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Performances of the Containment System under Severe Accident conditions depend on a
number of different features and components.
The equipment hatch may be considered a critical component because it is a potential main
contributor to the total Containment leak rate during a Severe accident and a potential
(depending on the design) direct leak path between the containment atmosphere and the
environment.
The analytical study performed to anticipate the response of the equipment hatch of a large
dry steel containment under Severe Accident condition has pointed out some questions of
concern.
The possible leaktightness Mure mechanism are related to:
- the gaskets elastic characteristics degradation due to thermal and radiological aging,
- the deformation of the hatch sleeve induced by the containment wall,
- the differential expansion between gasket material and steel.
Beside, the equipment hatch may be considered a single barrier and although it is equipped
with two gaskets, it is not difficult to demonstrate that a backup function cannot be assigned
to the external gasket. For these reason it seems to be necessary to realize a wider
application of the "Defence in Depth" criteria in the design of this component. The
DEFENDER might be a solution to increase the margin of safety of the equipment hatch
under the Severe Accident condition.
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1. INTRODUCTION

It is now generally accepted that next generation Nuclear Power Plants (NPP) should provide
an improved design in a number of safety relevant areas. This is the result not only of the
natural evolution of technology and of competition among Vendors, but, above all, it is the
answer to a greater demand for safety and for environmental protection from the public. Next
generation LWRs, although give emphasis to accident prevention in a "Defence in Depth"
strategy, are all considering explicitly and systematically Severe Accident (SA) scenarios in
the mitigation features design process.
Such scenarios could represent a grater challenge to the Containment System, which, at the
same time, must be able to assure higher performances.
The new design target for the Containment System is to reduce the environmental impact,
even in case of SA, so as to require no off-site emergency plan for the protection of the
population. This goal may be achieved both reducing the total containment leak rate and
increasing the reliability of its components.
The design of the Containment penetrations (mechanical and electrical penetration, personnel
airlock and equipment hatch) of the ALWRs is quite similar to that of the components
installed on the actual plants, but the environmental conditions (temperature, radiation and
accident duration) what can be anticipated for a SA are more harsh than the DBA-LOCA
ones.
The ENEL/CISE research is then focused largely on understanding the capacities of the
different containment components and how to increase their safety margin under SA
condition.

2. BACKGROUND

A lot of tests were conduced at several laboratories and under different research program to
evaluate the behaviour of gaskets at pressures and temperatures significantly above the design
value.
Generally the test fixture consists of an upper and a lower flange with the test seal placed
between the two flanges. The flanges are connected to an environmental chamber. The large
number of tests and the great variety of conditions checked allow to identify some general
behaviour:
1. The thermal and radiation aging (until 150 °C (300 °F) for 168 h and 200 MRad) has

a negligible deleterious effect on leakage onset temperature. In some case it was
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found that leak temperature of irradiated gaskets was higher that of non-irradiated
ones.
Leakage occurs more rapidly under steam pressure than under nitrogen gas pressure.
Posttest visual inspection indicates that all gaskets experienced a severe degradation,
including those that were tested without a gap between the sealing surface.
The leakage onset temperature depends on the gaskets material and seal cross section
design as reported in the following table (mean value):

Cross-section

Double Tongue and
Groove (DTG)

Double O-ring
(DOR)

Double Gamdrop
(DGD)

Double Dog Ear
(DDE)

Material

Silicone

EPDM

Neoprene

Silicone

EPDM

Neoprene

Silicone

EPDM

Neoprene

Silicone

EPDM

Neoprene

Leakage onset
temperature °C (°F)

371 (700)

320 (608)

277 (531)

330 (626)

260 (500)

332 (630)

250 (482)

325 (617)

The DTG gaskets maintain the seal at higher temperature than the other gaskets. The
difference is that the gaskets is flat and is pushed into the groove locally by the
tongue; the cross-section area is larger while the pressurized area of the gasket is
smaller.

