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ABSTRACT

numerical simulations of the macro-deformations of the
sealing surfaces (gasketed junctures) of a PWR steel containment
vessel s equipment hatch and a BWR Mk I I containment vessel head
have been performed. Results for the equipment hatch juncture
indicate that the rotat ions of the hatch cover and penetration
sleeve must be accounted for when performing leakage analysis
because they can ef fect the compression of the gasket even though
the gasket is in a pressure-seated conf igurat ion. Results from a
leakage analysis indicated that excessive leakage can occur i f
the surface roughness is high and/or the compression set is high.

Results for the Mk I I head show that both the temperature
and pressure loadings must be taken into account to obtain rea l -
i s t i c responses. The temperature difference between the flanges
arid bolts has the important net ef fect of keeping the gasketed
juncture closed, that is in metal-to-metal contact. Due to the
high accident temperature, the gasket i t s e l f was found to achieve
100 percent compression set and thus could not perform i t s
sealing function within the juncture.

INTRODUCTION

The Reactor Analysis and Safety Division (RAS) and the
Components Technology Division (CT) of Argonne National
Laboratory (ANL) are performing analytical/numerical simulations
of the response of selected large penetrations and closures,
which use some type of seal or gasketed joint, for containment
vessels subject to pressure and thermal loads that are beyond the
design basis (BDB). This work is part of the ANL Penetration
Integrity Program (PIP) which is being sponsored by the U.S.
Nuclear Regulatory Commission and managed by the Sandia National
Laboratories (SNL). This report covers the work performed in
Task 2 - Analysis of Fixed and Operating Penetrations. The ob-
jectives of this task were to identify the methodology required
to simulate the structural response of selected penetrations/
closures to BDB loadings and to apply this methodology to repre-
sentative penetrations/closures.

fWork performed under the auspices of the U.S. Department of Energy,
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STRUCTURAL RESPONSE OF AN EQUIPMENT HATCH OF A PWR STEEL CONTAIN-
MENT VESSEL

The major components of a PWR nuclear power plant are in-
stalled within a containment vessel. The containment vessel is
typically a cylindrical shell with closed ends, the wall of which
may be penetrated by certain other pipe-shell structures (e.g.,
personnel locks, equipment hatches,, etc.). During very unlikely
but potentially severe accidents the containment vessel may be
subjected to pressure and temperature loadings that may be much
larger than the design values. Studies on the response of steel
containments to Internal pressurization were reported by Blejwas
and Horschel [1], Derbalian et al. [2], and von Riesemann and
Blejwas [3].

Our primary objective here was to determine the sealing sur-
face deformations of a particular containment penetration, known
as the equipment hatch, under severe accident conditions. Figure
1 shows the loadings that we were provided with by SNL [4], A
secondary objective was to integrate these quantitative predic-
tions into leakage rate information that will be used to evaluate
overpressurization and to quantify leakage of the containment at-
mosphere.

Equipment Hatch Details

The scope of ANL's work in the Penetration Integrity Program
includes (1) the Identification and classification of major pene-
trations in PWR and BWR containments (Task 1 ) , which is reported
in Ref. 5, and (2) the analysis of selected penetrations for
structural failure or leakage (Task 2 ) . This report covers the
analysis aspect. However, since the identification task and this
analysis task are concurrent, we did not have final details
available to us at the onset of our work. Because of the time
schedule, we had to start our analysis work and to use a "best
estimate" design for an equipment hatch. The dimensions and lay-
out of our best estimate design were obtained from limited infor-
mation that was available to us. We used our design judgment to
estimate values for the missing dimensions.
** Figure 2 is a generic schematic of an equipment hatch for a
steel containment vessel. The hatch consists of a penetration
sleeve, a cover, a reinforcing ring/plate, and seals (gaskets).
Table 1 gives the dimensions of our best estimate design for an
equipment hatch for a steel containment vessel.

