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References: (1) D. G. Eisenhut letter to All SEP Licensees, dated
July 7, 1981.
(2) W. G. Counsil letter to D. G. Eisenhut, dated
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' Gent lemen:

Millstone Nuclear Power Station, Unit No. 1
SEP Topic I1I-5.A, High Energy Pipe
Break Inside Containment

Reference (1) requested the SEP licensees to commit additional resources
devoted to completion of the SEP. 1In Reference (2), Northeast Nuclear
Energy Company (NNECO) committed to develop Safety Assessment Reports
(SARs) for certain SEP topics which would be submitted for Staff

review. In accordance with this commitment, NNECO hereby provides

the Safety Assessment Report for SEP Topic III-5.A, which is included

as Attachment 1.

We trust the Staff will appropriately use this information *o develop
a Safety Evaluation Report for this SEP topic.

Very truly vours,
NORTHEAST NUCLEAR ENERGY COMPANY
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‘ Senior Vice President
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1.0 INTRODUCTION

The safety objective of SEP Topic II1I-5.A, High Energy Pipe Break
Inside Containment, is to assure that pipe breaks would not cause
the loss of needed functions of safety related systems, structures,
and components, and to assure that the plant can be safely shut
down in the event of such breaks. The needed functions of safety
related system are those functions required to mitigate the effects
of the pipe break and safely shutdown the reactor plant.

The study includes the following.
1. Definition of the criteria and assumptions used in the study.

2. Identification of the high energy piping systems inside the
drywell.

3. A discussion of the independent methods of mnlacing the plant
in safe shutdown condition including the systems and components
required to do so. Not all of these methods are necessarily
available in the case of pipe break event.

4. A discussion of the effects of postulated ruptures in each
of the high energy systems.

5. An evaluation of the ability to place the reactor in a safe
shutdown condition following each postulated pipe break event.

6. A discussion of the approaches, under considering, that will
help mitigate the consequences of pipe breaks and place the
plant in safe shutdown condition.
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2.0 CRITERIA

The criteria and assumptions used in this study are based on NRC
Standard Review Plans 3.6.1 and 3.6.2 with attached Branch
Technical Positions, Regulatory Guide 1.46, and the lead plant
assessment of the Oyster Creek Plant. The letter from D. K. Davis
to KMC, Inc., outlining the desired approach to be used in
evaluating Topic III-5.A was also employed in this study.

2.1 DETERMINATION OF HIGH ENERGY PIPING SYSTEMS

A high energy piping system is one which meets either or both of
the following conditions.

2:1.1 Design temperatu e is 200°F or greater.

2:1:.2 Design pressure is 275 psig or greater.

Systems which are designed for the above conditions solely due
to accident scenarios are not considered to be high energy for
all intents and purposes of this study.

This is the case due to the fact that a pipe rupture coincident
with a LOCA is not considered to be credible.

2.2 DETERMINATION OF PIPE BREAF. LOCATIONS

Three acceptable methods of posculating pipe break locations
are as follows.

2.2.1 Mechanistic Approach (2:ssentially complies with
Regulatory Guide 1.46, BTP MEB 3-1, SRP 3.6.2).

2.2.2 Effects Oriented Approach (essentially derived from
BTP ASB 3-1).

2.2.3 Simplified Mechanistic Approach (from SRP 3.6.2).

The study is based on the Simplified Mechanistic Approach which
basically assumes a pipe rupture at the terminal ends and at
each intermediate weld in the system.

The study utilizes the Mechanistic Approach in certain cases where
detailed stress analysis information is available. This is done
in accordance with the Reference 1 NRC criteria.
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2.3 TYPES OF BREAKS

The NRC's criteria outlined in Reference 1 for postulating
size and type of pipe breaks is utilizied in the HEPB study
as follows.

2:3.1 Circumferential breaks are postulated to occur in runs
of greater than one inch (1") nominal pipe size at
each location in accordance with the simplified
mechanistic approach.

2:3:8 Longitudinal breaks are postulated to occur in runs
of greater than four inch (4") nominal pipe size at
each location in accordance with the simplified
mechanistic approach.

—

2.4 SIZE AND ORIENTATION OF BREAKS

The NRC's criteria outlined in Reference 1 requires postulating _
circumferential breaks resulting in complete severance and
separation; i.e., guillotine break. This same approach is
utilized in the HEPB study.

Longitudinal breaks for the purposes of this HEPB study are
defined in a manner consistent with the Reference 1 NRC
criteria as being orientated parallel to the pipe axis at
any point around the pipe circumference using an effect
orientated approach having a break area equal to the cross
sectional flow area of the pipe.

2.5 EFFECTS OF BREAKS

The HEPB study incorporates the current NRC requirements that
pipe whip, jet impingement, compartment pressurization, and
related environmental effects (including flooding) be
addressed for all postulated pipe ruptures.

In addition to the pipe whip and jet impingement addressed later
in Section 7.0 of this study, the effects of changes in pressure,
temperature, humidity and wetted spray have been addressed as
part of the SEP Environmental Qualification of Electrical
Equipment.
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2.6 SINGLE ACTIVE FAILURE

Current NRC criteria require the assumption of a single failure
in an active component of a required safety related system
coincident with the postulated pipe break. These guidelines
are adhered to in the HEPB study.

2.7 OFF-SITE POWER

The HEPB study is consistent with NRC guidelines in assuming
the loss of off-site power when a iLurbine trip is the direct
consequence of a pipe rupture.

2.8 OTHER ASSUMPTIONS

2:8.1 Safe shutdown of the reactor is defined as a cold
shutdown.

2.8.2 Operating conditions prior to pipe rupture are
considered normal steady state.

2.8.3 Other passive failures in addition to the postulated
pipe break are not assumed credible.

2.8.4 Only those high energy systems that are in service
during normal operation are assumed to rupture.
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3.0 HIGH ENERGY PIPING SYSTEMS

All piping systems inside the drywell that have a design tempera-
ture of 200°F or greater and/or design pressure of 275 psig or
greater during normal operation are considered high energy
systems.

Nominal Min. Wall Design Design
Size Thickness Temperature Pressure
System (in.) (in.) (°F) (psig)
Isolation Condenser 14 0.750 575 1250
10 0.594 575 1250
Core Spray* 10 0.594 575 1250
Main Steam 20 1.031 575 1250
Cleunup Water 8 0.500 575 1250
Shutdown Cooling * 14 0.750 350 1250
Feedwater 18 1.562 375 2300
12 0.844 375 1250
Recirculation 28 1,317 575 1250
22 1.048 575 1250
12 0.566 575 1250
Containment Cooling
(LPCI )* 18 0.938 575 1250
Reactor Vent* 2 0.218 575 1250
Reactor Head Cooling* 2 0.218 575 1250
Standby Liquid
Control* 1.5 0.200 575 1250
Control Rod Drive | 0.179 150 1900

*System is considered to be high energy between its energy reservoir
and the check valve or valve which is closed during normal opera-
tion. All other systems are evaluated up to the penetration anchor.
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4.0 PLANT SHUTDOWN METHODS

Four (4) independent methods of plant shutdown are available to
bring the plant to a safe shutdown condition. None require that
the control room be available for functional activities. These

methods are as follows.

o Isclation condenser only.

o Normal shutdown (steam dump to main condenser).

o Auto pressure relief (APR) and control rod drive (CRD).

o Emergency core cooling (APR and core spray/LPCI).
It should be noted, however, that these plant shutdown methods may
not be all available in the event of a high energy pipe break, or

may not be capable of handling such an event.

In each postulated break event, as will be discussed later, the
specific available safe shutdown method will be outlined.

4.1 ISOLATION CONDENSER ONLY

If the inventory of water in the vessel is maintained, assurance
of fuel integrity is maintained. Threfore, with the reactor scram
used and the vessel isolated, use of the isolation condenser
retains the inventory of water by condensing the steam and
returning the condensate to the vessel with no losses. Tempera-
tures can be reduced to and maintained at approximately 200°F for
the duration of decay heat production.

4.2 NORMAL SHUTDOWN (STEAM DUMP TO MAIN CONDENSER)

With the reactor scrammed and not isolated, a safe shutdown

may proceed by using the main condenser as a heat sink for
pressure reduction and control, with the condensate/feedwater
systems supplying makeup water to the vessel for level control.