The seal failure temperature is generally quite high but in the application of the test results
to a full-size penetration the following caveats should be considered:
1. The test fixture, with its small circumference ( < 500 mm), has rigid surfaces: the

gap between the flanges is nearly uniform around the perimeter.
2. In the event of a SA, sealing surfaces might move relative to each other. In the tests

such movement was not reproduced;
3. Radiological damage to elastomers may depend not only on the absorbed dose but also

on the dose rate: the damage caused by a low dose rate exposure may be more severe
than the damage resulting from high dose rate exposure (but identical total dose).



The loss of penetration integrity could occur as a result of (a) excessive differential pressure
across the penetration, (b) degradation of seal material resulting from exposure to high
temperature or dosage, (c) distortion of sealing surface as a result of containment
deformation, and (d) enlargement of pre-existing leakage paths or creation of new leakage
paths as a result of chafing of gasket against the sealing surface.

3. THERMAL AND RADIATION DAMAGE OF THE GASKETS

The principal processes which occur in the interaction of radiation with organic materials are
ionization and excitation of absorber atoms leading to degradation of the elastic
characteristics. For compression gaskets the physical property critical to the sealing function
is the Compression Set Retention (CSR). The effect of radiation exposure on the CSR
measured for various gaskets material is showed in the figure 1.

The silicone rubbers are less
resistant to radiation than EPDM
for dosage less than 100 MRad.
Environmental parameters, such
as elevated temperatures,
oxidizing conditions, and
mechanical stress, may greatly
affect radiation resistance
About thermal damage, the
usually mathematic model used to
relate time (L), temperature (T),
and change in physical property is
the Arrhenius model which
required the knowledge of two
constant (B and <t>) depending on
the material, the physical property
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Figure 1: CSR versus Dosage for several gaskets material

by the following relationship (1).

I=2texp(-|)

itself, and the failure criterion.
The Arrhenius model is described

(1)

In the figures 2-5 are reported the value of the constant B and <j>, and the aging characteristic
for two different gaskets material: in any case the activation energy may be assumed as
independent of the failure criterion (end-of-life).
It seems to be correct assuming that equal property changes are caused by equal energy
absorbtion, whether thermal or radiation in form; i.e. the integrated radiation dosage causing



a change of CSR is equivalent to the thermal energy (expressed as time at temperature)
producing the same amount of CSR. This guess, together with the fact that only the constant
B depends on the failure criterion, may suggests a simple analytical solution to add the
radiation damage to the thermal damage. This simplified approach consists of the following
steps:
1. determinate the integrated dose value (depending on accident scenario and

containment lay-out,
2. evaluate the time to get the same damage induced by radiation at the accident

temperature using the Arrhenius relationship,
3. add this time to the accident time,
4. determine the damage on the gasket material induced by the new time-temperature

values using the Arrhenius model.
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for Silicone
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Figure 3: Aging characteristic for Silicone
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Figure 5: Aging characteristic for EPDM



4. STRUCTURAL ANALYSIS OF A STEEL CONTAINMENT

The objective of the structural analysis is to determine the displacement between the sealing
surfaces of the equipment hatch of a large dry steel containment as a function of pressure.
In assessing the hatch safety margin the containment inside diameter is assumed equal to 40
m and its wall thickness is 0.041 m. The inside diameter of the penetration is 6.70 m with
a barrel 1.60 m long and 0.12 m thick. The thickness of the containment wall at the barrel
welded joint is 0.12 m, the diameter of the insert plate is equal to 9.14 m.

The SUPERSAP finite element
code, version 2.02, is used for the
analysis. Either elastic or elastic-
plastic material model are
accounted for in the analysis. The
containment and the hatch cover
were modelled with shell/plate
elements with six or eight nodes.
The seal, in the case of elastic
material model, was modelled
using nonlinear gap elements: this
representation makes it possible to
account for the contact between
barrel and hatch cover. In the
elastic-plastic material model the
effect of hatch cover on the
penetration is replaced with the
corresponding force. The finite
element model of the containment
used for analysis is shown in

