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SUMMARY

SMBDB design requirements for the CRBRP closure head include a
requirement for the head to accommodate the energy deposited by
a 75MJ sodium slug. Tests on a 1/20 scale model of the closure
head resulted in disengagement of the margin shear rings at
pressures and deflections corresponding to a sodium slug energy
of 40.8MJ. Investigation of the cause of the premature head
failure revealed an unanticipated kinematic interaction between
the deflected head plugs, which had the effect of disengaging
the margin shear rings as head deflections increased.

Elimination of the kinematic failure mode can be accomplished by
local machining of non-load bearing portions of head plugs and
shield plates. In its modified configuration the head system

has been shown to have the potential capacity to accommodate the
energy from a 156MJ slug. The margin existing between the closure
head predicted and required energy absorption capacities is con-
sidered more than sufficient to cover any uncertainties in the
evaluation procedures. Confirmation of the energy absorption
capability of the modified head will be obtained in additional
hydrostatic and dynamic model tests.
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Introduction

Pressure loading produced by an HCDA event causes the sodium within
tne reactor vessel outlet plenum to be accelerated upward towards the
closure head. The kinetic energy content of the slug at the instant
of impact with the closure head is defined in Table 5-2 of Reference
(1) at 75.1MJ. Static loading tests performed by SRI International
on 1/20 scale models of the closure head (Reference (2)' indicate
that the closure head would fail by plug disengagement pressure
loading of 2010 psi. Integrating the area under thé model closure head
load deflection curve up to the collapse load limits defined by

Table F-1322.2.1 of Reference (3) produced an allowable slug kinetic
energy for the existing closure head design of 40.8MJ. Objectives
for the design and analysis tasks summarized in this report were:

a. To determine the cause of the premature ..ead failure,

b. Identify modifications which would increase the head failure
Toad and associated energy absorption capability and,

c. Determine the slug energy absorption capability of the modified
head.

Analysis of the SM-8 Model Closure Head Failure Mode

Deflection mode shapes for the SM-8 test are given in Figure 1. Model
plug layouts were made corresponding to the deflection mode shapes.
The layouts were made at 1/5 reactor scale (4 times model scale).

The laycut showed early closure of the gaps between ‘he IRP and LRP
on the lower surface of the head (see point 1 on Figure 2).

Premature closure of the gaps between plugs at the lower surface of
the head introduced an unanticipated kinematic failure mode at the
shear ring location. As the pressure increased beyond that associated
with gap closure at point 1, further upward deflection of the plugs
caused the IRP and LRP plugs to pivot about point 1. The pivoting
action produces a lateral motion of the plugs at the elevation of

the shear ring which ultimately leads to the shear ring becoming dis-
engaged. Shear ring disengagement was the failure mode observed in
the SM-8 tests.



Visual inspection of the component parts following the SM-8 test showed
them to be in good condition with no evidence of structural failure.

It follows, therefore, that the mcdel had additional load carrying
capability, were the premature kinematic disengagement of the shear
ring to be eliminated. In this connection it is worth noting that

the contacting surfaces at point 1 are in the non-load bearing partions
of the head associated with the dip seal. It is possible, therefore,
to eliminate the cause of the premature disengagement by locally machining
the head to eliminate the interaction at point 1, without adversely
impacting the structural strength of the individual plugs. This obser-
vation provides the basis for the closure head modifications evaluated
in subsequent sections of this report.

It is important to note that the prying action associated with premature
contact at point 1, results in an overall lateral motion of the entire

IRP within the clearances provided in the LRP cavity. In the reactor
closure head design this lateral motion would be resisted by 2 mechanisms.

These are:

a. Shear stiffness of the riser assemblies which bridge the gaps
between the rotating plugs and

b. Closure of the gaps between the margin shear ring keeper rings
and the plugs once the plug lateral motion had exceeded the
radial clearance at these locations. Neither the riser assemblies
nor the margin shear ring keeper rings were represented in the
SM-8 test. Failure in the SM-8 test would have been celayed to a
higher pressure loading had these features been present. A preliminary
evaluation of the effect of the missing features with the existing
design, however, indicates that energy absorption capacity of
the closure head would be less than the required 75MJ capacity.

It was concluded that modifications in the form of machining relief of
the interferring portions of the closure head piugs and shield plates
are therefore required. [t is important however to recognize the effect
of the risers and margin shear ring keeper rings in resisting lateral
differential plug motions when assessing the effect of the proposed
design modifications.



3.1

Modification Configuration Definiticn & Verification

The action plan used to:
a. Define configuration of the modified plugs and shield plates

b. Verify acceptable structural performance of the modified con-
figuration and

c. Define the slug energy capability of the modified head design

is defined in Figure 3.

Configuration Definition

Extrapolation of the deflection mode shapes of Figure 1 to pressures
beyond the 2010 failure pressure was done using individual node ioad
deflection plots. Typical plots were shown in Figure 4. The plots

can be divided i1 to 3 sections. An initial section corresponds to
largely elastic action of the plug assemblies. This section extends

to ~1300 psi in Figure <. Thereafter, the pressure deflection curve
takes on a higher slope, indicating yielding of the plug material.

%Q:fithiro section in which non-linear deflection of the plug is observed

ii!s VL ated with progressive disengagement of the margin shear rings.

¥
f¢) the curves of Figure 4 this effect starts to become pronounced at
pressures about 1800 psi and becomes dominant at 2010 psi.