4.3 AUTO PRESSURE RELIEF (APR) AND CONTROL ROD DRIVE (CRD) SYSTEM

With the reactor scrammed and the vessel isolated, a safe shutdown
may be made by using one auto pressure relief valve for pressure
reduction and control, with the control rod drive system supplying
water to the vessel for level control. The control rod drive pumps
(two) can supply more than 160 gpm at 1600 psig for this shutdown
method.
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4.4 EMERGENCY CORE COOLING SYSTEM (APR_AND CORE SPRAY/LPCI)

With the reactor scrammed and the vessel isolated, a safe shutdown
may proceed, with one core spray or LPCI (low pressure coolant
injection) pump for makeup water to the vessel for level control.



PSE-82-PJQ-60

MP1 LEPB INSIDE CONTAINMENT (8)
Page 4.3
4.5 IMPACT OF HEPB CRITERIA ON SHUTDOWN METHODS

The shutdown methods outlined above are discussed here with
respect to the single active failure and loss of off-site
power criteria.

4.5.1

4.5.2

Normal shutdown outlined above in Section 4.2 is
affected in the following manner. After the loss

of off-site power, emergency power may be generated
by either the gas turbine or diesel generator.
Assuming the most limiting single active failure,
inability to start the gas turbine, leaves only the
diesel generator to supply emergency power. The
diesel generator cannot supply sufficient power to
operate the FWCI system; therefore, this shutdown
method is essentially eliminated due to the assumptions
stated above. However, the diesel generator is still
available to power all other safety systems.

The most limiting single active failure for the isolation
condenser shutdown method is the loss of function of the
motor operator on valve IC-3. This valve must be opened
to initiate flow by natural circulation through the
isolation condenser. However, credit for the isolation
condenser system may still be taken since the valve mav
be manually operated and is accessible in the reactor
building.

The remaining shutdown methods are unaffected by the
assumptions outlined above due to the redundancy
inherent in each system. They are designed with
redundant trains, backup pumps, and emergency power
supplies so that they are essentially immune to the
loss of off-site power and single active failure
assumptions.
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5.0 PIPE BREAK EFFECTS ON STRUCTURES

5.1 BIOLOGICAL SHIELD WALL

Included in this study as Appendix D is an analysis prepared by
Jersey Central Powor and Light Company, entitled "Evaluation of
Structural Integrity of the Biological Shield Wall Under Pipe
Whip Loadings'". The results of the analyses which are applicable
to Millstone Unit No. 1, indicate that no gross structural damage
will occur under "worst case'" impact loadings, and that the
shield wall is capable of withstanding the full spectrum of
postulated breaks without incurring significant loss of load
carrying capability. Damage to the shield wall will be
restricted to the local region of impact and will not signifi-
cantly affect overall stiuctural capability.

5.2 DRYWELL LINER

Containment integrity must be shown for pipe ' aip interaction
with the drywell liner. The drywell consists of a one and three-
quarter inch air gap between a five-eighth ir inner liner plate
and an outer concrete containment. Appendix E contains a study
performed by Chicago Bridge and Iron Company, pertinent to the
Millstone Unit No. 1 drywell liner, which indicates that a
circular area of at least 14" diameter impacting the one-quarter
inch liner plate will deform it without failure to the point where
the plate comes in contact with the concrete. aAssuming that the
impact area of the pipe is equal to its cross sectional area, a
whipping pipe with nominal diameter 14" or greater cannot rupture
the drywell liner.

For impacting pipes less than 14" nominal size, in Appendix F,
calculations show that the smaller diameter pipes do not have
sufficient energy to penetrate the drywell liner. These calcula-
tions are based on the General Electric report entitled, "The
Design of Barricades for Hazardous Pressure Systems'". Therefore,
in combining the above sources, containment integrity is proven.
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6.0 BREAKS AT PENETRATION ASSEMBLIES

The penetration assemblies are assumed to withstand and transmit
pipe rupture forces to support structures without plastic
deformation. Additionally, the effects of jet impingement are

not analyzed for breaks postulated to occur between the penetration
assembly and the first isolation valve outside containment, since
they were previously evaluated as part of another assessment.
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7.0 INTERACTION ANALYSIS

The purpose of this section of the report is to describe the
effects of pipe whip and jet impingement resulting from |
postulated pipe breaks. Circumferential and longitudinal |
breaks are considered to be non-simultaneous occurrences and

the effects of these breaks are, therefore, analyzed independently.

7.1 ASSUMPTIONS |

The criteria of Section 2.0 along with the following assumptions
form the basis for the interaction analysis.

€:1.3 Pipe whip is assumed to occur as a result of a circum-
ferential rupture in a high energy system provided
there is a significant reservoir of energy. Table 7-1
of this report lists these systems and their attendent
energy reservoirs.

T+1: 8 For circumferential breaks, the free end of a moving
pipe is assumed to move in only one direction parallel
to its reactor force. This type of pipe break event
does not cause dynamic instability (large amplitude
oscillations) since the critical length required for
this phenomenon is substantially greater than any major
pipes in the drywell of BWR plants.

Toled Impacted active equipment (e.g., valves and instruments)
is considered unable to perform its intended function.

7.1.4 Pipe anchors and whip restraints are considered to be
capable of continuing to perform their intended functions.

T+1+5 Valves which are normally closed and are not signaled to
open, are not assumed to fail open. Valves normally open
shall remain open during and after loss of power or impact.

7.1.6 Plastic hinge formation due to pipe rupture is assumed
to occur at system anchors or at other intermediate
locations as dictated by the complexity of the particular
system configuration. The hinges can form in either
bending or torsion mode depending on the configuration.

Tala? Longitudinal breaks are assumed to cause a jet in the
form of a cone with a 20° angle of divergence.




PSE-82-PJQ-60
MP1 HEPB INSIDE CONTAINMENT (12)
Page 7.2

7.2 INTERACTION CONSEQUENCES

The basis for evaluating the consequences of interactions between
the high energy source system and the selected targets are as
follows.

T:2.1 A whipping pipe is consiadered to have sufficient energy
to cause damage to:

Te2elel Pipes of smaller nominal size and lighter wall
thickness.

Te2:il.2 Electric motor operators.
7.2.1.3 Electric conduit and cable trays.

T:.2.2 A steam jet is considered to have sufficient energy to
cause damage to:

T:2:.2:1 Electric cable trays.
Ts2842+2 Electric motor operators.

Reports deemed applicable to Millstone Unit No. 1, prepared by

MPR Associates, Inc. (Report No. MPR-285, dated May 7, 1971) and
Burns and Roe, Inc. (Penetration Ana'ysis for Jet Impingement

Due to Pipe Rupture, dated April 24, 1968) demonstrate the ability
of the steel containment vessel to withstand the effects of jet
impingement.

7.3 INTERACTION MATRICES

The results of the analysis are shown on matrices in Appendix B.
The isometric drawings used to develop these interaction matrices
are included in Appendix A. All postulated break points on the
high energy piping are shown and numbered on these drawings.

The matrices are prepared on a system basis showing the potential
interactions between the source, for each postulated break point,
and the selected target. Interactions are defined as follows.
7:+3.1 (A) Acceptable: Interaction causes no damage.

v e P (N) No Interaction: Interaction physically not possible.

T7:3.:3 (D) Damage Possible: Further evaluation required.
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It should be noted that interactions falling within the last
category, (D), does not mean that the occuring damage will impair
the safety function of the target. Each interaction falling
within this category is evaluated individually, in Appendix C,

to assure that such possible damage does not prevent the safe
shutdown of the reactor or that the damage does not impair the
safety function of the target (if any).

Table 7-2 gives a summary of the interactions between piping,
structures, and componeuts, within the drywell for each high
energy piping system.

The single failure criteria are considered in preparing the
interaction scenarios and evaluation presented in Appendix C.

7.4 DISCUSSION

The following sections discuss the results of the interaction
matrices and other factors involved in the consequences of the
postulated pipe ruptures.

T X Instrumentation

The essential instrumentation inside the drywell consists of
reactor pressure and level indication taps and associated
tubing. This instrumentation is made up of two redundant
systems located on opposite sides of the drywell protected
by the reactor vessel itself. Therefore, a pipe whip or jet
impingement which interacts with one system can in no way
impact the other due to their physical separation. Also
within each system there exists redundancy in the pressure
gauges and level indicators so that a single active failure
concurrent with a detrimental interaction cannot result in
total loss of indicators.

T2 Electrical Equipment

The only necessary electrical equipment (motor operators, cabling,
etc.) located inside the drywell is associated with the ADS valves
(Automatic Depressurization System) located on the main steam lines.
As stated in Reference 2, for a pipe rupture of 8" nominal size or
greater, reactor depressurization can occur thiough the break
without the use of the ADS valves. The critical factor involved
here is the amount of inventory lost during the time it takes

for the reactor to depressurize to the point where core spray and
LPCI may be initiated. This takes no credit for any high pres-
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sure makeup capabilities; i.e., FWCI and CRD pumps. Therefore,
the ADS valves and cables were evaluated only for pipe ruptures
of less than 8" nominal pipe diameter. High energy systems in
this category include the reactor head cooling, reactor vent,
and standby liquid control systems. It is evident in the
evaluation of interactions that these systems are physically
separated from the ADS valves and cabling from the standpoint
of pipe whip and need not be evaluated for jet impingement due
to their small diameter (less than 4").

