm.

The inspected flaws from KOR1 sample are noted with #1 and #4 with features given below.

Table 3 - Flaw details in KOR1 sample
Flaw Location
#
Orientation
1
OD, axial
4

and Length Width Depth Characteristics
(mm)
(mm) (mm)
6.0
0.3
0.47
Short notch deeper than calibration
slot
OD, circumferential
6.0
0.3
0.41
Short notch deeper than calibration
slot

The histogram and log normal distribution for estimations concerning the defect with 0.47 mm
depth is presented in Figure 5. The POD for detecting and evaluation is 70% with a confidence level
of 95%.

(c)

Determination of the POD and characterization for discontinuities with depth of cca
1.63mm.

For the flaws #5 and #9 on sample CAN1 [2], it is obtained a probability of detection and evaluation
of 98% with the confidence level of 95%.

Figure 4 - The estimated distribution for flaw 0.125mm depth

Figure 5 - The estimated distribution for flaw 0.47mm depth

5.

SIMULATION RESULTS

Using the model of life/maintenance time prediction described above, the probabilities that a PT
examined by eddy current with the transducer with rotating magnetic field, shall be in one of states D1u
(there are undetected discontinuities with 0.125mm depth), respective D2u (there are undetected
discontinuities with depth equal or smaller than 0.47mm) are calculated. The results obtained through
simulation, based on the existent statistic about the states of the PT from CANDU nuclear power
plants and on the probabilities of detection, experimental determined on EDM slots practiced on
unirradiated pressure tube samples are presented in Figure 6 and 7. There, the probabilities are referred
to m*day of PT with the reactor at full day exploitation.
Examining the date, results that the two probabilities decrease with the passing of time from the
previous inspection, presenting a minimum after approximate 300days. After this interval, the
probabilities increase again. The decreasing of the probabilities that the PT shall be in one of states D1u
and D2u is not due, evidently, to the decreasing of the number of flaws, but to the fact that, due to the
evolution of flaws in time, these are rather in the states D1d and D2d. From here results a conclusion
with high practical importance namely that for the aim of obtaining a maximum POD for the
discontinuities of PT, these must be examined at an interval of 300-350 days, when the probability of
existence of the states D1u and D2u are minim.

Figure 4 - The probability for state D1u

Figure 5 - The probability for state D2u

6.

CONCLUSIONS

The eddy current method using the transducer with rotating magnetic field allows a correct
examination of PT from PHWR (CANDU type) nuclear power plant, assuring a POD of 46% for
discontinuities with depth until 0.125mm, 70% for depths of 0.47mm and 98% for depths of 1.63mm.
All the discontinuities were detected, the errors appearing at the evaluation of their dimensions. A
model for life/maintenance time prediction for PT was developed based on hidden Markov chains. On
the basis of the results obtained from the developed mode, the optimum time for a new examination is
300-350 days from the previous examination. In this moment the probability of existence of
undetected discontinuities is minim.
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