The first two regimes in the curve can be related to bi-linear plug
deformation. The plug strains at the instant of plug disengagement
are still very much less than the limit of uniform elongation

for the plug material. Plug deflection in the absence of premature
disengagement can, therefore, be estimated by extrapolating the second
portion of the load deflection curves. Samples of extrapolated curves
are provided in Figure 5. A family of these extrapolated curves was
used to define the deflected shape of the plugs at higher pressures.



The effect of disengagement at the shear ring connection is illustrated
in Figure 6. At pressures in excess of 1600 psi, differential motion
between the nodes on either side of the IRP-LPP gap becomes pronounced.
The extrapolated curves did not include this element of plug deflection
since the design modifications proposed delays plug disengagement such
that it ceases to be a significant factor at loadings associated with
the 75MJ slug. The non-linear disengagement effects were, however,

considered in determining the ultimate energy absorption capability
of the modified closure head.

Layouts of the closure head plugs were made at 1/5 scale for a range of
pressure loadings. Layouts produced for 2700 psi and 3000 psi head
loading are shown in Figures 7 and 8 respectively. The significance

of these pressures is that 3000 psi conditions corresponds to the
Timiting shear strength of the LRP to reactor vessel joint, and the
2700 psi corresponds to the load which is permitted by the collapse
load criteria of Reference (3).

Examination of Figures 7 and 8 shows interference between the IRP and
LRP plugs and shield plates at the junction between nodes 9 and 10,
interference between the IRP and SRP plugs and shield plates at the
Junction between nodes 5 and 6 and some interference between the LRP
and the shear ring keeper ring at the junction between nodes 1 and 2.
Machining modifications to the plugs and shield plates to eliminate
the interference between the plugs and shield plates are shown in
Figures 9 and 10. It is estimated from these figures that the
machining modifications proposed do not influence the load carrying
capability of the individual plug elements. The interference between
the LRP plug and the existing shear ring keeper ring will inhibit
rotation of the LRP ring and thereby increase engagement of the LRP-
IRP shear rings. For this reason, the existing shear ring keeper
rings will remain in their present configuration in the modified head.
Head deflection profiles reflecting the effect of interaction between
the LRP and the shear ring keeper ring are shown in Figures 11 and 12.
The energy absorption capability of the head for these configurations
is very slightly less than that associated with the configurations of
Figures 7 and 8 due to a slight reduction in head deflection. (AE<3%)

4




3.2

3:3

Limiting Shear Ring-Plug Geometry

Figure 2 shows the model plugs in the configuration corresponding

to the failure pressure of 2010 psi. The IRP is shown at the extremes
of lateral travel permitted by the inside diameter of the LRP.

In one extreme of the travel the IRP ledge remains engaged with the margin
shear ring, while at the other extreme no engagement remains.

Visual examination of the model test pieces following the test show
that they were not damaged in any significant way. This evidence
suggests that the geometric condition existing in the model at the
point of failure was that associated with lateral movement of the plugs
such that complete disengagement had taken place. Based on this inter-
pretation of the test data, geometric separation of the full scale
plugs is considered acceptable provided that the remaining bearing and
shear area is sufficient to carry the load of the plugs.

Limiting Pressure Retention Capability of the Modified Head

Analyses were performed to determine the limiting pressure retention
capability of the closure head once modifications to eliminate the
plug disengagement problem were in place. The shear joints between

the plugs were identified as the limiting design features. Maximum
shear loads occur in the LRP to reactor vessel shear joint. Limiting
pressure retention capability of the closure head was therefore based
on the shear strength of this joint.

The limiting shear strength of the LRP to reactor vessel joint was
derived using the collapse load stress limits of Table F.1322.2-1

of Reference (3) coupled with materials dat taken from the individual
component archive test results. A summary o the acceptance criteria
and materials test data i; provided in Figure 13.

The three potential shear planes in the LRP to reactor vessel shear
joint are shown in Figure 14. The weakest of these shear planes

is in the reactor vessel flange where flange shearout would limit
the allowable pressure on the closure head to 2507 psi. This

shear joint however is backed up by the outer riser bolted flange,
which must also fail if the overall joint is to fail. The riser



flange strength is limited by the strength of its attachment studs.
Analysis summarized in Figure 15 shows that an additional 248 psi
would be required to fail the flange studs. The allowable load on
the LRP to reactor vessel joint therefore is obtained as 2507 +
248 = 2755 psi.

The acceptance criteria adoptea in the analysis of the shear joint

. strength limit the allowable load to 90% of that which would cause
failure. The predicted failure load would therefore be 2755/0.9 =
3060 psi. Layouts of the head deformed configuration were therefore
made for pressures of 2700 and 3000 psi.

3.4 Limiting Plug Gap Reductions

One of the parameters considered for modification was the radial gap
between the plug and the margin ring key ring. Closing this gap

would limit the ability of the IRP to move laterally within the LRP,
and thereby contribute to the delay of shear joint disengagement.

The present definition of the desion modifications does not include
the reduction in this gap. The summary of the evaluations performed
to determine the miniminum acceptable gap however is provided in
Figures 16-19. The evaluations showed that a minimum gap of 1/8 of

an inch would permit free running of the plugs during ncrmal operation
and would have no impact on the seismic response of the closure head.

3.5 Plug Strains

An evaluation of the plug strains is important to

a. Verify that the plug is operating in the stable region of the
post yield stress-strain curve and,

b. Verify that the plug strains are not approaching a level at
which failure due to strain exhaustion is possible.