The remaining motor operators and electrical cables associated
with safety related systems need not be addressed in this study
due to the valve line-ups. All the shutdown systems may be
initiated without changing the position of any valve on each
particular system.

T.4.,3 Recirculation Loop Interaction

Since the recirculation loops are equipped with pipe whip
restraints, it is assumed that a break resulting in pipe
whip cannot interact with any other system. Jet impingement
may interact with other systems but can have no detrimental
effects on shutdown capabilities as shown in Section 7.4.2,
above.

The system is vulnerable as a target only as far as the 12"
risers are concerned. The 22" headers and 28" discharge and
suction lines are not included in the interaction matrices

as targets due to the fact that any other pipe impacting them
is smaller in size, thus resulting in acceptable consequences.

T:4.4 Control Rod Drive (CRD) Piping Interaction

The only interaction resulting in the inability to bring the
reactor to a cold shutdown condition involves the CRD piping.
It is postulated that circumferential breaks in the main

steam lines "B" and "C" result in a pipe whip which impacts
cne of the four CRD insert and withdraw line banks. Each pair
of insert and withdraw lines represents one control rod. If
a withdraw line is crimped but not severed, the control rod
may not scram when signaled due to the flow restriction.

In examining the main steam piping stress analysis, the detri-
mental break locations are eliminated by using a mechanistic
approach. As shown in Appendix G, the break locations which
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interact with the CRD lines have stress values which are below

those specified by the criteria under the mechanistic approach. Also,
the standby liquid coutrol system may be used to bring the reactor suberitical
when the CRD system is not available.

7.4.5 Small Bore Piping Interactions

The small bore piping (reactor vent, reactor head cooling, and
standby liquid control) are not included in the interaction
matrices as sources. The only damage due to pipe whip which
these systems may inflict is on electrical and instrumentation,
which has already been addressed, and on themselves. Since the
damage possible is so limited, it is not practicnl to include
them in the interaction matrices. However, as siated in
Appendix C, a rupture of any of these pipes poses no threat

to a safe shutdown. The CRD piping is not considered a source
due to the fact that its largest pipe is only one inch nominal
diameter, and therefore is below the size criteria for postulating
pipe ruptures.

7.4.6 Reactor Vessel Interaction

The only interaction concerning the reactor vessel itself is
with the isolation condenser above the top of the biological
shield wall. This interaction is not considered to be detri-
mental to the reactor vessel and in no way affects the
capability to reach a safe shutdown.
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TABLE 7-1

PIPING SYSTEMS AND ENERGY RESERVOIRS

System Energy Reservoir

Isolation Condenser Reactor Vessel

Core Spray Reactor Vessel

Reactor Cleanup Reactor Vessel

Shutdown Cooling Reactor Vessel

Reactor Recirculation Loop Reactor Vessel

LPCI Reactor Vessel

Main Steam Reactor Vessel and Main
Steam System Outside
Drywell

‘ Feedwater Reactor Vessel and

Feedwater System
OQutside Containment

Reactor Head Cooling Reactor Vessel

Reactor Vent Reactor Vessel

Standby Liquid Control Reactor Vessel
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TABLE 7-2
SUMMARY OF INTERACTION MATRICES
Target Drywell Biological

Source Piping Liner Shield
Isolation Condenser A D A A

B D D A
Core Spray A A N N

B A N N
Main Steam A D A A

B D A A

C D A A

D D A A
Cleanup Water A A N A

B A D A
Shutdown Cooling D N A
Feedwater A D D A'

B D D A
LPCI A D N N

B N N N
Reactor Vent D D A
Reactor Head Cooling A D N
Standby Liquid Control A N A

A = Acceptable Interaction (Causes no damage)
N = No Interaction (Interaction physically not possible)

D = Damage Possible (Further evaluation required)
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8.0 CONCLUSIONS

The combination of the interaction matrices, evaluations, and
analyses perforned with regard to postulated ruptures of high
energy piping systems inside the drywell of Millstone Ynit No. 1
leads to the following conclusions.

8.1 For all postulated break locations, acceptable safe
shutdown methods are available as shown in Appendix C.

8.2 Structural stability inside the drywell and containment
integrity are maintained for all postulated pipe ruptures.

8.3 The environmental effects of pipe breaks do not impair
the ability to arrive at a safe shutdown of the reactor
plant. .



PSE-82-PJQ-60
MP1 HEPB INSIDE CONTAINMENT (19)
Page 9.1
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Appendix A

Isometric Drawings

Postulated break point locations are numbered on the isometric drawings
listed below.

List of Drawings

System Drawing Number
Isolation Condenser A BMR072-1C15
Isolation Condenser B BMR072-1C16
Core Spray A BMR072-1C11
Core Spray B BMR072-1C12
Main Ste~m A BMR0O72-1C10
Main Steam B BMR072-1C9
Main Steam C BMRO72-1C8
Main Steam D BMRO72-1C7
Cleanup Water A BMR072-IC17
Cleanup Water B BMR072-IC19
Shutdown Piping A BMR072-IC13
Feedwater A BMR072-1C6
Feedwater B BMRO72-1C5
LPCI A BMRO72-1C1

LPCI B BMRO72-1C3
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APPENDIX C

INTERACTION EVALUATION AND SAFE SHUTDOWN SCENARIOS




INTERACTION EVALUATION/SHUTDOWN SCENARIOS SUMMARY

LINE A LINE B LINE C LINE D
DAMAGED PIPING IN SHEET # SHEET # SHEET # SHEET # | SHUTDOWN
ADITION TO SOURCE | SOURCE |BREAK PT.| B |BREAKPT,| B |BREAKPT.| B |BREAKPT.| B SCENARIO
IC 1-10,12-|1-3 1-8, 12 |4, 5
17
RV 11 2
SLC 9-11 5
cs 1-11 6, 7
' - 1-11 8, 9 -
cuw  J1-15 26-28 |1-18 29-31
spc  |1-4 32 ~
CUW ‘ 5 32 -
Lecl  f1-6 44 1-7 46
FW ‘ 7-10 14, 45
FW 1-7, 20-|33, 35,|1-18, |39-41,
24, 28, |36, 38 |30-32 |43
37-39
LPCI + CUW + SRV B-15 34, 35
+ SLC

*In al! safe shutdown scenarios,

1. Loss of off-site power.
2. The most limiting single active failure, concurrently with the break.
3. All electrical trays and cables in the vicinity of the breaks are wiped out.

the following is conservatively assumed.




INTERACTION EVALUATION/SHUTDOWN SCENARIOS SUMMARY

LINE A LINE B LINE C LINE D

SAFE*
DAMAGED PIPING IN SHEET # SHEET # SHEET # SHEET # | SHUTDOWN
ADDITION TO SOURCE | SOURCE | BREAK PT. B BREAK PT, B BREAK PT. B BREAK PT. B SCENARIO
CUW + SRV + SLC | FW 16 35 1
SRV 17-19, | 35, 37 1

29, 30

CUw 25-27 36 - - 1
CUW + SDC + SRV 31, 32 | 37 24, 25 | 42 - 1
SDC 33-36 37, 38 - 1
Recirc. + SRV 19-23 41,42 | — - 4
LPCI + SRV ! 26-29 42, 43 4
RV MS 1-4 10 23-26 21 1
LPCI 5, 6 10 - - 2
LPCI + FW + SRV 7 10 - 2
LPCI + FW + SRV 8-12 11 - e - 2
+ CUW + Recirc.
FW + SRV ] 13-17 11, 12| — —|18-22 20, 21| 7, 8, 17| 22-24 1
FW + SRV + SDC MS 18-22 12, 13 - 1

*In all safe shutdown scenarios,

1. Loss of off-site power.
2. The most limiting single active failure, concurrently with the break.
3. All electrical trays and cables in the vicinity of the breaks are wiped out.

the following is conservatively assumed.