Numerical Studies of Equipment Hatch Cover, Penetration Sleeve,
and Sealing Surfaces'

The structural response under hypothetical pressure loads of
an equipment hatch penetration has been analyzed with the STRAW
[6] finite-element structural analysis code. Our approach to
this problem was to perform a decoupled analysis of the hatch
cover and the penetration sleeve, that is, independent models
were developed for the cover and the penetration sleeve. If our
results would indicate that a coupled analysis was necessary, we



would reanalyze the problem using a coupled approach. Analysis
of the structural response of the penetration has been performed
for the following two models:

(1) a computational model for the dome and ring assembly
inboard of the seal junction acted upon by the pressure
loading alone, and

(2) a computational model involving the essential features
of the penetration sleeve acted upon by the combined
loading of the direct pressure forces, the forces
exerted by the global expansion of the containment
shell, and an equivalent load from the cover.

Response of Hatch Cover

The purpose of f i r s t ser ies of computations was to determine
the deformations of the seal ing surface of the cover r i ng and the
col lapse load of the cover door. The computational model i s
shown in F i g . 3. The pressure loading was appl ied inc rementa l l y
up to 250 p s i . The r e l a t i v e e f f e c t s of the cover -o la te and the
r i ng were i l l u s t r a t e d by increas ing the r i ng - th i ckness from 3 i n .
to 4 i n . , and the cover -p la te from 1-1/8 i n . to 1-1/2 i n . The
e f f e c t s of dome th ickness and r i n g th ickness upon the r i ng d i s -
t o r t i o n s at the seal j o i n t are shown in F i g . 4 . For the "best
est imate design" ( i . e . , 1-1/8 i n . th ick cover p l a t e , 3 i n . t h i ck
r i n g , and 30 ksi y i e l d s t ress) the response i s e s s e n t i a l l y e l a s -
t i c up to a pressure of about 175 p s i . Increasing the r i n g
thickness i s bene f i c i a l for reducing the d i s t o r t i o n in the v i c i n -
i t y of the seal and increases the e f f e c t i v e e l a s t i c range to a
pressure of 250 p s i . We found tha t t h i s cover goes p l a s t i c a t
about 250 p s i .

Response of Penetrat ion Sleeve and Sealing Surface

Our second ser ies of computations was performed to determine
the deformations of the seal ing surface of the penet ra t ion
sleeve. To accurate ly determine the displacements of the sea l ing
surface we constructed a model tha t included the penet ra t ion
sleeve, r e i n f o r c i n g p l a t e , and a por t ion of the containment
vessel w a l l . Since we had r e s t r i c t e d our i n i t i a l ana lys is to
axisymmetric geometry, we cannot exact ly model the c y l i n d r i c a l
containment vesse l . The reason for t h i s i s tha t our ax is of
symmetry for the model was choosen to be along the ax ia l d i r e c -
t i on of the penet ra t ion sleeve. This choice provides the proper
geometric representa t ion for the penet ra t ion sleeve and seal sur -
face, which are of primary i n t e r e s t . However, t h i s choice also
forces the c y l i n d r i c a l containment vessel to be t rea ted as a
spher ical containment vesse l .

For t h i s i n i t i a l study, we used a 45 deg. sector of the
sphere wi th a 1350 i n . radius to capture representa t i ve i n t e r a c -
t ions between the sleeve and vesse l . Our model for the penet ra-
t i on i s shown in F i g . 5. Three thicknesses were considered fo r
the purpose of eva luat ing the p l a tes ' e f f e c t on seal surface de-
fo rmat ion . The 4.5 i n . p la te thickness conforms wi th the area
replacement ru le for openings in c y l i n d e r s ; the 3.0 i n . and 6.0



in. plates were purposely chosen to be smaller and larger, re-
spectively, but otherwise arbitrary.

The deformed shape of the penetration sleeve is shown in
Fig. 6 for the vessel with a 4.5 in. ring at an internal contain-
ment pressure of 86 psig. We see that the reinforcing ring has
pulled the penetration sleeve into a crimped shape in the region
of the penetration sleeve-reinforcing ring juncture. This pri-
marily causes the seal surface to undergo large translational and
rotational displacements that can lead to leakage. The radial
displacement of the sealing surface provides a shearing action to
the seals. The seal surface rotation tends to decrease the com-
pression of the seal. The relation of these deformations to
leakage from the containment is evaluated in the next sub-
sec .ion.