An evaluation of the plug strains is provided in Figure 20. Geometric
data required to determine the strain levels in the main body of the
plugs were obtained from the head deformed layout drawings. Maximum




strains occur at the free edges of the plugs and are therefore uni-
axial in nature. The maximum strain wes found to be 1.2%. The
uniaxial elongation for the head structura' material at the operating
temperature of 400°F is 7%. This strain level is equated to the
plastic instability strain of Reference (3). The allowable strain

is limited to 0.7 of the plastic instability strain. The allowable
strain is therefore .7 X 7.0 = 4.9%. The maximum strain in the body
of the plug is therefore seen to be approximately 25% of the allowable
strain. The load deflection characteristics of the plugs at this
relatively low post yield strain level will be stable.

It is to be expected that some of the highest strains in the head
system will be found in the shear joints where the loads are con-
centrated. The LRP to reactor vessel shear joint was subject to a
shear load corresponding to a 2587 psi pressure load on the head
during the SM-7 tests. While the stiffness of the plugs in the SM-7
test was not prototypic, representation of the shear joints was
prototypic. The SM-7 tests therefore provided a valid proof test on
the LRP to reactor vessel shear joint. The joint did not fail
during the test. While the test verification pressure of 2587

psi is lower than the predicted limit pressure strength of the

head, it is higher than the pressure strength required to demonstrate
the capability to absorb the kenetic energy from a 75.1MJ slug.

(The required pressure retention capability for a 75.1MJ slug

is derived in Section 4 as 2180/0.9 = 2420 psi).



Energy Absorption Performance of ihe Modified Head

In order to define the slug energy absorption capability of the
modified head it is first necessary to define the percentage of

the slug energy expended in performing work on the closure head.

The kinetic energy in the combined slug-head mass immediately
following the impact is related to the slug kinetic energy immediately
prior to impact by the law of conservation of momentum. Given a

slug mass of 0.368 X 10° 1b and a head mass of 1.046 X 10° 1b, the

energy imparted to the head is approximatelv 19.5MJ,

A summary of the derivation of this value is provided in Figure
21.

In order to have confidence that the estimated energy imparted
to the head is a reasonable value the energy converted from
kinetic energy to potential energy within the sodium slug is

investigated as an example of the post impact energy location.

Pressure and flow conditions within the slug in the period immediately
following the slug impact can be estimated using conventional waterhammer
analysis for flow in pipes with an instantaneous gate closure. The
sequence of events in the fluid immediately following gate closure
(slug impact) is illustrated in Figure 22, extracted from Reference
(4). A pressure wave is seen to travel down the length of the fluid
slug, leaving the entire slug pressurized at the peak impact pressure
at time t = 1/a seconds. The impact pressure associated with 75MJ
slug in a vessel with no UIS present is obtained from the SM-2 dynamic
model test as 5300 psi (Reference (5)). The bulk modulus required

to calculate the volumetric contraction of the sluc, and the potential
energy stored in the compressed slug was obtained from Reference (6).
The calculation of the potential energy stored in the compressed slug
is provided in Figure 23. The stored energy is obtained as 39.6MJ

or 53% of the original slug kinetic energy content.



The closure head and slug between them thus account for approximately
79% of iLhe slug energy in the period immediately following impact.
Energy storage mechanisms such as vessel wall straining, re-directed
slug flow and slug turbulence account for the balance of the slug
energy. Table 5-2 of Reference 1 shows that much of the slug energy
is ultimately deposited in the reactor vessel wall.

Work performed in deflecting the SM-8 test nead up to the configuration
corresponding to its 2010 psi failure pressure can be obtained by
integrating the area under the pressure-volume change curve given in
Reference (2). The curve from Reference (2) is reproduced in Figure

24 of this report. The integral under the SM-8 curve up to the point
of failure gives an energy absorption capability of 200 X 106 in 1b.
The acceptance criteria cf Reference (3) however limit the maximum
permissible loads to 90% of the failure loads. The indicated maximum usable
energy absorption capability of the existing head is therefore limited
to that associated with a head pressure of 0,9 X 2010 = 1800 psi.
Integration of the test pressure-volume change curve over the pressure
range zero to 1800 psi yields a usable head work value of 94 X 'IO6 1b
in. Using the value derived in Figure 21 for the energy deposited

in the head by a 75MJ slug (173 X 106 1b in), the predicted slug energy
capability of the existing closure head design is obtained as 40.8MJ.

It was shown in Section 3 of this report that the failure pressure for
the modified closure head is approximately 3000 psi. With this failure
pressure, the ailowable maximum pressure on the closure head is

0.9 X 3000 = 2700 psi. The pressure-volume curve from the SM-8

test can be extrapolated to the higher failure pressure provided

the mode of plug motion in the disengagement phase of the head loading
is known. If the plugs start to disengage, the pressure-volume change
curve flattens as failure is approached, giving an increase in the total
energy absorbed for a given maximum pressure load on the head. With

no plug disengagement, a straight line extrapolation of the pressure-
volume change curve is obtained. This mode of extrapolation results

in a lower bound estimate of the energy absorption capability of the
closure head for a given maximum pressure loading. A comparison of



the model plug shear ring configuration at failure (Figure 2), with
the shear ring configuration at 3000 psi loading in Figures 8 and 12
indicates that there should be little non-linear plug disengagement
motion at 3000 psi loading. Information on the energy absorption
capacity at failure with non-linear plug disengagement is useful
however in that it indicates the energy abosorption margin available
should unanticipated non-linear plug disengagement effects be en-
countered. Both linear and non-linear extrapolation curves are
provided in Figure 24. Note that while the volume change at failure
for these curves differ significantly (points 1 and 2), the curves
yield similar results at the maximum pressure permitted by the
acceptance criteria (points 3 and 4).

