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The MECTUB code was developed to evaluate the risk of swelling and bursting of Steam Generator (SG) tubes. This code deals
with the physic of intermediate steam-water leaks into sodium which induce a Sodium-Water Reaction (SWR). It is based on a
one-dimensional calculation to describe the thermomechanical behavior of tubes under a high internal pressure and a fast external
overheating. The mechanical model of MECTUB is strongly correlated with the kind of the material of the SG tubes. It has been
developed and validated by using experiments performed on the alloy 800. A change to tubes made of Modified 9Cr-1Mo steel
requires more knowledge of Modified 9Cr-1Mo steel behavior which influences the bursting time at high temperatures (up to
1200°C). Studies have been initiated to adapt the mechanical model and to qualify it for this material. The first part of this paper
focuses on the mechanical law modelling (elasticity, plasticity, and creep) for Modified 9Cr-IMo steel and on overheating thermal
data. In a second part, the results of bursting tests performed on Modified 9Cr-1Mo tubes in the SQUAT facility of CEA are used
to validate the mechanical model of MECTUB for the Modified 9Cr-1Mo material.

1. Introduction and Context strained (swelling by a few tens %). Then the swelled tube may
burst in a few tens of seconds, involving large breaks.

This kind of accident can occur if the initial leak has
enough time to evolve towards secondary and then a large
leak: puncturing of another tube by wastage and propagating
to other tubes. This scenario is only possible if the detection
is late (the secondary leak intervene before the end of the
depressurization of the steam-water in the SG) or if the
detection and protection systems fail.

Indeed, it is necessary to remind that the accident in PFR
Superheater 2 in 1987 led to the burst of 40 tubes [1]. This

In the Steam Generator, the heat exchange tubes are the only
physical barrier between the secondary sodium and the water.
If there is a leakage in the heat exchange tubes, then the
water and the sodium are into contact; thus an exothermic
chemical reaction occurs between the two reactants. This
reaction produces sodium hydroxide and hydrogen.
Overheating of SG tubes can be due to the exothermic
reaction. The temperature of the products of the reaction is
high and it can reach the vaporization temperature of the
sodium hydroxide (1390°C under 1 bar). The boiling temper-

ature of the sodium is 880°C with a pressure of 1 bar. The
heat exchange between the hot reaction products and the
neighboring tubes results in a rise of the temperature of these
tubes. Then the mechanical characteristics of the heated tubes
decrease significantly; this leads the creep phenomenon to
become not negligible. Due to the internal pressure of the
water/steam, the heat exchange tubes become significantly

accident was able to occur because of the unavailability of the
hydrogen detection in sodium. The Sodium-Water Reaction
(SWR) was detected very late, by the measurement of the
pressure increase in the intermediate loop expansion tank
plenum. The secondary loop was protected by the rupture
of the bursting discs with triggering of the sodium isolation,
depressurization, and draining sequence.



The PFR accident led to reevaluation of the leak evolution
scenario due to a mechanism not taken into account prior to
this accident, that is, the bursting of the tubes. Thus this led
to revise the safety strategy by taking into account reference
accidents involving multiple tube ruptures, instantaneous
ruptures, or those occurring over a period of time.

Consequently, a computational program called MECTUB
code has been developed to calculate the local effects of the
SWR that can induce a secondary leak hazard within the tube
bundle [2]. The bursting criteria are linked with strain; this
code allows determining the temperature and the strain of
target tubes during the SWR event.

The mechanical model of the MECTUB code is strongly
correlated with the type of the material of the SG tubes and
its intrinsic behavior. It has been so developed and validated
with regard to experiments performed on the alloy 800 of the
SUPERPHENIX helical tubes SGs [2].

Modified 9Cr-1Mo steel is one of the materials investi-
gated for the SGU tubes of the future sodium-cooled fast
reactors (SFRs).

A change to straight tubes made of Modified 9Cr-1Mo
induces different result of the heating-bursting time at high
temperatures (up to 1200°C); then it requires more in-depth
knowledge of Modified 9Cr-1Mo steel behavior. Studies have
been initiated to adapt the mechanical model and to qualify
it for this material.

The first part of this paper is focused on the description of
the mechanical law modelling (elasticity, plasticity, and creep)
for Modified 9Cr-1Mo steel and on overheating thermal
data.