figure 6: FEA model figure 6 T h e c o n t a i n m e n t

material is the ASME SA-537 Cl
2 carbon steel, its mechanical properties are taken from the ASME Code Section HI.
The deformation of the penetration is produced by the geometric intersection of the
cylindrical wall of the containment with the sleeve. The intersection of the two surface
generates an out-of-plane curve; the radial forces transmitted by the containment wall along
this curve to the hatch sleeve generate a twisting moment on the barrel producing a rotation
of its free edges. The amount of this effect considering either the elastic or the elastic-plastic
material model is shown in the figures 7.
The rotation of the free edge of the barrel produces the loss of the full metal-to-metal contact
at the penetration-cover connection; the displacement of the opposite corner (excluding local
plasticization) may be of several millimetres and it is quite improbable that the displacement
could be reduced by the cover clamping devices. Furthermore, the twisting moment induces
a strong deformation of the containment wall near die penetration, the wall stiffness around



the hatch sleeve (necessary to reduce the stress in the welded joint) may increases this
deformation (see figure 8).
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figure 7: Rotation of the inner free edge of the barrel.

Figure 8: Equipment hatch displacement



The equipment hatch sleeve is also deformed into an oval shape. The horizontal diameter of
the sleeve increases while the vertical diameter decrease about by a like amount, this
deformation can be related to the average membrane strain in the containment shell.
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Figure 9: Displacement of the inner free edge of the barrel.

Figure 10: Plasticized zones.

Ovalization of the equipment hatch sleeve is
primary an unextensional (no stretching of
the middle surface) deformation and
consequently it is relatively flexible mode of
deformation. Thus, the hatch sleeve basically
conforms itself to the membrane
displacements of the containment shell at
their intersection. The amount of this effect
considering both the elastic and the elastic-
plastic material model is shown in the figures
9.
The equipment hatch cover deforms
axisymmetricaUy, i.e. it remains in its
circular shape, changes in diameter of the
tensioning ring are very small.
About stress distribution at the equipment
hatch area, in the figure 10 are pointed out
the material plasticized zones.



5. SEAL FAILURE MECHANISMS

The actual equipment hatch subjected to SA have the potential to leak as a result of several
failure mechanism. Elastomers used in the seals are generally not qualified for the SA
environment.
A good assessment of the gamma dose integrated by the gaskets during a SA seems to be 50
MRad, this value could produce a CSR(%) ranging between 75% to 90% depending on the
material (the higher limit is for silicone rubber). The accident temperature may be
conservatively assumed equal to 200 °C (392 °F) for 72 hour. Applying the simplified
approach proposed in the chapter 3 it is easy to evaluate the total expected CSR(%). In the
following table are reported the results of each step of calculation for two different gasket
materials.

STEP

1

2

3

4

Description

Radiological damage, CSR(%)

Time to get an equivalent
damage at 200 °C (h)

Total time at 200 °C (h)

Total damage,CSR(%)

EPDM E603

75

6.78

78.8

92

Silicone 95B29C

90

155

227

93

The change of the CSR(%) is very strong and the gasket might be no more able to assure
the leaktightness of the penetration above all during the temperature decrease phase of the
accident. The behaviour of the seal during this period is not much investigated.
Some different seal failure mechanisms may be anticipated as results of different behaviour
of the penetration under SA condition:
1. The displacement of the hatch sleeve relative to the cover tensioning ring can induce:

a. a gaskets damage as a result of the chafing of the gasket against the metal
sealing surface,

b. a strong mismatch of the cover if the displacement is not symmetric, sleeve
and tensioning ring can partially lose contact and a gaskets (biggest diameter)
may be exposed to the containment atmosphere.

2. The rotation of the inner free edge of the sleeve produces:
a. the loss of the metal-to-metal contact,
b. a gap of several millimetres between the two sealing surface that the clamping

device cannot recovery,
3. The SA environment condition (temperature and dose) produces a strong reduction

of the elastic properties of the gasket.
4. The differential expansion of the gasket and of the metal could produce the partial

extrusion of the gaskets and pressure could push them between the two sealing surface.