Integrating the area under the pressure-volume change curve to points
1 and 2 gives estimates of the energy absorbed at failure of 464

x 108 1b in (201MJ) for the case of non linear disengagement (NLD)
and 394 X 10° 1b in (171MJ)  for the case of no non-linear dis-
engagement. Comparing these results with the test result for the
original head configuration the energy absorbed at failure is seen

to have been increased by 132%or the NLD mode and 97% for the no
NLD mode.

At the limiting collapse load pressure (0.9 X failure pressure) the

energy absorbed by the modified head in the NLD mode is 314 X 'IOb

1b in (136MJ) (point 3) and 308 X 10% 1b in (134MJ) point 4) in the

no NLD mode. This compares with a predicted energy absorption of 94 X 106
1b in (40.8MJ) for the existing head design at the limiting coliapse load
pressure of 1800 psi (point 6). The head modifications have therefore
increased the head energy absorption capacity at the limiting collapse

load pressure by 234% and 227% for the NLD mode and no NLD modes respectively.

Work absorbed by the closure head as derived from an extrapolation of
the SM-8 model test curves is summarized in Figure 25.

10



A number of small additional sources of slug energy absorption
exist in the reactor head and support system. Lifting the mass

of the head as the head deforms upwards contributes 5 X 106 1b in
of potential energy. Dynamic response of vessel support system
(vessel flange, attachment bolts and the steel ledge) due to out of
balance SMBDB inertia loads produces a 0.43 inch upward motion

of the head support. This motion consumes 11 X 106 in 1b of

strain energy. The analytical model, loads, and vessel flange
response used to derive support system energy absorption are shown
in Figures 26 through 29.

A final correction is required to account for differences between
the pressure area used in the SM-8 model and that existing in the
actual closure head under SMBDB pressure loading. The pressure seal

bladder is shown in Figure 1 to extend to a model radius of the vessel
I.D. In the closure head however the SMBDB pressures would extend outwards

to the LRP margin shear ring. Extending the pressure out to the
radius and multiplying the resulting load by the small deflection
of this area under 2700 psi loading results in an addition of 38 X
]06 1b in to the head work integral.

A summary of the head system energy absorption capability is pro-
vided in Figure 30.

Evaluation

Entering the head energy absorption curve of Figure 25 with the
energy deposited in the head by a 75MJ,slug, the required pressure

Toad capacity of the head is estimated as 2180 psi. The allowable
pressure load on the modified head has been calculated to be 2700

psi. The reserve factor on head strength (RF) is therefore obtained
as follows.

RF

2700 _
7180 1.24

N



The lower bound energy absorption capacity of the modified head
system is obtained from Figure 30 as 360 X 10° 1b in. The eneray
deposited in the head system by a 75MJ) slug is estimated in Figure
21 as 173 X 106 1b in. The reserve factor on energy (RFE) absorption
at the maximum allowable pressure for the modified head is therefore:

6

E 173 x 105

The controlled parameter is the energy content in the slug at the
instant of contact with the head (75MJ). The reserve factor of 2.08
obtained for the energy absorption capacity of the modified head is
considered more than adequate to cover any uncertainties in the
evaluation procedure.

The reserve factor on head strength is considered adequate at 1.24.
An important consideration in arriving at this conclusion is the
demonstration in SM-7 test of a shear strength capability well in
excess of that required for the absorption of a 75MJ slug (2580 psi
in the test vs a required pressure of 2180 psi).

Experience has shown that the most satisfactory means of assessing

the SMBDB energy absorption capacity of the closure head is by test.

A hydrostatic test of the modified head geometry is‘planned to confirm
that all interferences which contributed to the kinematic failure

mode have been satisfactorily eliminated. This will be followed

by a confirmatory dynamic test using the scale equivalent of a 75MJ

slug.

Conclusion

Kinematic interaction between the head plugs has been identified as
the cause of premature disengagement of the plugs during the SM-8 test.
Local machining of the non-load bearing portions of the head plugs

and shield plugs has been shown to eliminate the interferences which
caused kinematic disengagement of the margin shear rings. With the




elimination of the kinematic failure mode, the modified head has o

a potential capacity to accommodate the energy from an approximately 150MJ slug.
The SMBDB design requirement for the closure is .hat 1t accommoa~te

the energy from a 75MJ slug. The margin existing between the poten-

tial energy absorption capacity of the modified head and the required

energy absorption capacity is more than sufficient to accommodate

the uncertainties in the evaluation.

Finalization ot the head machining modifications and confirmation
of the head energy absorption capability will be obtained in additional
hydroestatic and dynamic model tests.
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APPENDIX A

A review of additional information was performed to determine
the appropriateness of characterizing the energy imparted
to the head assuming purely inelastic slug behavior. The
results of the review are summarized below.

I. P .y Using REXCO

Argonne National Laboratory (ANL) performed a sensitivity
study in 1972 to determine energy delivered to the head
as a function of reactor vessel wall thickness (Reference
7). The FFTF configuration, which is similar to CRBRP,
was used as the basis for the study. Although ANL showed
that the energy delivered might be in the range of 25
percent greater than that from a purely inelastic
collision, their conclusion was:

"The approximation of inelastic collision in deriving
the energy [delivered to the head] is quite good for
relatively thin vessels."