INTERACTION EVALUATION/SHUTDOWN SCENARIOS SUMMARY

LINE A LINE B LINE C LINE D
SAFE*

DAMAGED PIPING IN SHEET # SHEET # SHEET # SHEET # SHUTDOWN
ADDITION TO SOURCE | SOURCE |BREAK PT. R BREAK PT,| B BREAK PT. B BREAK PT. B SCENARIO

MS 23-26 1. 1-4, 14, 17 1-4 18 1-6, 23-]| 22, 25 1

22-25 26

Recirc - 5, 6 14 2
FW + CUW - - 7, 8 14, 15H . 1
FW 9, 10 15 e B 18, 19 _— | 1
CRD + SRV — — —_— 31, 12 15 11, 12 19 — - - 3
CS + LPCI + - 13. 14 15 — — 8
Recirc + SRV
LPCI + SRV + 15 16 —_ 2
Recirc
LPCI + SRV + 16 16 2
Recirc + CUW
CUW + SRV —_— 17-21 16 1
FW + Recirc 5, 6 18 4
CS + LPCI + 13, 14 19 5
Recirc + SRV
LPCI + SRV v 15, 17 |20 4

*In all safe shutdown scenariors,

1. Loss of off-site power.
2. The most limiting single active failure, concurrently with the break.
3. All electrical trays and cables in the vicinity of the breaks are wiped out.

the following is conservatively assumed.




INTERACTION EVALUATION/SHUTDOWN SCENARIOS SUMMARY

LINE A LINE B LINE C LINE D

SAFE®*
DAMAGED PIPING IN SHEET # SHEET # SHEET # SHEET # | SHUTDOWN
ALDITION TO SOURCE | SOURCE |BREAK PT. B BREAK PT, B EEAK PT. B BREAK PT. B SCENARIO J
LPCI + SRV + SDC| Ms 16 20 4
LPCI - 9, 10 19 4
FW + Recirc + 9-16 23, 24 1
SRV
FW + LPCI + SRV | ¥ 18-22 24, 25 4

*In all safe shutdown scenarios, the following is conservatively assumed.
1. Loss of off-site power.

2. The most limiting single active failure, concurrently with the break.
3. All electrical trays and cables in the vicinity of the breaks are wiped out.
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SAFE SHUTDOWN SCENARIOS

l.a

1.b

1.d

3.b

Vessel depressurization will be accomplished through the
postulated and resulting breaks.

All emergency core cooling systems are available to obtain
a safe shutdown condition including all LPCI/core spray
lines, the control rod drive lines, and FWCI.

assuming loss of off-site power and the most limiting single
active failure, failure to start the gas turbine, LPCI-A and
core spray A lines are still available for safe shutdown with
the additional makeup capability of the CRD pumps (reactor
head cooling).

All safety equipment irside the drywell (i.e., valves or
pumps) are in the required position and the damage to the
electrical trays and cables will not affect the safe shut-
down scenario.

Vessel depressruization will be accomplished through the
postulated and resulting breaks.

Of the ECCS system, LPCI-A line or the recirculation loop
associated with it, is unavailable.

Assuming loss of off-site power and the most limiting single
active failure, failure to start the gas turbine, causes the
loss of the ECCS-B train and the FWCI system. A safe shut-
down condition can be obtained using the core spray A line
and CRD pumps.

All safety equipment inside the drywell (i.e., valves cr
pumps) are in the required positior and the damage to the
electrical trays and cable~ will not affect the presented
safe shutdown scenario.

Vessel depressurization will be accomplished through the
postulated and resulting breaks.

The interaction with the CRD lines leads to an unacceptable
situation. The CRD system is designed so that reactor
pressure can adequately scram the control rods without the
use of the CRD lines. 1In fact, if the CRD lines are severed
by the break, reactor pressure will automatically scram the
reactor. However, if the withdraw line for any control rod
is crimped to the point where flow is restricted, that
control rod will not be insert¢d by reactor or accumulator
pressure. Thus, a different approach must be used.
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4.d

Using a mechanistic approach as outlined in Appendix G,

the break locations which cause the unacceptable inter-
actions may be eliminated. Cases I and II of the Appendix
address these situations in detail. By using this approach,
the locations on main steam lines B and C which cause the
unacceptable situation are excluded from being considered
break locations and therefore the situation will never
develop.

Vessel depressurization will be accomplished through the
postulated and resulting breaks.

The LPCI-B line or the recirculation loop associated with
it is unavailable.

Assuming loss of off-site power and the most limiting

single active failure, failure to start the diesel generator,
causes the loss of the ECCS-A train. A safe shutdown may

be obtained by using core spray B line, the FWCI system, and
CRD pumps for additional makeup.

All safety equipment inside the drywell (i.e., valves or
pumps) are in the required position and the damage to the
electrical trays and cables will not affect the presented
safe shutdown scenario.

Vessel depressurization will be accomplished through the
postulated and resulting breaks.

Of the ECCS system, core spray B line and LPCI B line or
the recirculation loop associated with it, are not available.

Assuming the loss of off-site power and the most limiting
single active failure, failure to start the diesel generator,
causes the loss of core spray and LPCI A lines. However, a
safe shutdown may be obtained using FWCI and the CRD pumps.

Vessel depressurization will be accomplished through the
postulated and resulting breaks.

Of the ECCS system, core spray A line is lost.

Assuming loss of off-site power and the most limiting single
active failure, failure to start the gas turbine, causes the
loss of core spary and LPCI B lines and FWCI. Shutdown may
be obtained using LPCI A line and CRD pumps.
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6.d All safety equipment inside the drywell (i.e., valves or
pumps) are in the required position and the damage to the
electrical trays and cables will not affect the presented
safe shutdown scenario.

T8 Vessel depressurization will be accomplished through the
postulated and resulting breaks.

7.b Of the ECCS system, core spray B line is unavailable.

0 Assuming loss of off-site power and the most limiting single
active failure, failure to start the diesel generator, causes
the less of the ECCS A train. A safe shutdown may be obtained
using LPCI B line, FWCI, and the CRD systems.

Teld All safety equipment inside the drywell (i.e., valves or pumps)
are in the required position and the damage to the electrical
trays and cables will not affect the presented safe shutdown
scenario.

8.a Vessel depressurization will be accomplished through the
postulated and resulting breaks.

8.b Due to the pipe rupture, the A train of the ECCS system is
unavailable.

8.c Assuming loss of off-site power and the most limiting single
active failure, failure to start the gas turbine, causes the
loss of the ECCS B train and the FWCI system. A safe shut-
down condition cannot be obtained by using the CRD pumps
only. Therefore, further analysis is needed.

8.d Using the mechanistic approach as outlined in Appendix G
the break locations causing the unacceptable interactions
may be eliminated. Case III of the Appendix addresses the
situation in detail. By using this approach, locations 13
and 14 may be excluded from being considered break locations
and therefore the unacceptable interactions will not develop.
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The reactor vent, reactor head cooling, and standby liquid
control systems 2re not included in the interaction matrices
as sources. A break in any of these systems cannot affect
the core spray, LPCI, or ADS systems, and the following
shutdown scenario applies.

a.

b.

Vessel depressurization will be accomplished partially
through the break but mainly through the ADS valves.

Core spray, LPCI and FWCI systems are available for
shutdown.

Assuming loss of off-site power and the most limiting
single active failure, failure to start the gas turbine,
causes the loss of the ECCS B train and FWCI. However,
a =afe shutdown may be obtained using core spray and
LPCI A systems.

All safety equipment inside the drywell (i.e., valves or

pumps) are in the required position and the damage to the
electrical trays and cables will rot affect the presented
safe shutdown scenario.
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1.0 INTRODUCTION

This report, prepared by EDS Nuclear Inc. for Jerscy Cemrzl Power &
Light Company, describes the anclyses performed to determine the clfects of
pipe impact oa the biological shicld wall of the Oyster Creck Nuclear Generating
Staton, and 1o evaluate the structural adequacy of the shicld wall under pipe in-
pact, in combination with other types of concurrent losding,

The purpose of these studhies was to evaluate the structural response of
the hiological shicld wall following a postulated high=energy line break and sube
scquent unrestrained pipe whip. The structural integrity of the shicld wall was
evalusted with respezct to both the gress structural response and local damage
predictions, including perforation of the stecl and depth of conercie penetration.

All analyses were perforimed for postulated “worst case” conditions of
impzct. The gross structural response was evaluated by performing dynamic
time history anslvees corresponding to the impact of 2 24-inch diameter pipe
at the top of the shicld wall, " estc enalyses were performed, s the gross
response of the shield wall was expected to remain in the elastic range.  Local
dama g predictions were evaluated sccording to conservative penetration equas-
tions currently specificd by the AEC.

