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Durant la fabrication d'échangeurs de chaleur à tubes en U devant être installés dans une centrale nucléaire, il y avait eu une non-conformité sur des jeux inter-cintres non-suffisants. En cas de bouchage d'un tube, la dilatation thermique différentielle entre ce tube et un tube voisin non-bouché aurait conduit à un contact direct en partie cintrée du faisceau tubulaire. Cela aurait alors pu induire des dommages mécaniques qui auraient remis en question l'opérabilité et la durée de vie de l'équipement. La tentative de résoudre cette nonconformité de fabrication par des calculs mécaniques échoua. Le développement d'une stratégie de bouchage permit d'éliminer la dilatation thermique différentielle entre tubes. Le calcul de la probabilité d'avoir à remplacer les échangeurs en suivant cette stratégie permit de clôturer cette non-conformité. Ce calcul fut réalisé grâce à un algorithme écrit en langage python et modélisant la logique d'exploration des séquences

Mots-clefsnon-conformité de fabrication, échangeurs de chaleur à tubes en U, exploration des séquences, algorithme, langage Python

Abstract -During the manufacturing of U-tubes heat exchangers, there had been a non-conformity with too short distances between tubes. In case of tube plugging, the thermal growth difference between the plugged tube and a neighbouring non-plugged one would have led to a direct contact in the bent part of the tube bundle. This could have induced mechanical damages which would have questioned the operability and the lifetime of the equipment. The attempt to solve this manufacturing non-conformance by direct mechanical calculation failed. The development of a plugging strategy eliminated the risk of thermal growth difference between tubes. Thanks to the calculated probability of having to replace the heat exchangers during their lifetime by following this strategy, the non-conformance was closed. This was done by using an algorithm written in Python language to model the logic of the sequence exploration.

I. INTRODUCTION

Heat exchangers are equipment used in Industry in order to transfer heat between at least two fluids. Those can be used in both cooling and heating process.

One of the most common type of heat exchanger is the shell and tube (see Fig. 1). It consists of a series of straight or bent -in the shape of Utubes called tube bundle which contain fluid that must be either heated or cooled.

On the shell side, second fluid runs over the tube bundle that is being heated or cooled. The tube and the shell sides are separate from each other by the tubesheet.

Thereafter, it will be considered that the fluids on the tube and shell side are, respectively, the hot and the cold one. However, there are some heat exchangers for which it is the opposite.

The sizing of a heat exchanger is based on the quantity of heat to be transferred calculated as in [START_REF] Cocozza-Thivent | Processus stochastiques et fiabilité des systèmes[END_REF].

Q = U*A0*ΔT ()
Where:

-Q is the total heat to be transferred, -U is the overall heat coefficient, -A0 is the required effective outside heat transfer surface, -ΔT is the corrected mean temperature difference between the shell and the tube sides.

The parameters U and A0 vary especially according to the number of tubes, their dimensions, their material characteristics, and the complexity of the flow around the tube bundle. The installed exchange surface is always higher than A0 to provide a margin on the lifetime of the exchanger. A tube can thus be plugged in the event of -preventive maintenance to avoid tube leakage, -detection of tube leakage or -detection of foreign body (for instance: a tool left into an equipment after maintenance operation which is stuck in the bent part of the tube bundle).

The purpose of the tube plugging is to maintain tightness between the tube and the shell side or to ensure that a foreign body will not damage the internal of another equipment. As a result, the number of tubes which can be plugged depends on the ratio between the installed exchange surface and A0. Thereafter, a tube which shall be plugged for the reasons listed above will be named "failed tube".

In the event of a tube plugging, the temperature of the pluggedor coldtube can be assumed as being equal to the fluid temperature on the shell side. The temperature of the non-pluggedor hottube will depend on the temperature at the inlet of the tube side. Based on [START_REF] Bouissou | A new formalism that combines advantages of fault trees and Markov models : Boolean logic Driven Markov Processes[END_REF], this temperature difference between the shell and the tube side will lead to a thermal growth difference between the hot and the cold tube.