II. Evaluation of SRI Test Data

There is a question regarding the validity of slug velocities
measured in the SM-2 and SM-5 tests. Nevertheless, the reported
velocities were evaluated to determine the degree to which the
slug impact was elastic. Any relative head/slug motion
immediately after impact weculd suggest that there was energy
delivered to the head in excess of that calculated assuming an
inelastic collision. The evaluation indicated that the elastic
component in the collision was small; the indicated head energy
would be less than 10 percent greater than the inelastic energy.

III. Detailed Head Response Evaluation

Argonne National Laboratory (ANL) performed a detailed evaluation
of the CRBRP head response to SMBDB loadings in 1978 (Reference
8). The under-head loadings predicted by REXCO were used as
input to the evaluation. (No consideration was given to the
potential disengagement failure mode.) Extrapolation of the ANL
results considering any one of 3 different methods [l) predicted
displacement vis-a-vis head stress-strain characteristics, 2) the
integral of pressure over distance due to head motion, anéd 3)
predicted displacement vis-a-vis displacement-static pressure
characteristics determined from test SM-8) suggests that
substantially less than 20 MJ would be imparted to the head.

Conclusion

Although there is some uncertainty regarding the amount of energy
that will be imparted to the head, the energy estimated using the
inelastic collision model is a reasonable estimate., The residual
uncertainty is readily accommodated by the large margins in
predicted head structural capability identified in Section 6.
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CRBR RV and Rotating Plugs Absolute Displacements Due to HCDA
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MILS
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300
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SM 8
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Figure 6

Relative Displacements Across Point of Disengagement for Tests SM 7 and SM X






PROJECTED CLOSURE HEAD
DEFLECTIONS AND INTERFERENCES
AT 2700 PSI

FIGURE 7
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PROJECTED CLOSURE HEAD
DEFLECTIONS AND INTERFERENCES
AT 3000 PSI

FIGURE 8
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PROJECTED CLOSURE HEAD
DEFLECTIONS AND INTERFERENCES
AT 3000 PSI

FIGURE 8






N

H \ +

J 1

|
1
1

"o L RAE | S s

ZERO DEFLECTION

MACHINING MODIFICATIONS PROPOSED
TO ELIMINATE INTERFERENCES AT
THE NODE 5-6 INTERFACE

FIGURE 9
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ZERO DEFLECTION

MACHINING MODIFICATIONS PROPOSED
TO ELIMINATE INTERFERENCES AT THE
NODE 9-10 INTERFACE

FIGURE 10
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PROJECTED CLOSURE HEAD DEFLECTIONS AT
2700 PS1 WITH PROTOTYPE RADIAL RESTRAINT
AT THE LRP-REACTOR VESSEL INTERFACE

FIGURE 11
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PROJECTED CLOSURE HEAD DEFLECTIONS AT
3000 PSI WITH PROTOTYPE RADIAL RESTRAINT
AT THE LRP-REACTOR VESSEL INTERFACE

FIGURE 12
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The Limiting Load Is Based On Average Shear Stress At 400°F

Allowable . “ear Stress = 0.6 Allowable Tensile Strength
(ASME Sec. |11, B - 3227.2 Pure Shear!

Allowable Tensile Strength = 0.9
0.9 Is A Factor On The Collapse Load Based On The ASME Sec. 111
Appendix F For Fauited Conditions

Material Data At Critical Region:

400°F
MATERIAL LR AL ESTIMATED
COMPONEN SPEC. UTS (KSI) UTS (KS:; DATA SOURCE
RV.TOP SA-508 882 785 P.0.CCU-2385652-8
FLANGE c1.2 LADISH CO. WEDB4A
LRP MARGIN SA-530 1635 153.0 PRIORITY 4 DATA PACKAGE
RING 824 C11 FAG AR54.7CCN-239588-35
LRP SA-508 830 138 CHICAGO BRIDGE& IRON DATAPACKAGE
c1.2 P.O. 54-CCW-2125687
OUTER RISER SA-540 1684 1608 BAW PRIORITY 4 DATA PACKAGE
BASE FLANGE B-23 P.0.54.7CCA 237970
STUD c1a

(1) Ultimate Tensile Strength Is The Lowest Of The Test Data Of Each Material

Figure 13
Acceptance Criteria
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STUD §
|
L2
LRP f !
Ly R.V. FLANGE
AVERAGE | ALLOWABLE | ALLOWABLE
LOCATION | COMPONENT (u;n?ancclgc) "‘(:2)'" SHEARSTR. | SHEARSTR. | PRESSURE
' (PS1) (PS1) (PS1)
RV,
fihdae Ly=380 | 1691 42390 2507
T MARGIN
T0 3
. — 84.25P L,=350 | 18.36P 82620 4500
INTERFACE
Lw L3=460 | 1397P 39890 2855
P = PRESSURE

THE AVERAGE SHEAR STRESSES IN THE INTERMEDIATE AND SMALL SHEAR JOINTS ARE LESS THAN
THE ABOVE VALUES.