Table 2 summarizes the displacement results for several
thicknesses of the reinforcing plate. It is seen that the rein-
forcing plate has a significant effect on the seal surface de-
formation. We can view the effect of these deformations in the
region of the gaskets in Fig. 7 for the case of a 3.0 in. rein-
forcing ring. The undeformed shape of the gumdrop type gasket
has been superimposed to give a feel of gasket compressibility, or
lack of compressibility.

Leakage Analysis

A preliminary analysis has beesi performed to estimate the
leakage rate from the seals (gaskets) of an equipment hatch cover
during an overpressurization. The seal geometry was taken from
Fig. 2. The displacement of the seal faces was taken from very
preliminary estimates of the ring rotations, which are not re-
ported here. The seal leakage rate was modeled using results
from an analytical/experimental study reported in Ref. 7 which
includes a rather detailed study of leakage past 0-rings, where
the significant parameters are the final seal compression (ini-
tial compression and compression sets) and the machined surface
roughness. Figure 8 shows the leakage rate for these 0-rings
(DuPont E60C polymer) for a variety of surface finishes as a
function of actual seal compression. Reference 7 contains an
expression for the final compression, Cpn as a function of the
initial compression C^, and the compression set, Cg, as a func-
tion of 0-ring diameter, d, and flange separation, x. This final
compression can be written as

Reference 7 also includes a thermal transient compression set C s t
which may be significant, but has been ignored for the analysis.

The flange separation X was taken to be at the center of the
outer gasket shown in Fig. 2 and due only to the ring rotation.
The presence of the inner gasket was ignored, because the separa-
tion there 1s much higher.



Leakage past the seal was approximated from Fig. 8 using the
worst cases (curves C and D) and a less pessimistic case (curve
A ) , approximating these curves by a linear fit

Log (L) = B - A'C F (2)

with the values B = 6.2 and A = 49.6 approximated from curves C
and D, and B = -1 and A = 42.4 for curve A. The leakage obtained
from Eq. (2) is standard cc per atmosphere pressure and per cm of
circumference of the seal (which is 615-3/4 in. = 1564 cm for
this gasket). For this study (as in Ref. 7 ) , the compressions
were initially taken to be C< = 252 (common practice) and C s =
20% (lack of actual data). The compression set C s could be as
large as 100* (no recovery if unbolted) so C s was treated as a
parameter, ranging from 0.2 to 0.8.

Figure 9 shows the calculated leakages as functions of pres-
sure for various C s for the worst case. As can be seen, for low
pressure, the leakage rate is "small" but can get rather high.
For comparison purposes, estimating the containment volume to be
about 2 x 10° ft 3, then 1% leakage per day would be approximately
6500 cc/sec. This value would be exceeded at about 105 psi on
Fig. 9 for C s = 0.2, and much sooner for higher compression
sets. For C s > 0.2, some of the curves stop before 150 psi be-
cause the final compression Cr goes to zero, in which case the
leakage model is no longer applicable.

The less pessimistic case does not get to 1% leakage per
day, for any C s before the gasket compression goes to zero.
Thus, if the seals and machined surfaces had this quality, leak-
age may not become excessive (> 1% vol/day) for this one penetra-
tion using this leakage model, but the gap would open during
flange rotation.

Concluding Remarks

Our finite element model for the cover exhibited elasto-
plastic buckling at about 250 psig. The maximum specified pres-
sure inside the containment was 155 psig, and therefore we do not
expect this cover to buckle.

A finite element analysis of the penetration sleeve revealed
that its sealing surface can undergo large rotations which can
lead to leakage. A value of 7° at a bursting pressure of 86 psig
was computed for the "best estimate" design. V/e found that the
thickness of the reinforcing plate had a significant effect on
the amount of rotation. Thus, both numerical simulations and
scale model experiments must take into account the reinforcing
plate in order to obtain' meaningful results for seal surface de-
formations, which are subsequently used in a leakage model.