L'=L+ α*L*(T-Tambient) ()
Where:

-L' is the total length of the tube at the considered temperature, -L is the length of the tube at ambient temperature, 1 The tube pitch is the nominal center-to-center distance between the tubes in the straight part of the tube bundle -α is the coefficient of thermal growth of the tube, -T is the considered temperature, -Tambient is the ambient temperature.

As shown in Fig. 2, the thermal growth difference between the hot and the cold tubes can induce a direct contact in the bent part of the tube bundle. Depending on the distance between the outside surfaces of these tubes at ambient temperature and the temperature difference between both sides, this contact can induce:

-Cold tube pullout, -Hot tube buckling, -Fatigue and progressive deformation, -Vibration.

The main consequence is tube premature aging and new sources of leakage between the shell side and the tube side.

It shall be noticed that Fig. 2 is a simplified version of the reality. Indeed, the temperature decreases along the hot tube because of the thermal exchange with the fluid on the shell side and so the hot and the cold tubes will not remain perfectly aligned. As a result, the cold tube straight part which is on the same side as the coldest straight part of the hot tube can also be under compression. Nevertheless, this tube is already plugged and so there is no risk of having a new source of leakage induced by tube premature aging.

The higher the tube pitch 1 is, the easier the welding between the tubes and the tubesheet is and the lower the risk of tube premature aging is in the event of tube plugging. Nevertheless, the tube pitch is also directly related to the global sizing of the equipment and especially to the length and the diameter of the tube bundle. As a result, a sensible compromise must be found during the sizing of the equipment.

In order to eliminate the risks listed above, the manufacturer of a batch of heat exchangers dedicated to nuclear core cooling defined in its own manufacturing program the minimum allowable distance between the outside surfaces of the tubes in the bent part of their tube bundle. This manufacturer would have had to define a dedicated inspection procedure to ensure that the measured distances are indeed higher than this limit. Nevertheless, during the inspection of the last tube bundle assembly, it was noticed that the manufacturer had not measured the distance between the tubes of these heat exchangers. Indeed, the manufacturer had only checked that the tubes were not in direct contact with each other at ambient temperature during the assembly. On the last assembled and accessible row of tubes, the minimum measured distance was more than 3 times less than the minimum allowable one. This was especially due to negative tube radius manufacturing tolerances. Combined with a significant temperature difference between the tube and the shell side in the most stringent conditions, tube plugging could lead in such conditions to tube premature aging induced by fatigue, progressive deformation, buckling and vibration.

The gravity of the non-compliance with the manufacturer's manufacturing program was first investigated by a dedicated finite elements analysis. Only the risk of tube pullout was successfully ruled out. The other risks could have been also ruled out by performing further investigations. Nevertheless, to comply with project milestones, it was decided to explore another way to allow the reception of the exchangers, by developing a dedicated plugging strategy which would ensure the elimination of the direct contact between the tubes in the event of tube plugging. The acceptability of this strategy relies on a probabilistic approach.

The probabilistic problem described hereafter is a counting problem. We first made an attempt to solve it by mechanical calculation with more or less bounding assumptions, but the solution was either too conservative or too long to pursue. Since the plugging strategy combines random failures and deterministic plugging following these failures, a system reliability model, based on BDMP (ref. [2.]) or Petri nets (ref. [3.] for example) would have been relevant. It turned out though that the logic of the sequence exploration was easily modeled using the Python language, once we made sure our algorithm was correct. Such an industrial application of the probabilities is not common at Edvance, but we proved that a quite short study could provide significant results, using existing skills in mechanics, computer science and reliability.

II. PLUGGING STRATEGY AND PROBALISTIC APPROACH

A. Description of these heat exchangers

The characteristics of the heat exchanger mentioned in the introduction are given below:

-Type of tube bundle: U-shape -Number of tubes: 1550 -Number of tubes which can be plugged or plugging The distribution of the tubes into the tube bundle is triangular. However, the tubesheet was simplified and modelled as a square distribution as shown in Fig. 3.