TOTAL ALLOWABLE PRESSURE = VESSEL FLANGE CAPACITY + FLANGE STUDS CAPACITY

= 2507 + 248 = 2755 PS|

Figure 14

Shear Joint Strength
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89 Studs 1.250 — 8 UN — 2A (Shank Area = 1 in?)
S,y At 400°F = 160800 psi

Allowable Strengih = 0.9 S, = 144720 psi
(0.9 Factor Based On Collapse Load of ASME Sec. |11 Appendix F)

Total Area=1x 89 = 89 in2
Load Capacity = 144720 x 89 = 1.288 x 107 Ibs
Diameter of LRP = 267 in

1.288 x 107
Allowable Pressure = ;_ (25."2 = 248 psi

Figure 15
Flange Studs Capacity
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Cumilative Center Line Shift

3 @ Shift of £ when a plug drive
unit shuts down .020
0Offset of IRP E to_

MAXUMUM POTENTIAL GAP REDUCTION  .085

k, of [RP penetration in the LRP

Figure 16
Potential Gap Reduction Factors

~ center of rotation .015
> 3 Concentricity alignment of
retainer ring in LRP 010
> {2 > Shift of IRP £ during plug jacking .005 (H\
‘____G) Concentricity alignment of IRP i
;l in LRP penetration .005 !
Varfation in IRP radius .015 }rs}
Variation in Retainer ring radius .015 L)
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2400

1600

NODE 52 DIRECTION M7

e MONLINEAR ANALYSIS

= = = = LINEAR ANALYSIS

| | | | | |
8 16 24 32 a0 a8
FREQUENCY
Figure 18

WMTFOBC Vs WMTFO9C RS at LRP
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® Reactor System Seismic Model Is Linear

® Effect Of Inter-Plug Gaps Was Evaluated In A Separate Analysis

® The Results Show That There Is No Significant Difference In The
Response Spect-a Peaks

® The LRP ZPA Increased, However This Would Be Reduced With
Actual Plug Distributed Mass And Stiffness

® |t Can Be Concluded That Gap Modification Will Have An
Insignificant Effect On The Seismic Response

Figure 19
Head Seismic Response With Reduced Radial Gaps Between Plugs
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3000 PSI

1. Plug Primary Strains

ARy

ARy
ARj

T
! [ 9 4

= -

emax = AR/R = 1.2% (Uniaxial)

€u = 7.0% (SA508 CL 2 At 400°F)

0.7 xeu = 4.9% (0.9 Factor Based On Strain Limit Load
Of ASME Section |11 Appendix F)

2. Attachment Strains

® The LRP O.D. Attachment Is The Most Highly Loaded Attachment

® The LRP 0.D. Attachment Geometry Was The Same For The SM 7
And SM 8 Tests

® The Joint Withstood A 2587 PSI Load In The SM 7 Test With No
Failures

Figure 20
Plug Strain Summary
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Ms = SLUG MASS <w's = (0,368 x 106 LB)

M, = HEAD MASS (HH = 1,046 x 100 8)

Misg = SLUG MASS + HEAD MASS

Vs = SLUG VELOCITY

Visg = VELOCITY OF THE COMBINED SLUS & HEAD MASS
KEg = sLue KE AT 1MPACT = 75 MJ

KE(85)® ESTIMATE OF THE KE DELIVERED TO THE HEAD

FOR CONSERVATION OF MOMENTUM: -In Ax Mekstic Collision¥s

M
s = Vs(,si ) i

& 2
KEg ('ﬂs,,!s_) ()

KE . & (M + M ) XV z( " )z

H&S _STH. S r_E_M;_

S +
2 2
s = — Vo M = g (T 3
2(Mg + M) Mg + M,

KE - 75 x 0,368 = 19,5 MJ

a (1,046 + 0,368)
KE,gs = 19.5x8.85x 10° = 173 x 10° Ls.1n,

*See Appendix A for an evaluation of the appropriateness of using this

inelastic collision rmodel. .
Figure 21

“{ead Energy Input
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& V..
Region of decreosed pressure.----
——> Vg = -—
(o)  Confrol gate-~ (j) Wove front-
STEADY STATE CONDITION PREVIOUS TO GATE MOVEMENT TRANSIENT CONDITIONS AT L+ % + € SECONDS
ws vo. ws-
.'-"’ﬂ Region of increosed pressure--" " v <t Wove front
(b) Wove front.. 3} ® W0
€-SECONDS AP TER MSTANTANEDUS FATE CLOSURE TRANSIEAT CONDITIONS AT £+ §§ SECONDS

ws LA
?.QI.'L Wove front.- "y .
= )
(e) (n bt
TRANSIENT CONDITIONS AT £+ & SECONDS TRANSIZNT CONDITIONS AT ¢+ b - ¢ sECONDS

%-WON front
e il it
(d)

TRANSIENT CURDITIONS AT ¢+ -} - € SECONDS
WS-~

-“Wove front

Ve
(f) (0)
TRANSIINT CONDITIONS AT £+ ==+ ¢ SECONDS TRANSIENT CONDITIONS AT t+ 7% SECONDS

"?‘_.-.-g-l .’_‘.-.--Wovo front ';__g Wave fromu-"t-
v:0 I

- A I . —%

Sy

(9) (»)
TRANSIENT CONDITIONS ATL s H SECONDS TRANSIENT CONDITIONS AT £+ 3+ - € SECONDS
'.3____ Wove front--" '—_—s_g.._:1 Wove front....- h
— ===%
(h) v+o (q)
TRANSIENT CONDITIONS AT £+ &b < ¢ sEcowDs TRANSIENT CONDITIONS AT £+ 3 SECONDS
NOTES
ws - After ¢+ ? seconds the cycle repeats ond continves
--*-?1 Wove front 5 indefinitely if the friction in the pipe 1s neglected
€ in the obove diogroms 1s used to denote an infervol
—u of time which 15 very smoll in comporison with the
() Trhound 'b“? aovc trovel m‘d.f P a—
e symbo or e enote the reflec-
TRANSIENT CONDITIONS AT £+ &b SECONDS 4100 of the Sove Trond o ©