The probability of these failure modes is unknown, and the magnitude of any particular
failure is difficult to predict, but it seems to be correct to affirm that the present equipment
hatch based on a single seal area (even if with two gaskets) is inadequate to withstand the
SA. In order to get a wider application of the "Defence in Depth" criterion in the design of
this components it seems to be necessary:
1. to realize a second (or back-up) seal area connected to the present by means of an

elastic device assuring the best thermal and mechanical de-coupling
2. to reduce the thermal load on the second seal area.

6. DEFENDER DESCRIPTION

The most easy solution to assure the tightness of a equipment hatch consists of welding a
proper metallic bellow outside the containment astride the sealing surfaces. This is not the
ideal solution if frequent opening of the equipment hatch are planed during the plant life.
The DEFENDER might be a solution to increase the margin of safety of the equipment hatch
with the less impact on actual design and opening operative sequence.
The drawing of figure 11 describes the proposed solution requesting an increase in diameter
of only 0.6 meter. In the figure the item (1) is the buck-up seal area while item (4) has the
function either of pressure boundary or to realize the best mechanical and thermal de-
coupling between containment wall and back-up seal area. The better thermal conditions are
assured by the insulation inside the containment (item (2)) and by the passive air (or water)
cooling system (item (5)). The thermal insulation covers only the surface near the seal area.
A suitable number of screw clamps closes the back-up sealing surface. By means of some
conduits it is possible to perform continuous leaktightness test or the positive leakage control
function in case of accident.

Containment
centerline

Hatch centerline

Figure 11: The DEFENDER device.



7. THERMAL AND MECHANICAL BEHAVIOUR OF THE DEFENDER

7.1. Structural analysis

The structural design of the DEFENDER is centred on the analysis of the item connecting
the back-up seal area to the hatch sleeve (item 4) and on the evaluation of the force induced
in the clamping device. The analysis is carried on according to the ASME elastic success
criteria. Again the material is the ASME SA-537 Cl 2 carbon steel, its mechanical properties
are taken from the ASME Code Section m.
The finite element model describes all the containment and hatch cover. The hatch-cover
coupling, showed in figure 12, is realized with different element, in such a way to have (a)
no friction force between the two sealing surface of the first seal area and (b) no
displacement and rotation between the two sealing surface of the back-up seal.

The optimized DEFENDER design shall have the
following characteristics:
1. The connection to the hatch sleeve shall be

on the mid-plane of the out-of-plane curve
of containment wall-hatch sleeve
intersection.
This requirement allows to minimize the
stress in the welded joint between hatch
sleeve and DEFENDER device: the
ovalization of this section is the smallest.
The thickness of the joint is equal to 41.3
mm (equal to the containment wall
thickness).
The bellow has the important function to
reduce both the stress in the welded joints
and the forces acting on the back-up seal
area clamping devices induced by the
pressure load and the thermal differential
expansion. Beside the bellow allows to
recovery the processing tolerances.
T h g m e a n radius o f ^ ^ s h a U ^ ^
less than 60 mm (to minimized the hatch

2.

Figure 12: The DEFENDER and hatch finite g
element model.

diameter increase and the stresses in the
DEFENDER device).

4. The thickness of the shell shall be in the range 10-15 mm.
5. The axial elongation of the DEFENDER device shall not be less than 300 mm.
6. The distance between the DEFENDER shell and the hatch sleeve (gap) shall allows

the free mismatch of the hatch cover and the ovalization of the hatch sleeve.
The figure 13 shows the DEFENDER displacement response under pressure load.



The DEFENDER conforms itself to the containment wall displacement at one edge but no
significative displacement of the back-up flange relative to the cover tensioning ring are
induced by pressure.

Figure 13: DEFENDER Displacement

The analysis pointed out an allowable pressure inside the room between the two seal equal
to about 1.0 MPa (grater than the containment ones). At this pressure the finite element
buckling analysis excludes the possibility to have the collapse of the structure.
The maximum force at the back-up seal area clamping device (F^) computed at the
maximum allowable pressure of the containment and considering 24 clamping devices is
equal to 1.72E+05 N. The stress induced on the clamping device is computing by means of
a procedure considering the clamping and flange elasticity (see figure 14).