The results of the anclysce indicate that no grose structural damagpe will
occur under “worst cage” impact loadings, and that the shicld well is capable of
withetanding the full spectrum of postulated breabs without incurring significant
loss of Joad=carrying capability, Damage 1o the shicld wall will Le restricted to
the local region of impact and will not significanly ceficet the overall structural
capability.
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2.0 DESCRIPTION OF STRUCTURE

The biological shicld vall is a evhindrical strucure composed of steel
plage, stecl colian soctions and conerate. The structm e s dappreximately
45 foot hipgd, has an imade dunocter of 20 feet, 100nches, and a 1otal thicke-
ness of 29 inchies.  The shneld wall functions as both a radistion shickd for
protcction of plant personncl, and as a Joad-carrying structure for support of
insidc-containment piping.

The shicld wall consists of the fo) owing structural components:

1. Twenty-five stecl columns (27 WF 177 scctions) at approximately
uniform spacing circumierentially.

2. Steel plate (5/16-inch) comprising the outside surface, and 1/4-
inch plate comprising the inside surface of the wall.

3. Pourcd concrete inQll.

Both the inside and outside steel plate are provided with 1/2-inch
studs at approximately 1'-6" spacing to ensure compositc responsc of the
stecl and concrete. High density concrete is provided in the portion of the |
wall adjacent to the reactor core, with a specified unit weight of 210 1bs/ft°,
and standard weight concrete is provided for the remainder of we shicld
wall.
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3.0 DISCUSSION OF ANALYSES

Analyscs were performed to determine conscrvative estumates of both
the.overall response of the siructure and the extent of locz) damage resulting
from “worst casc" pipe impact efiects.

The gross structural response under impact loads was combined with
conscrvative estimates of the response to other types of i;oncurrent loadings,
whicl, were then compared to the structural capability ofjthe shield wall. The
capability of the structure for moments, shears and axiitl loads was evaluated
in accordance with the following assumptions: :

1. Composite behavior of the steel and concrete was assumed.
(This is discusscd further in Section 3.1 below.)

2. The concrete cannot sustain cither tensile or shear stresses.

3. ‘The compressive srrength of the concrete was assumed to be
3,000 psi, with an associated allowable compressive stress
I~
equal to 0.75( ..

4. The yicld strenzh of the steel was assumed to be 36 ksi,
with an associated allowable stress equal 1o 0.9€,.

The capability of the chield wall to tustain loca] damage was cvaluated
directly from cmpirical relationships derived from projcctile impact experi-
ments. The equations used to determine perforation or depth of penetration
were those discussed by Amirildan (Reference 4. 01)and Cottrell andSavolainen
(Reference 5.01). These equanons are currently accepted by the USAEC ior
usec in Jocal damage predictions associated with pipe impact.

3.1 Gross Structural Resoonse Analvsis

A mathematcal model of the shicld wall wae constructed for the gross
structura! response analvses. The model consisted of lumped masses connec-
ted by massless elastic three-dimensioni] beam elements. A sufficient nun-
ber of mass points was sclected to accurately represent the relatively high-
frequeoncy wave transmission characteristics of the shicld wall nccessary for
representing the response to impact Joadings. Cross sccuon properties of
the clements included the composite behavior of tie steel plate exterior, stecl
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column interior and concrete infill material, as the steel plates are provided
with studs to ensurc composite structural response. In addition, cquivalent
cross section propertiecs were calculated and included at all clevations corres-
ponding to the locauons of hatches and penctranons.

. Anidcalized impact force tume history was constructed based on the
blowdovm force time histories developed by EDS for the pipe whip analyses
of the Oyster Creck Emergency Cendenser piping system.  (Reference 2.02).
The forcing function was constructed by extrapolating the previously-developed
blowdown forces occurring at the break loczuon to a 24-inch diamcter pipe
size. In addition, the initial portion of the resulting time history was further
increased by a factor of 2.0, to account for the short-duration forces develop-
ed during impact. The force time history was postulated to act at the top of
the cylindrical shield wall, as this impact location results in the largest dyna-
mic response shears, moments and axial forces throughout the shield wall.
It stm]d be noted that this impact location would not be predicted from the
postulated break Jocations (based on pipe stress criteria) for the 24-inch
piping. Instcad, the most conscrvative impact location was chosen for pur-
posecs of evalucting the maximum shicld wall capability.

Dynamic elastic tim.c history analyses were performed on the mathe-
matical model discussed above, subjected to the postulated impact force time
history. Thc analvses were performed using EDS program EDSGAP, origin-
ally developed by Wilson (Reference 6.01), and modificd exteasively by EDS,
The program may be used to anzlyze threce-dimensional stiuctural systems
of arbitrary grometry subjected to static or dynamic loading. The assumption
of clastic behavior was considered to bz appropriate for the analyses, as the
gross stresscs over the shicld wall cross seclions were expested to remain
within the elastic range. A value of five percent structural damping was
assumcd in the analyses, corresponding to a combined material damping for
stcel and concrete.

Time histories of cross scction moments and shears under the "worst
case" impact loadings werc obtained. The maximum shears and moments, in
combination with those occurring from other types of concurrent loadings,
were compared with the overall capability of the shicld wall in accordance
with the AEC critena for factored load combinations. The load combinations
considered in this study werce those specified in Secton C. 1 of Reference
1.02. 01, with the ultimate load capacities calculated as discussed in Section
3.0 above.

The results of the response analyses and cvaluation of structural ade-
quacy arc discusscd in Sccuion 4. 1 below.
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3.2 Local Damagc Analvses

Prediction of lozal damage was evaluated by calculating "threshold pene-
tration” thicknesses of stee) and concrete subjected to impact of both a segment
of 10-inch diamcter and 24-wnch diameter pipe. Rigid-body impact was assuned .
for the calculinons, as the assumption that no eneryy 1s absorbed by the impact-
ing pipe 1esults w conservauve penciration predictions.,

From an examination of the postulated break locauons (Reference 2.01)
for the casc of a 10-inch diamcter pipe, 1t was considercd that @ "worst casc”
impact would correspond to a missile consisung of an unfolded segment of 10-
inch pipe striking the shicld wall on edge. The kinetic energy of tne missile
was assumed to be equivalent to the change in internal energy of the enclosed
steam in undergoing a change of state from the operating condinons of the fluid
to ambient conditions (Reference 3.01). This impact case is more severc than
the case of impact by a whipping pipe of the same sze, as the cross-sectional
arca of impact for ithe postulated case is smaller than the 1mpact area of a whip-
ping pipe, and hence higher stresses will be developed in the local region of the
shicld wall.

In the case of a 24-inch pipe break, it was found that no conditions exist
for generatior. of a small missie, based on postulated break locztions. It was
therefore assumecd that the most severe impact case consisted of a circumferen-
tial break and subscquent whip of the longest segnent of pipe for which the shield
wall is a possible terget. The impact velocity and lanctic encrgy of impact were
calculated from the maes of the pipe, maximum blowdown force and the maxmum
distance baiween the pipe segment and shicld wall,

Spalling of the concrete will not occur for the Oyster Creek shield wall
design, as stecl plates arc provided over both the entire inside and outside wall
surfsces. Hence, concrete spalling was not included in the Jocal damagce eval-

uation.

The results of the Jocal damage analyses are discussed in Secdon 4.2
below.
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4.0 DISCUSSION OF RESULTS

The results of both the overall structural integrity analvsces and the local
damgge anaivses aindicate thet the shicld wall is capable of withstanding the ef-
fects of a "worst case” pipe impact without ingurniny mross siructural failure,
perforatien or siguficant loss of Joad-carrving capsbilbityv.  The results from the
two phascs of the srudy arce discussed 1n separate sccnions below,

4.1 Gross Structural Response

The maximum dvaamic momeints and shears obtained from the structural
response analvees discussed in Section 3.1 occur at the base of the shield wall.
For the case of impact by a 24-inch diameter pipe, the maxaymun: moment and
shecar arc approximatcly 33,000 k-ft. and 1,350 kips, respectively.

Approximate scismic moments and shcars were evaluated jor combina -
tion with the above loads. Horwizontal seismic loadings were bascecd on a conser-
vatively-estimated honzontal spectral asceleration of 0. 3¢ at a frequency of
15 Hz, the first fundamenta) translationa] frequency of the shicld wall, A fac-
tor of 1.5 was applicd to the resulting base moment and shear 1o account for
the contribution of hizher modes of response. The moment and shear calculat-
ed at the basc of the shicld wall using Wi ebove procedure were 30, 000 k-ft.
and 950 kips, respectively.

It was found that the moments at the base of the shicld will control the
capability of the structure for pipe impact and seismic Joadings. The corbina-
tion of pipe whip and SSE loadings results in a total basc moment of slightly
less than 30 percent of the structural capability. 1t was found that the capability
of the shicld wall for shears and axial jorces was substantially larger than this

margin.