In the second part, the paper presents elements of the
validation of MECTUB mechanical model of the Modified
9Cr-1Mo as the results of bursting tests performed on Modi-
fied 9Cr-1Mo tubes in the SQUAT facility of CEA Cadarache
Center.

2. Overheating Tubes Modelling

2.1. Overheating-Swelling-Bursting Phenomenology. Under
normal operating conditions, a tube of SGU can be stressed
by effects of internal pressure (up to 200 bar) and by the
radial heat flux across the tube (from 20 to 60 W/cm? for
nominal capacity, according to the exchange zone). Tubes are
designed to resist, while the creep of the hottest part remains
weak.

When an important SWR occurs, the temperature of
reaction products induces a fast local heating (the radial heat
flux may exceed 200 W/cm?) to the tube. The internal fluid
(steam water) can only remove a small amount of this heat
rise.

This kind of forcing will induce strain of material (accord-
ing to its elasticity, plasticity, and creep characteristics), and
the mechanical characteristics of the material drastically fall
with the rise of the temperature. Finally, the tube can burst
after having swollen under internal pressure action. Figure 1
shows the boundary conditions, initial conditions, and model
data.
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Considering overheating, thermal conditions, mechan-
ical characteristics of materials, and mechanical laws of
the tube, MECTUB thermomechanical code was developed
to calculate swelling and bursting local effects which can
induce a secondary leak. The code is able to predict the
bursting time of the tube and the strain rise during tube
swelling phase (wastage effects could also be taken into
account).

2.2. Thermal Boundary Conditions Associated to External
Overheating. The mechanical behaviour laws strongly
depend on the temperature. Thus an accurate knowledge of
the temperature of the tubes is required. The radial heat
conduction equation within the tube is solved to obtain the
temperature distribution in the thickness of the tube. Beyond
thermal modelling resolution itself, thermal boundary con-
ditions have to be introduced as exactly as possible. The
convection between the hot sodium-water reaction products
and the target tube wall produces an external overheating
flux. In the framework of CEA-ENEA collaboration, this
thermal flux has been determined by analysing sodium-water
reaction THETRA tests [3] performed in Italy in 1985.

Phases of steady overheating (high temperatures and
gradient values) were analysed in order to calculate the
overheating flux of the reaction (steady-state calculations).
Among all the overheating phases observed during the five
THETRA tests, the following conservative values have been
selected:

(i) reaction products temperature: 1080°C,

(ii) heat transfer coeflicient between reaction products
and tube: 17400 W/m* K.

These values are used for safety calculations as steady-
state conditions.

2.3. Mechanical Behaviour and Laws [2]. For each time step
the mechanical model uses 3 steps to compute strain and
stress. Each step is based on one mechanical property of the
material in the following order:

(i) the elasticity, for small and reversible deformation of
the material, see details in Section 2.3.1;

(ii) the plasticity effect, to model the irreversible defor-
mation. The plasticity underestimates the elasticity
effect (tensile curve lower than the curve of plasticity
of the alloy); see details in Section 2.3.2;

(iii) the creep effect induces a relaxation of the stress
invariants; see details in Section 2.3.3.

As in the previous literature [2] about MECTUB code,
the internal pressure of the tube allows to determine stress
and strain components by the use of the balance equation.
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FIGURE 1: Boundary conditions, initial conditions and model data.

The creep part of the equation gives stain variation versus the
time. The mechanical algorithm is as follows:
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where pl is plasticity and el is elasticity.

Beyond the elasticity and the plasticity laws correspond-
ing to instantaneous deformation of mechanically or ther-
mally loaded structures, it is essential to take into account the
creep effects as soon as the temperature becomes very high,
even for short time.

2.3.1. Elasticity. For deformations which are not exceeding
0.2%, stresses (o) are proportional to strains (¢) according to

Ao = E - Ag, (2)

where E is Young’s modulus.

RCC-MR rules [4] provide the curve of the variation of
Young’s modulus of Modified 9Cr-1Mo steal according to
temperature (in the range from 45 up to 600°C). Data until
1200°C were obtained by a fitting procedure of the parameters
of the constitutive model of the Modified 9Cr-IMo. The data
used to fit the parameters of the model were obtained from
experimental studies available in [5].

The values of Young’s modulus for Modified 9Cr-1Mo
steel are given in Table 1.