Figure 22
Propagation of Pressure Waves Caused by an Instuatancous Complete Gate Closure



i. DATA
SLUG WEIGHT = 0.368 x 10° 1b )

>
SLUG TEMPERATURE = 1000°F a5

SLUG DENSITY = 51 1lb/ft> = 0.029 1b/in>
SODIUM COMPRESSIBILITY = 0.29/GP, (SMH)

1 GP, = 0.145 x 10° 1b/in?
MAXIMUM INTERFACE PRESSURE AT IMPACT = 5300 PSI

2. ENERGY CONTENT ESTIMATE

THE "WATERHAMMER" PRESSURE THROUGHOUT THE LENGTH OF THE SLUG AT TIME t = .I.‘ SECONDS
a

AFTER THE IMPACT WILL BE A UNIFORM 5300 PSI (Reference WATERHAMMER ANALYSIS, John

Parmakian)

COMPRESSION ENERGY STORED = A%B

2
_wv.p
PEs = L
K = BULK MODULUS = 0.145 x 10° = 0.5 x 10° 1b/in2
0.29
VOLUME = 0.368 x 10° x 127 = 12.5 x 10% in>
51
! 6 2 6 .
S. PEs = 12.5 x 10° x 5300° = 351 x 10% 1b.in
2 x 0.5 x 106
1 MJ] = 8.85 x 10° 1b.in
S. PBg = 351 x 10°

8.85 x 10° = 39.6 My
Figure 23
Slug Bulk Compression Energy
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ARD
3000 ————
0.9 x FAILURE PRESSURE FOR THE MODIFIED HEAD o e
M1
2500 |— -
-
=" EXTRAPOLATED
o - CURVE
- SM 8 ]
-
2000 — g« FAILURE _ = ' " I
PRESSURE FOR 7~ s
" THE ORIGINAL
HEAD
1500
&
: ®/ il 1 !
1]
500
. I I T I L 111
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

VOUOLUME CHANGE - CUBIC INCHES

@ VOLUME CHANGE FOR THE MODIFIED HEAD WITH NN LINEAR DISENGAGEMENT (HLD)
@ VOLUME CHANGE FOR THE MODIFIED HEAD WITH NG NON LINEAR DISENGAGEMENT
@ USEABLE VOLUME CYANGE FOR THE MODIFIED HEAD WITH NLD
@ USEABLE VOLUME CHANGE FOR THE MODIFIED HEAD WITH NO NLD
@ VOLUME CHANGE FOR THE DRIGINAL HEAD WITH RLD
@ USEABLE VOLUME CHANGE FOR THE ORIGINAL HEAD
Figure 24
Pressure-Volume Change for Oviginal & Modified Head Designs
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Figure 25
Head System Energy Absorbtion Capability
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NODE 16

- x
NODE 300

NODE 301

NODE 3057
NODE 306

NODE 113~

NODE 313—A

n

. —— NODE 201

~—— NODE 202

Figure 26
SMBDB Analysis Model
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FORCE (108 LBF/RADIAN)

DIt "LACEMENT (INCHES)
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Figure 28
Vessel Flange SMBDB Response
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Reactor Vessel Support & Ledge Dynamic Force-Deflection Relationship (75 MJ Slug Load)
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ENERGY ADDITIONAL TOTAL
— ABSORRTION HEAD HEAD
HEAD LOADING W FROM THE SYSTEM SYSTEM
CONFIGURATION CONDITION = EXTRAPOLATED ENERGY ENERGY
TEST P-V CURVE CAPACITY (1) CAPACITY
LBIN LBIN LBIN
EXISTING HEAD COLLAPSE LOAD 2010 130 x 108 ~ ~
EXISTING HEAD 90% COLLAPSE LOAD 1800 94 x 106 ~ - 94 x 108
MODIFIED HEAD (2) COLLAPSE LOAD 3000 394 x 108 ~ ~
MODIFIED HEAD (2) 90% COLLAPSE LOAD 2700 568 x 108 = 52x108(2) 360 x 108

THE MODIFIED HEAD ENERGY ABSORBTIOM CAPABILITY
CORRESPONDS TO A SLUG ENERGY OF 156 MJ

NOTES: 1. THE ADDITIONAL HEAD SYSTEM ENERGY ABSORBTION CAPACITY DERIVES FROW: (a) HEAD SYSTEM POTENTIAL
ENERGY (b) HEAD SUPPORT SYSTEM STRAIN ENERGY AND (c) ADJUSTMENTS TO ACCOUNT A SMALL NON PROTO-
TYPIC REPRESENTATION OF THE HEAD PRESSURE AREA IN THE SM 8 MODEL

2 THE ADDITIONAL HEAD SYSTEM ENERGY ABSORBTION CAPACITY WAS ESTIMATED FOR THE MODIFIED HEAD
ONLY. SMALLER VALUES WOULD APPLY TO THE EXISTING HEAD DESIGN

Figure 30

Closure Head System Energy Absorbtion Summary




Enclosure 2

DEFINITION OF CONFIRMATORY TEST PROGRAM

The ability of the closure head structure to remain integral following the

SMBDB loads will be confirmed using static and dynamic tests. These tests

are outlined below.

; 45 Static Test (SM-9)

1.1 Objective
To define the head deflection as a function of press:re up to the failure
point for a prototypic configuration consisting of the head (including
proposed modifications), the risers and the underhead shielding. Confirm
the expected failure mode with the proposed modifications.

Test Description

A 1/20th scale model configuration will be tested using procedures and
instrumentation analogous to the SM-7 and SM-8 tests. To the extent
practical, the configuration will be tested to the point of complete
disengagement of a plug.