B. Elimination of the risk of direct contact

In order to rule out the risk of direct contact between the tubes in the bent part of the tube bundle, the plugging strategy presented in Fig. 4 was developed:

-To plug the tube for which the plugging is necessary (see §I)

-To plug all the tubes with a lower bend radius and belonging to the same tube layer of the tube bundle Thanks to this plugging strategy, there is no thermal growth of a tube which could lead to a direct contact with a plugged one.

Nevertheless, the implementation of such a plugging strategy could lead to plug a significant number of tubes per leakage or foreign body detection which would have required only one tube plugging. After having plugged 88 tubes, the installed exchange surface of these heat exchangers is lower than A0 and so the equipment shall be replaced. The replacement of this huge component, not expected by the plant civil work designers, would result in a very important and unacceptable unavailability of the plant.

As a result, it was fundamental to assess the level of risk of having to replace these heat exchangers during its lifetime.

C. Input data and default rate

There are some very similar heat exchangers in service on the EDF existing nuclear power plants, with the same design, and fulfilling equivalent functions for equivalent systems, therefore submitted to equivalent operating conditions. The important similarities allow to consider that the risk of tube plugging for these heat exchangers is equivalent to the risk observed on the ones in service.

result, this should be also the nominal center-to-center distance between the tubes in the bent part of the tube bundle.

On the observed sample, a very limited number n of tubes 4 were plugged until now, after a huge operating time. The average operating time is indeed distributed as follows:

-32 years for 20 heat exchangers -20 years for 8 heat exchangers Thanks to this very favorable experience, we considered we could exhibit a low risk of replacement of the heat exchanger during the lifetime of its plant. A 95% confidence plugging rate was estimated for a tube (see for example ref.

[1.]) as given in [START_REF] Deleuze | Modeling digital I&C systems for PRA with coloured petri Nets[END_REF].

𝜆 95% = 𝜒 2(𝑛+1) 2 (0,95) 2𝑇 ()
Where:

-the numerator is the 95% fractile of a chi-square distribution with 2 (n+1) degrees of freedom -T (years) is the total observed operation time of the heat exchangers.

With this failure rate, the probability for a tube to fail during the plant life (60 years) is given thanks to the exponential law, because the failure rate is considered constant over the whole plant life. This probability 𝑝 is given by (4). 

𝑝 = (1 -𝑒 -𝜆 95% .60 ) (4) 

D. Algorithm and probability of having to replace these heat exchangers during their lifetime

The resulting probability of failure for a single tube is quite low, at the order of magnitude of 10 -4 . But there are 1550 tubes in each exchanger of this batch. A method needed thus to be 4 EDF operating experience has a patrimonial value, the exact number of plugged tubes can therefore not be divulged here.

developed to estimate the probability of exceeding 88 tubes plugged with the retained strategy during the plant lifetime.

As shown in Fig. 3, for a failed tube, the number of plugged tubes depends on its rank. Starting at the middle of the heat exchanger, if the failure concerns one of the 79 tubes on rank 1, only this tube will be plugged. Conversely, if one of the 6 tubes on rank 29 is failed, 29 tubes will need to be plugged.

A first method was explored, based on the direct calculation of the probability and the Fig. 5: -The probability of having k tubes failed among the n=1550 tubes is bounded by the formula given by the Binomial distribution (5) 5 . It shall be noticed that there is no equality because each failure diminishes by more than (or equal to) 1 the remaining number of available tubes.

𝑃(𝑋 = 𝑘) ≤ 𝐶 𝑛 𝑘 𝑝 𝑘 (1 -𝑝) 𝑛-𝑘 (5) 
-Once k is fixed, it is then necessary to determine the probability of the combinations for which the sum of ranks exceeds 88. Bounding values can be calculated by induction (a first calculation for k=2, used to calculate k=3, etc.).

This first method was considered as too long and was abandoned. In parallel a second method was developed. Its algorithm was based on the exploration of possibilities. It was implemented in the python language.

As shown in Fig. 6, each possibility to have d failed tubes can be described by a 1550-tuple, or route: {Xi,d | i varies from 1 to 1550}, where the number of Xi,d which are equal to 1 corresponds to the number d of failed tubes. The probability of each route is given by (6).