We must remember that we have performed an axi symmetri c
analysis of a three-dimensional structure, which eliminates some
of the deformation modes. In particular, we cannot capture the
oval shape that th2 penetration will deform into. Thus, in
reality, we expect that the sealing surface rotations will vary
along the circumference and that our predicted values will
neither be maximum nor minimum values. A three-dimensional anal-



ysis is highly recommended in order to obtain these variations as
well as to provide additional insight into the behavior of this
structure.

A preliminary analysis to estimate the leakage rate from the
seals has been performed using tne finite element predicted de-
formed configurations. The simple leakage model indicated that
excessive leakage can occur if the surface roughness is high
and/or the compression set is high.

STRUCTURAL RESPONSE OF A MK II CONTAINMENT VESSEL HEAD

The approach developed to assess the structural integrity of
a BWR Mk II containment vessel head, which contains non-pressure
seated gaskets, to mechanical and thermal loadings that are be-
yond the design basis is described here. Our concern focused on
the macro-deformations of the sealing surfaces between the re-
movable head and the conical shell. This juncture contains two
continuous gumdrop gaskets in a configuration classified as non-
pressure seating. During BDB loading the sealing surfaces were
expected to separate and unseat the gasket and, thus, provide a
potential leak path for the containment atmosphere.

Containment Vessel Head Description

The top head is an elliptical shell that is bolted to a
conical skirt. As shown in Fig. 10 the conical skirt is con-
nected to the reinforcing-steel support ring and the steel vessel
liner plate. The reinforcing steel support ring is held securely
against the contaiment wall by the reinforcements. The specific
design for which we performed a finite element analysis had a 1-
3/8 in. thick elliptical shell that was welded to a 4 in. thick
upper flange. The 1-1/2 in. thick conical skirt was welded to a
4 in. thick lower flange at its uppermost elevation and to a 2-
1/2 in. thick reinforcing-steel support ring at its lower eleva-
tion. Sixty 2 in. thick stiffeners are welded to the conical
skirt and reinforcing-steel support ring. The surface of the
lower flange contains two grooves each of which houses a 3/4 in.
x 1/2 in. continuous gasket. The upper f a n g e surface has two
nubbins that mate with the gaskets in the lower flange to form a
seal. A pretensioned bolting system is used to maintain leak
tightness during internal pressurization of the containment.
Each pretensioning bolt is mounted between 1-1/2 in. thick upper
and lower bolt mounting rings. These ringn are welded to their
respective flanges and reinforced by 3/4 in. thick gusset plates
located on each side of the bolt. Each bolt is 3 in. in diameter
and approximately 36 in. long. There are a total of 60 bolts
equally spaced around the periphery of the head. Each bolt is
tightened to an initial bolt load of 290,000 1b. SNL [4] has
provided us with anticipated drywell pressure and temperature
histories (Fig. 11) that are based on information which they had
obtained for incorporation into their Electrical Penetration
Assembly (EPA) test plan.



Numerical Studies of the Vessel Head

In order to obtain reasonable predictions of the response of
the drywell flange seal junction for leakage analysis it was
necessary to perform a finite element analysis. Because we feel
that the thermal loading will play a significant role ir deter-
mining the leak tightness of the juncture, it must be taken into
account. An examination of the rate of mechanical loading and
the maximum applied temperature indicate that the structural
analysis and the thermal analysis can be decoupled. Thus, the
thermal analysis can be performed first to determine the tempera-
ture field histories, and then the structural analysis can be
completed using the pressure and temperature histories as in-
put. This is the approach that we have taken.

The main results from our thermal analysis, which is not
discussed here because of space 1imititions, are that KD there
is about a 5.6 minute time lag between the inside wall tempera-
ture and the mid-thickness temperature, which implies that the
membrane temperature loading should be delayed by the 5.6 minutes
from the pressure loading in the structural analysis, and (2) the
average temperature of the bolts would be about 312° F, in the
steady state, less than the average temperature of the flanges
due to convective heat losses.