It is concluded that the shield wall is capable of withstanding the postu-
lated "worst casz” pipe whip lozdings without gross structural damage. The
maximum loadings encountcred are considerably less than the capability of the
structure.

4.2 Local Damage

The recults of the penetration calculations indicate that the casc of a
missile generated by a 10-1mch diwmeter pipe break as more scvere with regard
to depth of penciranon than e case of mupact of a 24-wmch pipe. Thas results
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from the fact that the impact area is considerably smaller for the 10-inch pipe
break.

The resulte of the calculations indicate that a concrete thickness of ap-
proximately 22 inches is sufficicnt 1o prevent perforation. The depth of penc-
tration of the shicld wall will be less than s amount, 2s the steel plate will
absorh some of the enermy of impact.  The calculations for required stecl
plate thickne: s indicate that epproexemately one nichi o steel s necessary to
prevent perforation. Thercfore, it s possible that the steel platc at the un-
pact Jocation will be penetrated, as the plate Unclness on the outside surface
of the shicld wall is less than this amount. Sumilar calculations for the case
of impact by 2 24-inch pipe resultcd in a considerably smaller esumate of
concretle penciration depth.

Damage caused by pipe impact will be restricted to the local region of
impact, as the design of the shicld wall includes stecl colwmn members contin-
uous through the height of the shicld wall at approximately thrce-foot intervals
over the circumierence. (Refercnce 1.01.01). It is considered that these
columns will restrict the developmient of eraclang or crushing of the concretc
to the region of impact enclosed by two adjacent columns. Such an extent of
Jocz) damage will not significantly affuct the gross structural capability of the
shield wall, as the region of locz) damage 1s a siall percentage of the shield
wall cross section.

It is concluded that a whipping pipe or missile gencrated by pipe rup-
turc will not perforate the shield wall, althongh perforation of the outer steel
plate may possibly occur for the "worst case” impact. The depth of penetra-
tion will be Jess than 22 inches of concrete, and the regon of damage to the
concrcte and outer stecl plate will be restrictad to approximately wiree fect
of the shield wall circumference.
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5.0 CONCLLUSIONS

The conclusions developed from these studics may be summarized as
follows:

1. ‘Theoverall Joad-carrying capability of the structure is signifi-
cantly greater than the combinations of Joadings associated wWitn
the ma)ximum structural responscs resulting from the load types
specified in Reterence 1.02,01.

2. Perforation of the shicld wall will not occur for the "worst casc”
pipe impact. Depth of penerration is predictedd 1o be less than
22 inzhes of concrete, using the oxperimentally-derived rela-
tionships specificd in Reference 1.02. 01,

3. Damage will be restricted to the local region of impact, and will
not significantly effect Uic overall structural capability of the
shield wall.

Morcover, it is concluded that the shicld wall 1s capuble of withstand-
ing the full spectrum of postulated breaks without incuring gross damage or
significant loss of Joad-cariying capability, and that the design of the struc-
turc is such tizt bmpact by & whipping pipe is a condition which carn be tolcrat-
cd in the Oyster Creck Nuclear Plant.
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APPENDIX

EDS COMPUTER PROGRAM DESCRIPTION
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EDSGAP

EDS program EDSGAP is 2 general-purpose finite clement program for
lincar c¢lastic analvsesof arbitrary structurzl systems. The program contains
the following element types:

General beam

. Truss

Two-dimensional plane stress/plane strain
Threc-dimensional solid

Axisymmetric solid

. Plate and shell

. ‘Translational/rotational spring

NN WN -

These clement types may be used both singly and in compatible combina-
tions. The program includes static and dynamic options, as discussed below.
Out-of-core storage may be utilized for solution of thie equations of equilibrium,
storage of problem data and storage of solution results. The program has vir-
tually no restrictions on sizeof the structural system to be analvzed. EDSGAP
is bascd on the program SAP developed by E, L. Wilsun of the University of
California at Berkeley. However, many improvements have been incorporated
into ENSGAP to increase its capunilines and cificiency.

Static anzlyses are performed using the Direct Stifiness Mcthod, in
which clement stiffncss matrices are formed according to virtual work princi-
ples and assembled to form a global stifiness matrix for the system, relating
external forces and moments to joint displacements and rotations. Applied
static Joads may be specified as combinations of concentraied forces, thermal
expansion loads, pressure forces, and ineruia (body) forces. The equations of
equilibrium of the system are solved for joint displacements and rotations by
Gaussian reduction techniques.

Dynamic options within the program include calculation of undamped
natural frequencics and normal modes of vibration using cither the Determin-
ant Scarch or Subspace Interaction techniques, and computation of time history
response by either the Mode Superposition techmique or direct integration of
the cquations of dynamic cquibibrium. Dynamic loadings may bc specified as
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combinations of arbitrary applicd force and moment time historics and threce
indcpoendent orthoponal componcert time historics of accelerauon.

EDSGAP has been used for soil-structure interaction analyses on seve
eral nuclear power facihucs, including Atlantic Generating Station, Newbold
Island and Douglas Point, for prossure ansicnt piping response analysces on
Rancho Scco, Oconcee, Calvert Chifs, Donald C, Cool and Salem Generaung
Stations, and for conceptual desigm review studies on the Gl MARK 111 Reac-
tor Building.

The program has been verified for the various element types by an
extensive set of sample problems, including comparisons with hand calcula-
tione or theoretical solutions, wherever possible, and has been benchmarked
against EDS programs PISOLLA and PISOL3A for static and dynamic analyses
of complex piping systems.
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QUESTION
14.6.

RESPO:SE

Justify the assuzption that in case of a pipe break the
insulation will be crushed and/or blown awvay, and that the
vholce volume between the reactor, pipes, and biclogical
ghicld vill be empty and without obstruction to flow.

Instcud of justifying the assunption, the blowdown calculation
has been revised in order to account for the possibility of the
insulation remzining intact, Flow was assumed to occur through
the following openinge: (1) the annulus between the insulation
and the shield, (2) the openings between the insulation and the
shield gates around the recirculation lines, (3) the opening in
the shicld gates for the liquid poisen line, and (4) the five
HVAC ducts at elevation 39'=5", All other openings were con-
servatively assumed to be 1002 blocked. The total vent area,
as described above, wrne found te be 60.1 square feet.

The blowdown calculation was revised to account for the reduced
vent area of 60.1 squarc fcet, and it was determined that the
peak pressure within the biolegical shield to vessel annulus
would be 23.7 psig. 7The biological shield had previously been
found to be adequate for 74 peig, but the shield gates had been
found to be adequate for only 9 psig. The limiting component
within the gates had been found to be the structural shicld plates.
A1l other compenents of the gates had becn found to be adequate
for a minimus. pressure of 25 psig. The original anazlysis of the
structurz]l shield plates was revicwed, and it was found to be
extremely conservative. In order to demonstrate the adequacy cf
the shicld plates, it was apparent that a more refincd analysis
vas nccessary. The analysis was performed, ané the results inci-
cated that the shicld plates are capable of withstanding the peak
pressure of 23.7 psig. Therefore, the biological shield and
shield gctes have the capacity to withstand the peak pressure
resulting freoxz the worst credible discharge into the vessel
shieldwall annulus, cven with the insulation remaining intact,

14=7-)



e

o

QUESTION
1‘ .HI

RESPONSE

Present a sketch of the arrangement of the welds in the bioclogical
shicld structurc, Indicatc the type of clectrode used for the

fillet welds, the grade of structural stecel of plates and columns,
and the quality control provided during construction of the shicld.

The steel structure of the biological shield, which encases the
concrete, is made up of column sections (27WFl77) on l2-degree
centers, whose flanges arc lap welded together with Y“-inch plate
panels at the column-flange inner radius (10'-7-1/1¢") and 5/16-
inch plate panels at the column-flange outer radive (12'-9-1/4").
A typical plate installztion detail is shown in Figure 1.

The electrodes uscd for the fillet welds were in accordance with
the applicable requirerents of: (1) the AISC Specification for the
Design, Fabrication, and Erection of Structural Steel for Buildings,
and (2) the American Welding Society Publicetion D1.0, Standard

Code for Arc and Gas Welding in Building Construction.

The coluzn sections werce made of stecl which conforms to ASTM
Specification £36. The plate pancls conform to ASTY Specification
A36 and/or A283, Crade C or D.

The quality contrel which was provided during construction was in
accordance with: (1) the AISC Specification for the Design,
Fabrication, and Erection of Structural Steel for Buildings, and
(2) the Amcrican Welding Society Publication D1.0, Standard Code
for Arc and Gas Welding in Building Construction. All welding
procedures and weldere were qualified in accordance with the AWS
Code prior to the start of fabrication.
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QUESTION
14.1.