𝑃(𝐴 = 𝑑) = 𝑝 𝑑 * (1 -𝑝) 1550-𝑑 ()

Where A is number of failed tubes during the lifetime of the plant.

There are 2 1550 different states of the tube bundle at the end of its lifetime. In order to simplify the identification of the routes for which the plugging limit is overpassed, those were split in different parts. As shown in Fig. 6, the plugging distribution of each route can be described by a 29-tuples {X'j,d | j varies from 1 to 29}, where each X'j,d is equal to the number of times j tubes are plugged after a tube failure. In other words, it is the number of failed tubes at rank j. ()

Conversely, a set {X'j,d} can correspond to several different routes{Xi,d}. Indeed, as shown in Fig. 6, there are from 79 possibilities of plugging 1 tube to 6 possibilities of plugging 29 tubes per tube failure.

Given a rank j between 1 and 29, the number of possibilities to fail X'j,d tubes among the nj tubes of the rank, considering that the order of failure counts, is 6 𝐴 𝑛 𝑗 𝑋 𝑗,𝑑 ′ . Since the purpose of the calculation is to count the routes, ie the heuristics of failures described in Fig. 5, the route where tube number 3 of rank 4 fails before tube number 5 of the same rank is different from the route where number 5 fails before number 3.

𝐴 𝑛 𝑗 𝑋 𝑗,𝑑

′ is bounded by (𝑛 𝑗 ) 𝑋 𝑗,𝑑 ′ . Let 𝑁 {𝑋 𝑖,𝑑 }/{𝑋 𝑗,𝑑 ′ } be the number of routes given a set {𝑋 𝑗,𝑑 ′ } of number of failed tubes for each rank j. This number is therefore bounded by the following:

𝑁 {𝑋 𝑖 ,𝑑}/{𝑋 𝑗,𝑑 ′ } < ∏ (𝑛 𝑗 ) 𝑋 𝑗,𝑑 ′ 𝑗=29 𝑗=1 ()
Let Ntot,d be the sum of 𝑁 {𝑋 𝑖,𝑑 }/{𝑋 𝑗,𝑑 ′ } of each {X'j,d} for which Nplugged ({X 𝑗,𝑑 ′ }) is higher than the plugging limit l. Where Bd is the event: More than l tubes plugged with d failed tubes.

This approximation that considers that the probability of an union of routes is equal to the sum of the probabilities of each route is justified by the fact that the intersection probabilities of the routes {Xi,d} are negligible because of the considered value of 𝑑 and the value of 𝑝.

As shown in Fig. 7, the algorithm written in python language was mainly made up of nested "for" loops in order to identify all the plugging distribution {X'j,d} for which the plugging limit is overpassed. Each loop corresponded to an additional tube failure, to the incrementation of the {X'j,d} and to the comparison between the plugging limit and the number of plugged tubes after the 𝑑 𝑡ℎ tube failure. Then, when the plugging limit was overpassed, the overestimation of the probability P(Bd) was increased by the probability of the corresponding routes {Xi,d}. The nesting of loops was thought to explore all possible sequences without repetition: the first loop on the ranks sets one failure on each rank, the second loop adds one failure, starting on the current rank etc. Indirectly, the algorithm calculated Ntot,d and the associated overestimated probability according to (9). In order to reduce the computing time, the decrease of the nj after each tube failure was not taken into consideration.

The use of such an algorithm was justified by the following:

-Open-source language, -Algorithm very easy to write and use, -Short computing time.

It shall be noticed that the management of design and manufacturing non-conformities such as the one described in this paper can depend on project milestones and especially when the concerned equipment is walled-in. Indeed, a slippage on the schedule induced by a non-conformance on an equipment can lead to significantly impact critical activities like civil work. As a result, the assessment and the closure of such a non-conformance shall be based on a pragmatic approach.

E. Results

The results of the calculations performed with the algorithm are shown in Fig. 8. Those corresponded to an overestimation of overpassing the plugging limit during the lifetime of these heat exchangers (60 years) following d tube failures.

As shown in Fig. 8, the overestimation of the probability of overpassing the plugging limit was maximum for d = 4. It decreased for 𝑑 ≥ 5. Then, the probability of overpassing the plugging limit for 𝑑 ≤ 3 was equal to zero. Indeed, only 29 tubes can be plugged per tube failure.