Structural Analysis

The drywell head is seen to be primarily an axisymmetric
structure. The elliptical shell, flanges, conical skirt, bolt
mounting rings and gaskets are all continuously axisymmetric.
The bolts, gussets, and stiffeners are discretely axisymmetric.
That is, they occur at discrete locations every 6 deg. around the
periphery cf the head. Therefore, for a first analysis of this
problem, an axisymmetric model should provide reasonable insight
into the major response and identify the important parameters.

Finite element model and loads

Figure 12 shows the axisymmetric finite element model that
was used in our numerical simulations. Thin shell elements are
used to represent the elliptical shell, upper flange, and upper
bolt mounting ring of the head cover as well as the lower flange,
conical skirt, tendon support ring, and lower bolt mounting
ring. The gusset plates and stiffeners are modelled using plane
stress continuum elements. A rod element is used to simulate the
structural behavior of the b o l t s . An ad hoc gap-contact element
with friction was implemented into the STRAW code to simulate the
mechanics at the juncture of the upper and lower flanges.

The model was loaded in two stages. During the first stage
the bolts are preloaded to an initial tension value of 290,000 1b
each, which corresponds to a bolt stress of about 41,000 psi.
This preloaded the bolts in tension and the upper and lower
flanges in compression. During the second stage the internal
pressure and temperature loadings were applied to the model.



Figure 13 shows the variation of bolt stress during the
loading history. The preload brings the bolt stress to its d e -
sign value of 41,000 psi. The stress rises slightly as the in-
ternal pressure builds up (Points A - B ) . At point B the membrane
thermal load is applied and the bolt stress rises rapidly to its
yield value of 100,000 psi (Point C ) . Thereafter it increases
slightly.

A set of computer runs was performed to determine the effect
that bolt preload has upon the leak tightness of the juncture
using both pressure and thermal loading. The preload was reduced
from 290,000 lb/bolt to 198,000 Ib/bolt and finally to 84,000
Ib/bolt. The results for the juncture stress are shown in Fig.
14 for the two cases. For- the preload level of 198,000 Ib/bolt,
the basic history of the juncture stress follows the same pattern
as that for the design value preload with the stress levels, as
expected, being reduced. Here the juncture also remained closed
throughout pressure and thermal loading cycles. In contrast, a
bolt preload level of 84,000 lb/bolt produces a leakage path at
the juncture when the internal pressure reaches 35 psig.

The gasket of the head is.subjected to a thermal transient
during an accident. The temperatrre history experienced by the
gasket is assumed to be the same as that of the inside of the
reactor containment shell. The compression set, C s, due to a
thermal transient was computed using the methodology of Ref. [6]
and the results indicate that all the compression is lost 17 min.
after the gasket reached 750° F.

Concluding Remarks

A study of the structural response of a Mk II containment
head subjected to BDB pressurization and thermal load with empha-
sis on the macro-deformatiors of the jasketed juncture was per-
formed. An examination of the pressure and temperature histories
indicated that the thermal analysis and structural analysis can
be decoupled, and this was the approach taken.

Our analytical thermal analysis indicated that the thermal
strain response of the flanges would lag the pressure loadiny by
about 5.6 min. It was also found ihat, in the steady state, the
average temperature of the bolts would be about 312° F less than
the average temperature of the flanges due to convective heat
losses. This has the important net effect of keeping the gas-
keted juncture closed.
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Table 1. Equipment Hatch Dimensions

Reinforcing Plate
Thickness, top
Width, W R P

Penetration Sleeve
Radius, R p s
Inboard

Thickness, Tpsi-
Inboard
Lenjth, Lpsi

3
33

8

3

1

in.
in.

ft.

in.

ft 3

Cover Dome
Radius RQQ
Thickness, t^Q

Cover Ring
Height, H C R
Thickness, t^R

in.

16 ft SPH
1-1/8 in.

1 ft 3 in.
3 in.

Table 2. Variation in Rotation with Reinforcing
Plate Thickness *

Thickness Rotation
(in.) (Oeg.)
_ _
4.5 6.8
6 4.9
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