RESPONSE

The break-size assumption that you use to arrive at the
conclusion that the shicld gates will not be blown out is not
acceptable. To what extent can the attachments of the gates
to the shiecld be strengthened to provide protection against
larger brcaks?

The following provides amplification to Amendment €8, paragraph
5.7.3 and 5.7.4.

A. The geometry of all nozzles penetrating the sacrificizl
shield wzll were examined with respect to their shield opening,
and shield gates. Two types of pipe rupture were postulated.
These are as follows:

1. Circumferential pipe break at the nozzle-to safe end
interface or at the safe-end to pipe interface.

s Longitudinal split, commencing at the nozzle-to safe
end connection, and proceeding through the safe end and
the pipe to which it is attached.

. Based on the relative location of the sacrificial shield

components, & determination was made of which portions of the

area of the postulated break discharges into the annular space
between the sacrifical shield and the RPV., 1In this evaluation
the following assumptions were made:

o Circumferential break

a. The pipe downstrean of the break was assumed to
deflect clear of the shicld gatc opening.

b. That portion of the fluid which impinges on the
inside surface of the shield or shield gate was
assumed to dischargc inward and contribute to
differential pressure buildup in the annular space.

¢. That portion of the fluid which occupies the opening
through the shield gate, was assumed to pass through
this opening and discharge into the drywell.

d. The permnali neutron shiclding was assumed not to
mitigate the impingement.

2. Llongitudinal split

a. The lonpitudinal split was censervatively assumcd to
be rectangular dn shape as illustrated in Figure 1.
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c.

The actual shape of a pipe split would be mouth
shaped and could bec more realistically approximated
by a rectangle bracketed by fsoccles triangles at
the beginning and end of the split.

The width of the break was assumed to be equal to
the full inside diameter of the pipe. For the
larger pipes the shield gate opening is not large
enough to permit the pipe to open a full 180 degrees
arc, therefore, the pipe could not open to the full
width but would be smaller than the pipe 1.D. at the
gate. However, this mitigation was conservatively
neglected.

The length was assumed to be such that the total
break area is equal to the cross-scctionzl area of
the broken pipe, based on the 1.D.

The split was assumed to commence at the nozzle to
safe end interface and proceed through the safe end
into the pipe.

If the assumed split extends bevond the shield gate,
only that portion of the assumcd break area that is
bounded by the nozzle to safec end interface and the
centerline of the shield gate, was assumed to discharge
inward, and contribute to differential pressure build-
up in the annular space.

PIPE 9PUT WIDTH LIMIT oF ASSUMED FiPe SPuIT

: ;ACTUAL P\PE sPLT

I‘ PIPE SPuLiT LENGIH . Y

LO!JGITUDINAL pnPE SeuT ConFIGURNTIEN
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C. As a result of thc examination, it was determined that the
longitudinal split of a recirculation pipe provided the maxirum
discharge into the annular space between the sacrificial shield
and the RPV,

D. For a circumferential break of the recirculation pipe at
either the noz:zle to safe end, or the safe end to pipe interface,
the entirc discharge is through the opening at the shield gate
and no portion of the discharge enters into the annular space
betwcen the sacrificial shield and the RPV.

- The maximum pipe break area was found to be 2 feet (I1.D.) by

1 foot (comprising the distance between the nozzle to safe end
interface and the centerline of the shield gate), or 2 square feet.
This resulted in a peak annular prescure of 23.7 psig (see response
to Question 14.G.). All other nozzles within the sacrificial shield
wall are much smaller than the recirculation lines and have cross-
sectional areas at the safe ends less than one squzre foot. There-
fore, none of these could produce peak annular pressures in excess
of the 23.7 psig described above. The biclogical shield wall and
shield gates have been found to be adequate for 23.7 p:ig (see
response to Question 14.G.). Therefore, the gates to the shield
need not be reinforced.

F. Note that Figure 5.7.2 of Amendment 68 has been revised to
show typical interface locations and is attached herewith.

waddh o R
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CHICAGO BRIDGE & IRON COMPANY

LOAD DEFLECTION TESTS ON SPHERE

In pressure suppression containment systems, the nuclear reactor,
steam piping, and recirculating pumps are close to the dry well
shell. If a steam or feedwater line breaks, the jet from the line
will impinge on the shell resulting in a concentrated load of up

to 600 kips on the shell. To allow for pressure and temperature
growth, the shielding concrete is separated from the dry well

shell a distance of from one (1) to three (3) inches. The shell
must deflect this distance before it is backed up by the concrete.
Permanent deformation is acceptable, but the shell must not rupture.

PURPOSE OF TEST:

The purpose of this test was to investigate whether or not a
steel shell could deflect up to three (3) inches locally without
failure. Permanent deformation is not considered as failure. It
was also desirable to determine the load required to produce &
given deflection, and the strain at various points.

EQUIPMENT: _
The basic test section, illustrated in Fig. 1, was designed to
simulate a 70 foot diameter sphere. The material and plate thick-
ness are typical of the type found in suppression containment sys-
tem applications. This section was used as. showin in Tests 1 and 2.

For use in Test 3, the basic section was modified by the addition
of an 18 inch diameter fitting with insert 7yp: reinforcing, illus-
trated in Fig. 2. -

For use in Test &4, the basic section was modified by the removal

of the insert type fitting and the insertion of an 18 inch diameter
fitting with pad type reinforcing shown in Fig. 3. Both fittings
are typical of the type found in such applications.

Loading was done with a 1250 ton capacity hydraulic press fitted
with & 20 inch diameter hemispherical die. The loading rate on
the test piece was relatively slow because of the characteristics
of the press and the time required to take strain_gage recadings.
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When a greater load distribution area was desired, a two (2) inch
thick, 14 inch diameter loading plate was placed between the die

and the test section. They hydraulic pressure in the press cylin-
dprs was indicated on a pressure gage, graduated in 5 psi incre-
ments. The gage was calibrated while on the press, using a strain-
gage load cell. Loading configurations for the various tests

are showin in Figs. 4, 5, 6 and 7.

The tpst section was {nstrumented with three gage rosette wire
resistance strain gages placed at points of expected high stress.
A Baldwin Type 17 portable strain indicator was used as the read-
out device. Gage locations for the various tests are shown in

Figs. 8, 9 and 10.

PROCEDURE: - Press Calibration

To obtain accurate force data, the hydraulic pressure gage was
calibrated while on the press with a strain gage load cell.

This method of calibration accounted for the ram weight of 20

tons and friction in the moving parts. It also eliminated the need
for ‘any questionable thecretical conversions from hydraulic pres-

sure to die force.

Loading and Data Taking

During each test, the same basic loading and data taking patterns
were followed. Loading was accomplished by first allowing the ram
to rest on the plate. This gave a load of 20 tons. The hydraulic
pressure was then increased in convenient increments. Following
each pressure increase, the amount of ram travel was noted and

strain readings were taken. This pattern was repeated until the

ram had traveled three (3) inches, thus indichting a three (3) inch
deflection of the plate. When this deflection was obtained, the

ram was withdrawn, permanent deflection noted, and final strain read-
ings taken. All testing was done at ambient temperatures.
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Photographs were taken of significant steps of the test. These
will be found in the Appendix of this report.

TEST 1

The first test was run to find the effect of a load concentrated
over a small area. The load was applied using the 20 inch
diameter hemispherical die contacting the plate directly, as
shown in Fig. 4. The load was applied only until permanent de-
formation of the plate was observed.

TEST 2

The second test was designed to determine the effect of a con-
centrated load applied over a larger area than that of Test 1.
Because of the similarity of objectives, the basic test section
was not reformed after the conclusion of Test 1, and some perma-
nent deformation remained. To increase the area over which the
load acted, a two (2) inch thick 14 inch diameter load plate and
@ 1/4 inch thick 20 inch diameter plate was placed concentrically
below the hemispherical die. These plates were initially flat,
as shown in Fig. 6. The 1/4 inch plate served to protect the
test section from the edges of the load plate. The two inch load
plate tended to distribute the load over a larger area than the
hemispherical die alone. :

Following the completion of Test 2, an area large enough to accept
the 18 inch diameter fitting with insert type reinforcing, was _
cut in the basic test section. This removed most of the deforma-

tion remaining from Tests 1 and 2. The area beyond the cutout

was reformed as much as possible and the insert plate was welded

in place.
TEST 3
Here the objective was to load the insert plate « -~ a localized

area ncar its edge, as shown in Fig. 6, until a three (3) inch
deflection was obtained. The two (2) inch load plate was placed



CHICAGO DBRIDGE & IRON COMPANY

Page 4

beneath the hemispherical die to distribute the load. The load
plate had assumed a dished configuration during Test 2 and it was
employed in this form.