Given the decreases of P (Bd), the probability P of having to replace the equipment during its lifetime was assumed as (11).

𝑃 ~ ∑ 𝑃 (𝐵 𝑑 ) 𝑑=10 𝑑=4

()

As a result, the probability P of having to replace these heat exchangers during their lifetime was assumed to be bounded by 3.4 * 10 -4 . 

F. Benefits and drawbacks of the plugging strategy

The benefits of the plugging strategy for these heat exchangers are given below:

-Elimination of the risk of direct contact between a hot and a cold tube, -Low probability of having to replace the equipment during its lifetime, -No required further investigation.

The drawbacks of the plugging strategy for these heat exchangers are given below:

-Plugging strategy to be strictly followed, -Number of plugged tubes to be monitored, -No guarantee of not having to replace the equipment, -Replacement of the equipment to be anticipated in order to reduce the impact on the availability of the nuclear plant, -Cost and schedule impact induced by the replacement of the equipment.

On the basis of this probabilistic approach and despite the drawbacks listed above, the plugging strategy was considered as acceptable. It shall be noticed that this decision was also based on the demonstration that the equipment can be replaced without significant impact on civil work.

III. OTHER CONSIDERED OPTIONS

Given the drawbacks associated with the implementation of the plugging strategy described in Fig. 4, several other options were considered.

A. To repair or to procure new heat exchangers

On the basis of the preliminary finite elements analysis mentioned in §I, it was possible to define a minimum distance between the outside surfaces of the tubes in the bent part of the tube bundle for which all the risks listed above were ruled out. To solve a manufacturing non-conformance, return to compliance is always the preferred option. As a result, the feasibility of repairing the tube bundle was assessed.

It shall be noticed that redundancies are common in nuclear plant. Unfortunately, this issue was noticed on the last assembled heat exchanger included in a batch of identical heat exchangers intended to be installed in the same nuclear plant. In other words, repairing operations would have to be performed on several equipment.

In addition, the tubes of these heat exchangers were already expanded into the tubesheet holes by hydraulical process and also welded on the tubesheet. As a result, it was not possible to modify the position of the tubes in order to increase the distance between those in the tube bundle bent part without irremediably damaging the equipment.

Then, the manufacturing of new heat exchangerswhich is at least 21 months longwas not in compliance with the project milestones.

Considering the project milestones and given that there was no guarantee that the manufacturer would meet the distance requirements on the new heat exchangers, it was decided not to implement this option.

B. To perform further calculations

When it is not possible to return to compliance, ruling out the risk of mechanical damage by performing further investigations and calculations is generally the way forward. As mentioned in the introduction of this paper, a finite elements analysis was performed after having noticed that the distances between the outside surfaces of the tubes in the bent part of a heat exchanger tube bundle were significantly lower than the nominal one:

-Distance between the tubes was considered as equal to the minimum measured distance during the assembly of the tube bundle, -Tubes were considered as beam, -The temperature of the fluid on the shell side and the temperature of the cold tube was considered as equal to the inlet temperature of the fluid, -Elastic law was considered.

-The temperature profile inside the hot tube was calculated

It shall be noticed that considering the level of stress induced by the direct contact, the risk of fatigue and progressive deformation can be easily ruled out by performing further investigations and especially by considering an elasticplastic law (which is more realistic).

Nevertheless, ruling out the risk of buckling would have required a significant amount of time without guarantee of success. Indeed, the buckling is caused by restrained thermal displacement and so the tubes could be deformed (irremediably or not) without collapsing. So, it would have been necessary to model the post-buckling deformation by finite elements analysis and to check whether there is an additional risk of fatigue and progressive deformation induced by the thermal transients. Then, it would have been necessary to assess the risk of vibration induced by compressive stress.

Considering the project milestones and especially the time needed to perform post-buckling calculations without guarantee that all the risks would be ruled out, it was decided not to implement this option.