In Figure 2 it can be seen that for temperatures upper than
700°C the drop of the Modified 9Cr-1Mo Young’s modulus.
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FIGURE 2: Young modulus of 9Cr.
TaBLE 1: Values of Young’s modulus.
T(C) E (MPa)
600 151000
700 89944
800 28889
900 16297
1000 8148
1100 8148
1200 2963

2.3.2. Plasticity. For greater strains, there is no linear varia-
tion between strain and stress. On the basis of dynamic tensile
tests at 600°C, the plastics curves are known. The results are
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FIGURE 3: Plasticity curves of 9Cr-MECTUB model.

obtained from a traction test performed with a strain rate of
0.42%/s [6].

With the hypothesis that the curve (600°C) is the refer-
ence plasticity curve (Figure 3), the other temperature plastic
curves are deduced, using the following empirical formula:

. \ E(T > 600°C)

o (T >600°C)=0(T =600"C)x —— .

E(T =600°C)

For strain values exceeding 10%, it is assumed that the

tube material is perfectly plastic: the strain increases at
constant stress.

2.3.3. Creep. Tt was clearly shown that during permanent
conditions tests, a significant increase of the tube strain could
be observed up to rupture. Then the time variation of the
strain is taken into account by the mean of the creep term
of the motion equation.

Three successive phases have to be considered to give an
analytical description of the creep: primary creep (strain rate
decreases with time), secondary creep (strain rate increases
linearly with time), and tertiary creep (strain rate increases
with time up to rupture).

Since creep laws could not be established for 9Cr over a
wide field (of strain, stress, and temperature), it was decided
to solve this problem, using only a simplified secondary creep
law (Norton’s law), where strain rate increases linearly with
respect to time [7]:

de

creep

= Ad”, (4)
dr 7

where t represents time variable.
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FIGURE 4: SQUAT test facility.

TaBLE 2: Norton law coefficients of MECTUB model.

Temperature ("'C) 600 700 800 900 1000 1100 1200

n 19.60 3.03 6.55 1834 725 3.63 3.15
—log A 51.77 10.77 15.77 38.08 14.62 768 6.19

A and n represent constant coefficients which depend
only on the temperature.

Norton’s law coefficients (A and #) are determined on the
basis of tensile curve [6]. Their values are given in Table 2.

3. Bursting Tests of Modified 9Cr-1Mo Tubes

The aim of the tests is to heat as fast as possible a pressurized
tube until it reaches a constant temperature. Sample tubes
are all identical and representative of the reality (such as
dimensions and materials). Input data are the temperature
and the internal pressure. The main output data are the
bursting time, the temperatures, the pressure, and the strain
versus time. Results are injected in the model to validate the
code, by comparing, for example, bursting time calculated
and bursting time measured.

3.1. SQUAT Test Facility. In order to validate the mechanical
model of the Modified 9Cr-1Mo, bursting tests of SG tubes
have been performed in the SQUAT facility. The experimental
results will be compared with the calculations.

The experimental device SQUAT is shown in Figure 4.
It includes a heating unit, a mechanical group including
a support, and top and bottom heads on which the tube
sample is welded, as well as a data acquisition system which
is constituted by measuring instruments and by computing
means. Heating of the sample tube is performed by Joule
effect.

3.2. Measuring Instruments. A pyrometer is used in order to
measure the temperature. An imaging device and a telemetry
laser are used in order to measure the strain.

A pyrometer (Keller, Cellatemp PL22 AF3) is selected
in order to measure the temperature at the surface of the
tube. This device works within the range of 1-1.7 um (the
manufacturer recommends a target temperature failing in the
range from 250 to 1600°C).
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A laser distance sensor (BAUMER OADM?2014440) is
used for the strain measurement. This device works within
the range of 30-50 mm with an accuracy of 0.01 mm.

Furthermore the internal pressure of the tubes is mea-
sured.

The high-pressure gas circuit is fed by tanks situated
outside the tests hall. A sensor of pressure “SWAGELOK 0-
250 bar S model trans” is used to recover the level of internal
pressure of the sample.