The total elongation of the clamping device
(Db) and of the flanges (Dfl) under a unit
force are computed respectively equal to
3.008E-09 and 5.618E-11 meter.
The ratio of deformation a (defined as a =
Db/Dfl) is equal to 53.5. The portion of
operating load acting on the clamping device
computed as DFop= 1/(1 +a)*Fop is equal to
3.16E+03 N.
The service load on the clamping device is
then equal to the initial pre-load (Fprc),
requested to have not the detachment of the
flanges and equal to 2.00E+05 N, plus DF^
(=2.032E+05 N). The stress induced on the
clamping device (Tresca equivalent stress) is
230 MPa.
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Figure 14: Load deflection diagram



7.2. Thermal analysis

The thermal behaviour of the DEFENDER device is evaluated using the finite element code
SUPERSAP. The axisymmetric model comprises 188 or 227 two dimensional thermal
conductivity elements (see figure 15). Only one degree-of-freedom is defined for these
elements, the temperature. The material properties are supposed isotropic and temperature-
independent.

Figure 15: FEA model for the thermal analysis.

The heat exchange conditions outside the containment considers both convection and
radiation. The general relationship applicable for natural convection in air for vertical or
horizontal plates is:

hc = A*(AT)B

where AT is the temperature potential, and A and B constant depending on the geometry and
on the fluid. The surface coefficient of heat transfer is then the mean value on the total
surface and, depending on the surface temperature (the temperature of the external air is
supposed constant and equal to 50 °C), its true value is found by means of computational
iterations.
The uncertainties about maximum Severe Accident temperature is very large, for this reason
two different thermal condition are considered; (a) Severe Accident Condition: the specific
heat flux is computed considering the decay and reaction heat produced in the first three days
of the accident and the total surface inside the containment (considering also the heat sinks)
and (b) Extreme Condition: the specific heat flux is computed considering also the
contribution of a continuous hydrogen flame.
For each thermal condition two different setup are considered: (a) without insulation ring and
(b) with insulation ring (item 2 of figure 11).
The results of the steady thermal analysis are summarized in the table 1.



Initial condition

Insulation

No

Yes

No

Yes

Thermal condition

Severe Accident

Severe Accident

Extreme

Extreme

Results

First seal area
temperature (°C)

180

93

340

155

Second seal area
temperature (°C)

135

82

248

115

In the figures 16 and 17 are reported the temperature vs time curves at three significant point
for the two thermal load condition respectively (without any insulation). The three curves are
referred to the following point:
1) Hatch cover centerline (wall)
2) First seal area (1st seal area)
3) Second or back-up seal area (2nd seal area)
On the basis of the thermal analysis results the following considerations may be done:
1. the temperature of the back-up seal area is low (even in case of no-insulation) and the

service life of the gaskets is quite long (low radiation damage too),
2. the thermal insulation is very effectiveness to reduce the temperature of both main

and back-up seal area, even in the largely beyond S.A. conditions.

aoo
( C)

y
<>

h tf'oi o t ~

•

260

160 .... .^

> <
,

—*^*

1

120 340 360 4*0 600 WO M0 MO IM0 1200
Tim. (BIB)

- Mt MO1 <B*a 2nd Mai a n a

30 40 40 N 100 130
TIM Hill

' tol saal araa

140 160 180 200

3nd i*al araa

Figure 16: Temperature transient. Severe Accident
condition - No insulation.

Figure 17: Temperature transient. Extreme condition
- No insulation.



8. EXTENSION OF THE DEFENDER DESIGN TO THE PCC CONTAINMENT

8.1. Containment description

The Prestressed Concrete Containment (PCC) is a prestressed reinforced concrete cylindrical
shell with ellipsoidal upper head and flat bottom, internally lined with carbon steel. The key
characteristics of the reference PCC are the following:

Top concrete elevation: 55.8 m
Internal diameter: 39.6 m
Wall thickness: 0.9 m
Liner thickness 6 mm
Internal free volume: 54000 m3