C. To optimize the plugging strategy

As mentioned in the introduction of this paper, one of the risks to be ruled out was tube buckling. It can be demonstrated by finite elements analysis that the margin against the associated criterion depends on the tube radius which varies, for these heat exchangers from approximatively 40 mm to 560 mm. Indeed, the more the tube radius is, the less the level of stress induced by the direct contact is high.

As a result, the plugging strategy described in §II could have been optimized by defining a criterion as follows:

-If the radius R of the failed tube is equal to or higher than Rlim , it will not be necessary to plug all the tubes belonging to the same layer and with a lower radius.

-If the radius R of the failed tube is lower than Rlim , it will be necessary to plug all the tubes belonging to the same layer and with a lower radius.

On the basis of the preliminary finite elements analysis mentioned in §I, Rlim was chosen as being equal to the tube bundle mean radius in order to assess the potential benefit of this option. Indeed, it was demonstrated that there was no risk of fatigue and progressive deformation in the event a tube with a radius equal to Rlim is plugged. Then, the buckling criterion was just slightly overpassed.

As a result, the overestimated probability P of having to replace the equipment during its lifetime decreased from 3.38 * 10 -4 to 2.43 * 10 -7 .

Nevertheless, the drawbacks listed in §II F remained unchanged. In addition, further investigations would have been necessary to rule out the risk of fatigue, progressive deformation and vibration for plugged tubes with a radius R higher than Rlim.

Considering the project milestones and especially the time needed to perform further investigations without guarantee that all the risks would be ruled out, it was decided not to implement this option.

IV. CONCLUSION

On the basis of the possibility of implementing the plugging strategy described above, it was decided to accept this non-conformance. Indeed, this plugging strategy allowed to eliminate the risk of direct contact between a plugged and a non-plugged tube. Then, it was also demonstrated that these heat exchangers can be replaced during their lifetime and that the probability of having to do so was low.

Thanks to this innovative approach in the assessment of a manufacturing non-conformance, the impact on the manufacturing schedule and the associated project milestones was contained and the risk of tube premature aging was mitigated.

However, given the drawbacks induced by the implementation of this plugging strategy, the to-be operator of the nuclear plant in which these heat exchangers were intended to be installed in finally decided to perform further investigations as the ones described in § III. Depending on the conclusion of those, the to-be operator will decide whether the plugging strategy shall be implemented or not. This non-conformance could have been avoided. First of all, the manufacturer should have clearly defined an inspection procedure. Then, during the assembly of the first tube bundle, the manufacturer could have noticed that the requirements from its own manufacturing program were unachievable. It would have been too late to modify the design of the tube bundle by increasing the tube pitch or adding tube support plates along the straight part of it to mitigate the risk of buckling. However, it would have been possible to reduce the size of the tube bundle bent part area at which the requirements related to the distance between the outside surfaces of the tubes had to be met. Indeed, the higher the distance between the point of direct contact and the 90° plane (see Fig. 2) is, the lower the level of stress induced by it is.

Through the Edvance knowledge capitalization process, several recommendations were discussed in order to avoid this kind of non-conformance at a manufacturing stage of any U-tube heat exchanger intended to be installed in a nuclear plant. For instance:

-To define the tube pitch and the minimum and the maximum allowable distances between the outside surfaces of the tubes in the bent part of the tube bundle in order to avoid the risk of direct contact between the tubes or to ensure that the direct contact will not lead to fatigue, progressive deformation, buckling or vibration.

-To define the tube radius manufacturing tolerances in order to make the minimum and maximum allowable distances achievable.

-To request the manufacturer of the equipment to measure and record the minimum and the maximum distances between the tubes in the bent part of the tube bundle.

-For U-tube heat exchangers already assembled for which further investigations could not be successful, to replicate the plugging strategy after having conducted a dedicated probabilistic approach and assessed the feasibility of replacing the equipment.

Nevertheless, the convergence phase is not over yet. At the end of the Edvance knowledge capitalization process, recommendations will be defined for current contracts and projects but also for upcoming ones.
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This value is based on the ratio between the installed exchange surface and the minimum required one.

To reduce the size of the equipment, the length of the tube straight part is the same for all of them (see Fig.

4). As a