3.3. Acquisitions Systems and Control System. The control
system consists in a module integral PXI-1050:

(i) a processor,
(ii) a record (disk) of storage of the data,

(iii) a card of acquisition (PXI-6259) connected with
various modules of input-output:

(a) SCXI-1303 for the temperatures measurement
(ambient temperature, temperature of the
power cable),

(b) SCXI-1161 for the flow, pressure, position, tem-
perature obtained by pyrometer measurement,

(c) SCB-68 for the analog exit of heating instruc-
tion, the commands output, and the input
(defects, safety, thresholds).

This control system is managed by a program “LabVIEW
on 20117 After a phase of initialization, 2 independent buckles
are used:

(i) a buckle is used for the acquisition of the measure-
ments and their recording (a period of 120 ms),

(ii) a second buckle does the command and control-
system part and interfaces human machine (cadence
of 100 ms).

3.4. Data Exploitation. The data obtained from the system
LabVIEW are processed by using Excel. The excel file presents
the main measures:

(i) the temperature of the middle of the tube is measured
by the pyrometer,

(ii) the sample pressure and the tube extension,

(iii) the output voltage of the power supply transformer.

3.5. Test Procedure. The duration of tests does not exceed
half an hour. The setup phase consists in preheating and
pressurizing the sample tube. In the end of this phase, the
sample tube is heated to a nominal temperature with a
controlled heating rate of approximately 100°C/s until the
bursting of the tube. The procedure of a test is presented
Figure 5.

3.6. Tests Parameters and Mains Results. The tested tubes are
made with Modified 9Cr-1Mo steel. Their length is 330 mm.
The external diameter is 0of 16.4 mm and the thickness is equal

Bursting temperature
______ %___p_________________7 Pressure
Landing temperatire
Ambient temperature Time
15 min
30 min

FIGURE 5: Principle of a bursting test.
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FIGURE 6: Modified 9Cr-1Mo phase diagram.

to 2.2 mm. Ten tests were performed. The parameters of the
tests are shown in Table 3 as well as the main results.

Each test starts in Martensitic phase with a temperature
of 300°C. For each test performed at a target temperature
upper than 825°C, a phase change occurs during the test.
Temperature phase change limits can be seen in Figure 6.

The difference of 11s between SQUAT9 and SQUATI10
tests (performed with the same instructions of temperature
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TABLE 3: Experimental results of SQUAT tests.
SQUAT test  Pressure (bar) Target temperature ("C) Bursting time measured (s) Breaking elongation (%) Strain rate (%/s)
9 70 1050 390 23 0.06
10 70 1050 401 15 0.04
7 70 1100 187 18 0.10
8 70 1200 42 20 0.48
1 70 1280 10.2 3 0.29
2 170 850 >2150 — —
3 170 900 460 35 0.08
4 170 950 111 26 0.23
5 170 1000 39 20 0.51
6 170 1050 19.5 12 0.62
1200 10000
1000 1 i ]
. 1000
O 800 1
z
£ 600 2
g R RS NS SRR RPN R RS 2 100
§ 4003l r E
200 1 il "
0 N A S Aol
390 395 400 405 410 415 420 425 430
Time (s) 1
700 800 900 1000 1100 1200 1300 1400
— SQUAT10 Temperature ("C)
SQUAT09

FIGURE 7: SQUAT09 and SQUATIO temperatures operating condi-
tions.

FIGURE 8: View of the tube after the SQUAT 3 test.

and pressure) is mainly due to the differences on the tem-
perature values obtained between these 2 tests (the operating
conditions could be not exactly the same, see Figure 7). On
the basis of these 2 tests, we can claim that at least there is an
uncertainty of +11 s on the measured bursting time for a given
target temperature.

Figure 8 shows the sample number 3 after bursting.

e P =170bars
m P =70bars

FIGURE 9: Bursting time of the tests according to the target
temperature.

Figure 9 shows the evolution of the bursting time accord-
ing to the target temperature for a given pressure. In the
semilog space, the bursting time decreases linearly with the
increase of the temperature.

4. Results and Discussion

For every SQUAT experiment, Table 4 gives rupture times
obtained experimentally and from calculation with MEC-
TUB code. The comparison shows a good agreement between
calculations and experiments. This good agreement is proba-
bly due to the fact that the measured temperature time series
are imposed as input temperature data to the code.

In order to estimate the influence of the uncertainties of
measurement in these computation, the calculations (shown
in Table 3) are performed again, by using the lower and the
upper bounds of the range of the SQUAT measurements
(pressure +0.5%/temperature +0.5%). Considering that the
discrepancies on the computed bursting time induced by
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TaBLE 4: Comparison of rupture time of the 9% Cr with the experimental measures SQUAT.