Information To Be Obtained and Its Use

The pressure-deflection information will be compared to that from the
SM-8 test to assess the increase in capability as a result of the
proposed design modifications and the inclusion of the risers. The head
capebility will be estimated for this configuration. This information
will be factored into a decision on modifying the head and will assist
in planning the dynamic test SM-10.

Schedule
This test is expected to be run when the final design is cstablished

and prior to finalizing plans for SM-10.

Dynamic Test (SM-10)

Jbjectives
A. To confirm that the closure head structure would remain integral
following the SMBDB loads by accurately simulating the loads and

the structures in a dynamic scale model test.




2.2

2.3

2.4

-

B. To provide dynamic data from the head for use in assessing the
response of head mounted components to the SMBDB loads.
C. To provide sufficient information on deflections and deformations

to permit an assessment of sodium leakage in the prototypic case.

Test Description

A 1/20th scale model configuration of the reactor vessel, head and
internals will be tested in a dynamic test analogous to SM-5 with the
following significant differences:

A. The head will be modified to reflect any design changes.
B. The risers will be included.
Cs The Upper Internals Structure will be deleted (this will provide
a good simulation of the dynamic loads that have been used as SMBD3B

requirements using an experimental charge similar tc¢ that in SM-5).

Information To Be Obtained and Its Use
Instrumentation will generally be similar to that in SM-5, with possible

additional instrumentation to achieve objectives B. and C.

Objective A will have been achieved if the head plugs remain integral at

the conclusion of the test.

Objectives B. and C. will have been achieved if the required parameters
are measured successfully. Those parameters will be used in assessments
of the response of head mounted components and sodium leakage. Those
assessments, in turn, will be used to confirm the integrity of the RCB

following any sodium releases that may be predicted.

Schedule

The schedule objective for this test will be comnletion during 1984,



Enclosure 3

FEASIBILITY OF ACCOMMODATING LARGE RELEASES OF SODIUM THROUGH THE CLOSVRE KEAD

The Reactor Containment Building (RCB) is capable of accommodating large releases

of sodium through the reactor vessel closure head without failing. Table 3-10 in
CRBRP-3, Volume 2 provides the estimated pressure capability as a function of
temperature. For steel shell temperatures up to several hundred degrees Fahrenheit,
the pressure capability is in excess of 40 psig. Even at a steel shell temperature
as high as 700°F, the pressure capability is in excess of 30 psig.

Information on the conseguences of large releases of sodium to the RCB was provided
to NRC in a meeting on April 27, 1982. This enclosure provides the results of
parametric studies presented in that meeting. The analyses focus on two types

of assumed releases. In both types, the release is assumed to be from the

closure head in the form of a sodium spray. One type of release is assumed to a
spray high into the containment atmosphere (100 ft.). This simulates an unimpeded
release into the RCB. The second type of release is assumed to be a spray within
the head access area (14 ft.). This simulates a condition in which the spray is
deflected by existing or additional hardware so that it remains within the confines
of the head access area. However, the head access area is not assumed to be a
closed volume; rather, it is in communication (from the pressure standpoint) with‘
the RCB. The results of these studies (Figures 1-7) can be summarized as follows:

1. Even assuming a spray release high intc the containment, a release
in excess of 40,000 pounds of sodium would be required to approach
a containment pressure of 30 psig (Figure 2).

2. If spray releases of that magnitude (~ 40,000 pounds) are restricted
to the height of the head access area, the resulting containment
pressure would only be ~ 6 psig (Figure 2).

3. Because of the small and decreasing slope of the pressure vs. sodium
release curve, when the release is restricted to the head access area
(Figure 2), it is apparent that even releases of hundreds of thousands
of pounds of sodium would not challenge the containment integrity.




The containment steel shell temperatures would remain well below
200°F for a release of 40,000 pounds of sodium into the upper
containment and would remain below 100°F for similar quantities
restricted to the head access area (Figure 7). These temperature
calculations are conservative since they represent the equilibration
temperature of the atmosphere and steel shell, neglecting any heat
transfer from the steel shell.

Based on these results, the following conclusions have been reached:

Even if sodium is sprayed into the upper containment, the design
can accommodate tens of thousands of pounds of sodium spray.

If the sodium spray is restricted to the head access area, either
through consideration of existing features or the provision of
additional features, the containment design could accommodate
hundreds of thousands of pounds of sodium spray.

To place these quantities of sodium in perspective, the total quantity of
sodium in the reactor vessel above the top of the core barrel is approximately
300,000 pounds.




SCOPE OF PARAMETRIC STUDIES

CoNTAINMENT PRESSURE Vs. SobDium ReLeAst For
INsTANTANEOUS COMBUSTION BOUNDING ASSUMPTION

SPRAY Cope CaLcuraTioNs ForR LARGE RELEASES
InTo THE RCB

SPRAY Cope CaLcuLaTIiONs FOR LARGE RELEASES
INTO THE HEAD Access AREA

SENsITIVITY To SopiuMm TEMPERATURE

SENsITIVITY To DROPLET DIAMETER

SENSITIVITY To SPRAY DurATIiON For Fixep QUANTITY
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Figure 1:

Mass of Sodium (1b.)

Containment Pressure Resulting from Instantaneous
Combustion of Sodium
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Figure 2: Containment Pressure (from SPRAY analysis)



Oxygen Concentration (%)
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Mass of Sodium Burned (1b.)
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Peak Containment Gas Temperature (°F)
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Steel Shell Temperature (°F)
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