Internal design pressure: 0.31 MPa
Circumferential and longitudinal tendons are provided to realize a prestressed reinforced
concrete structure. Relevant data for the tendons and the buttresses are given below:
Cylindrical portion: longitudinaly p g
one layer; each portion realized with 31 strands, 0.6" diameter; spacing between tendons
equal to 1 m.
Cylindrical portion: circumferential tendons
two layers; each portion realized with 31 strands, 0.6" diameter; spacing between tendons
equal to 0.5 m.
Dome portion: orthogonal direction
one layer; each portion realized with 31 strands, 0.6" diameter; spacing between tendons
equal to 0.5 m.
Vertical Buttresses
Circumferential length: 5.0 m
Radial extension (with respect to primary containment outer wall): 0.8 m
Dome portion: orthogonal direction
Vertical extension: 5.0 m
Radial extension: 0.8 m
The sizes of the Equipment hatch are the same of the steel containment.

8.2. Containment response against pressure

The primary containment behaviour under design pressure is evaluated using the finite
element code SUPERSAP. The FEA model describing the containment is reported in the
figure 18.
The concrete wall is modelled by means of the three dimensional, solid elastic element with
8-21 nodes while the tendons and the liner are modelled by means of the three dimensional,
plate elastic element with 3-4 nodes. The liner is applied in the internal side of the wall while
the "tendons plate" is in the mid-plane of the wall. The thickness of the "tendons plate" is
equivalent to the tendons cross section itself.



Anisotropic material property are defined for these elements:
Circumferential Elasticity Coefficient: 2.11E+11 Pa
Longitudinal Elasticity Coefficient:
Circumferential thermal expansion:
Longitudinal thermal expansion:

5.27E+11 Pa
7.750E-05
3.877E-05

The initial prestressed condition is modelled
by means of an equivalent thermal load
imposing a temperature difference from the
stress free temperature equal to -100 °C. The
model is resolved considering two different
load condition; (1) Concrete prestress
(equivalent thermal load) and (2) Concrete
prestress (equivalent thermal load) and design
inside pressure.
Prestress and inside pressure cause
displacements that are opposite, so the
combination of the two loads produces
displacements in the containment structure
that are very small.
Figure 19 shows the displacement of the
equipment hatch penetration under prestress
load referred to the undisplaced condition
(dashed line). The equipment hatch sleeve is

deformed into an oval shape due to interaction with the containment wall. The horizontal
diameter of the sleeve decreases while the vertical diameter increases about by a like amount.
Figure 20 shows the displacement of the equipment hatch penetration under prestress and
pressure load referred to the prestress load condition (dashed line).
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Figure 18: Fea model of the primary containment.

Figure 19: Displacement of the equipment hatch
penetration. First load condition.

Figure 20: Displacement of the equipment hatch
penetration. Second load condition.



Pressure produces an ovalization of the equipment hatch sleeve increasing the horizontal
diameter. This displacement is only partially offset by the prestress load displacement.
The maximum displacement of the equipment hatch sleeve between the two load conditions
is however very small ( « 3 mm) .The response to pressure load of a PCC is quite different
to the response of a steel containment.The displacements of a prestressed concrete
containment under pressure load are generally very small. This behaviour is owed to the
large thickness of the concrete wall introducing an element with a large stiffness in the elastic
connection between tendons and concrete.
The application of the DEFENDER improvement to the equipment hatch of the PCC is still
useful to prevent leakage produced by thermal damage of the gaskets and to get a wider
application of the "Defence in Depth" criteria in the design of the component (the equipment
hatch is the sole containment penetration with one seal area alone).

9. CONCLUSION

The analysis of the behaviour of the present equipment hatch at the Severe Accident
condition has pointed out some possible seal failure mechanism as result of:
1. thermal ad radiological damage of the gaskets,
2. displacement and rotation of die hatch sleeve relative to the cover tensioning ring,
3. differential expansion between gasket material and steel.
The DEFENDER seems to be able to assure a larger margin of safety to the actual design
of equipment hatch.
Other different solution may be thought, but all of them must realize:
1. a second seal area mechanically and thermally de-coupled from the first
2. a mitigation of the gasket damage induced by temperature.
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