SQUAT Target pressure Target teemperature Bursting time E;r:éi:i (tiu(rsl;: Relative error

test (bar) 49 measured (s) MECTUB v2.0 (%)

1 70 1280 10.2 13.8 26.1

2 170 850 >2150 >2500 0

3 170 900 460 458 -0.4

4 170 950 111 97 -14.4

5 170 1000 39 38 -2,6

6 170 1050 19.5 20 0

7 70 1100 187 141 -326

8 70 1200 42 29 -448

9 70 1050 390 337 -15.7

10 70 1050 401 349 -14.9

TABLE 5: Sensibility calculations on the SQUAT tests pressure and the temperature.

SQUAT test Nominal P, T T +0.5% T -0.5% P +0.5% P-0.5%

1 13.8 12.7 14.6 13.8 13.8

3 458 No rupture No rupture 458 458

4 97 58 221 89 108

5 38 38 40 38 38

6 19.5 19.4 21.5 19.3 19.5

7 141 141 141 141 141

8 29 21.3 32.2 29 29

9 337 337 337 337 337

10 349 351 348.4 348.5 348.5

the measurement uncertainty could be estimated. Table 5
gives results of these computations.

Effect of pressure variation (+0.5%) on the rupture time
is negligible (0.5s), except for SQUAT4 test for which the
rupture time is decreased in 8 seconds for pressure increase
of 0.5%.

The uncertainty of the temperature measurements
(+0.5%) shows no or few variations of rupture times for
6 tests over 9 (2seconds at maximum). The decrease of
SQUATS time to bursting is more important when the
upper boundary of temperature is applied (-8 seconds). The
SQUAT4 calculation gives significant differences, as well as
SQUATS3 for which the criteria of rupture are not any more
affected.

In the code the change of phase is taken into account by
the changes in the material mechanical properties. Norton’s
law coefficients (A and n, given in Table 2) are determined
by the use of some tensile curves [6]. The results of the
tests SQUAT3 and SQUAT4 show that mechanical properties
implemented into the code are not accurately fitted for a
temperature of 950°C. Our mechanical model suffers from a
lack of data in this temperature range.

Except for SQUATIO test, it is noticed that rupture time
vary in a logical way when the lower boundaries are applied:
a decrease in the pressure or the temperature tends to delay
the bursting. The opposite comes true for the pressure: an
increase tends to reduce the time to break. Furthermore,

the time to break tends to decrease for an increase (0.5%) of
the temperature.

Concerning SQUATIO0 case, the computed bursting time
differences remain lower than 0.6%.

5. Conclusions

The MECTUB code has been developed in order to model
the thermomechanical behaviour of pressurized tubes under
overheating load. This code has been set up and validated
using experiments performed on the alloy 800 of the SUPER-
PHENIX helical tubes SGs.

A new test bench was set up and qualified to burst heated
tubes. The time to burst was successfully detected using the
internal pressure measurements. The results obtained with
this test bench highlight a logarithmic trend in the decrease
of the bursting time versus the increase of the overheating
temperature for a given internal pressure.

The experimental studies shown in this paper allowed us
to adapt the mechanical model and to qualify it for Modified
9Cr-1Mo material.

Mechanical modelling takes into account the elastic,
plastic, and creep effects up to high temperature (1200°C). The
creep law has been reduced to a simpler Norton’s law.

On the basis of bursting tests on the Modified 9Cr-
IMo steel, it appears that the MECTUB code is able to be
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conservative in the estimate of the rupture time. Then it could
be used for safety analysis of SG of SFRs.

Nomenclature

MECTUB: Modélisation d’EClatement de Tubes
(model of tubes bursting)

PFR: Prototype Fast Reactor

SFR: Sodium-Cooled Fast Reactor
SG: Steam Generator

SGU: Steam Generator Unit

SQUAT:  Section of Qualification of the Accidental
codes for Tubes heat exchangers

SWR: Sodium-Water Reaction

THETRA: THErmal TRAnsfer

A n Norton’s law coeflicients

E: Young’s modulus

o: Stress

€ Strain

T: Temperature

el: Elasticity

pl Plasticity.
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