The insert plate to shell weld and the area surrounding the weld
were magnafluxed befere and after the test to find any cracks not
evident in a visual inspection.

With the conclusion of Test 3, the insert fitting was removed and
the test section reformed as necessary. A section containing the
18 inch diameter fitting with pad type reinforcing was then weld-
ed into the basic test section. b

TEST 4

This test was run with the sane objectives as Test 3. The two
tests differ only in the type of reinforcing used around the 18
inch diameter fitting. The load plate was again used, and placed
directly above the pad plate as shown in Fig. 7. The test was
carried out in a manner similar to Test 3. :

RESULTS:

The first test showed that a load concentrated over a small area
would cause rapid yielding of the test section. Graphs 1 &2

show the effect of this type of loading. The deformation.is

quite localized, and a load of only 60 tons was required to create
an eight (8) inch diameter, 0.70 inch deep depression which con-
formed to the shape of the 20 inch diameter hemispharical die.

It appears that a hole could have been punched in the plate rather
easily if this loading hatl been continued.

1f a concentrated load is applied to an area of dry well shell
that is frece of fittings, a condition similar to Test 2 will >
exist. In Test 2, a concentrated load of 235 tons was required
to obtain a three (3) inch deflection. A maximum deflection of
3.3 inches was obtained while the die was in contact with the
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( plate, and permanent deflection of 2.5 inches at the point of
| loading existed when the die was withdrawn. A profile of the

permanent deformation is shown in Graph 1 and some of the defor--
mation is evident in Figs. 8 and 9.: In theee .twouphotbgraphs .
the plate has béen cut out:for™"Test 3 and some ofithe. deforméd
area has been removed. Thefe was 'no evidence of failure in any
form following the test. The plate deforwed uniformly with no
crackes or localized bending. From Test 2 it can be concluded
that a spherical steel shell of this diameter and thickness, un
under concentrated loading, will deflect three (3) inches with-
out failure.

One severe load which can be imposed on a reinforced fitting is
a concentrated load applied over a localized area near the edge
of the réinforcing plate. In Test 3, this type of load was
applied to an insert reinforcing plate. The load configuration
P is shown in Figs. 6, 10 and 11. A force of 255 tons was required
to obtain a three inch deflection. The maximum deflection obtain-
ed was 3.25 inches while the die was in contact with the plate.
When the die was withdrawn, 1.95 inches of permanent deflection
remained. Magnaflux inspection of the insert to shell weld,
both before and after the test showed no cracks. The extent of
the deformation is shown in Figs. 12 thru 15. From Test 3 it is
evident that a fitting with insert type reinforciﬁg, located in
a spherical steel shell, is capable of withstanding a substantial
localized deflection without failure.

An alternative form of reinforcing plate, the pad or double

plate, was used in Test 4. Again, a concentrated locad was applied

~in a localized area near one edge of the reinforcing plate as

shown in Fig. 7. A load of 285 tons was required to obtain a

deflection of three (3) inches. The maximum deflection obtained
. was 3.125 inches, at which point a sudden crack developed. The
‘ erack, shown in Figs. 16 and 17, was accompanied by a 19ud report.
o and a drop in the force exerted by the press from 305 :tons to 200
tons. 1In this test, pad plate reinforcing located in a specific
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shell configuration and loaded eccentrically over a small area,
was not capable of sustaining a 3.125 inch deflection for an
extended period of time.

The failure in Test 4 can be partially justified by pointing

out that the test section was not truly representative of condi-
tions found in containment system applications. In the process
of constructing the section for Test 4, a flat plate four (&)
feet in diameter, was welded into the basic test section, as
shown in Figs. 3, 7 and 16. The pad plate was also flat. 1In

a normal situation,,the pad plate would have been dished and
welded directly to the spherical shell. During the process of
the test, the force on the pad plate caused it to pull the flat
section of the shell into a dish of the same radius as the basic
test section. This induced an excessive amount of bending in
the shell at the toe of the pad plate fillet weld. Strain gage:
7 was located on the path of the crack, (data in Graph 13), and
it indicated excessive bending strains quite early in the tebt.
This gave an indication of possible failure. It must be pointed
out ‘that the plate had held a load of 285 tons and a deflection
of three (3) inches for a period of 20 minures while 72 strain
gage readings were taken, and was holding a load of 305 tons and
a deflection of 3.125 inches for a few minutes before it suddenly
failed. While this explanation cannot change the fact that &
failure occurred, it does point out a condition which caused the
test to be overly severe.

An inspection of Graphs 2, 3 and 4 gives an indication of the .
overall rgaction of the test section to the applied load. The
amount of deflection due to a given load was approximately the
same in each tes. This dndicates that local conditions near the
point of loading have very little effect on the load-deflection
characteristics of the shell.

It would be expected that beycad some distance from the point of
load application the effect of the fitting and yeinforcing could
be neglecced. This is illustrated by the following strain gages:
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7 of Test 2; 9 and 11 or Test 3; 11 and 13 of Test 4. The gage
locations are illustrated in Figs. 8, 9 and 10, and the data is
{llustrated in Graphs 5 thru 1ll. While the bending strains dif-
fer in each case, the average or tensile strains are quite simi-
lar. At about 2'-6" frcm the point of load application, or
2'-6" froz the reinforcing plate if one is present, the same °
general tensile strains will be found.

The effect of load transmission by the reinforcing plate can be
seen by comparing Graphs 6 and 7 with 8 and Graphs 9 and 10 with
11. Gage locations will be found in Figs. 9 and 10. Comparison
of this data indicates that the reinforcing plate was rotated as
well as forced downward by the load. This type of reaction is

to be expected due to the eccentricity of the point of load appli-
cation on the relatively stiff reinforcing plate.

The reaction of the support ring will be found in Graph 12. A
graph of the theoretical radial strain in the shell, calculated
assuning the shell to be a membrane, is also shown. It will be
noted that the experimental data conforms rather well to the
theoretical values. This indicates that the shell was acting in
close conformity ‘to the approximate theoretical model.

Strain data from the gages not discussed here is available in
CB&I Technical file 9107-3-4.
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ILLUSTRATIONS Figure 1 =-==--==-ccc==e e 9
Figure-2 :e=se====eacccoce= : 10
Figure 3 ======== =-coc==- 10
Figure 4 ==+ ececccconces 11
Pigure 5 es=vess-cocsceces li
Figure 6 ==~=-- I 12
Figure 7 ==-e===-ccccoces 12
Figure 8 ====---==cccccce- 13
Figure 9 =--====== I 14
Pigurs M) cvecerscass  eeee 15
PHOTOGRAPHS Figure 11 ========-----=- 16
Figure 12 ==-=c=c= ~c=c=- 16
Figure 13 =c-eccccccccccces 17
PiRue M sressveneeeatame 17
Figure 15 -ececceccccccnee 18
Figure 16 --=====m-me-ce=- 18
Pigure 17 =esessccccssecss 19
Figure 18 ==-==--=cccccc=- . 19
Figute 19 ==--ceccccccccces 20
Figure 20 =======-=cc-c-cee- 20

GRAPHS 1 through 12 21 through 34
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Top View, Fitting
«With Pad Reinforc~-
ing. Crack Which
Developed During
:Test 4 Evident,

FIGURE 19
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ABSTRACT

Procedures are given for the rational design of barricades
for hazardous pressure systems. Methods are given for estimating
the initial velocities of missiles produced by exploding pressure
vessels, and for determining the penetrating effects of these
missiles on materials normally used for barricade construction.
Methods are also given for estimating effective blast pressures
produced by the explosion of pressure vessels. Charts and
diagrams to assist in performance of the calculations are
included, S;n checks of the design methods against experimental

data are presented,
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ties pressure retaining walls and Personnel, Sych barricades
Eust, of Fourss, be adequate for the purpose or they may, in fact,
increase harards by becaming miselles tusmselvey,

1.2 Cemeral Barricede Design Method

The design method outlined 1n thig TFPOrt 1s that one firgt
deterxines what ooe 18 barricading sgainst (includiu the methods
by vhich failure tg anticipated), and then evalustes a proposed
denign of barricade to determine ftg adequacy,

The trial and error process could de climinated by restricting
consideration to ouly certain types of barricades (e.g., steer plates),
It 1s felt, bovever, that to 4o $0 would de unduly restrictive,

The evaluation of the adequacy of o barricads 14 divided 1nto
tvo phases; resistance to peoetration or perforation by misntles
produced by en exploding pressure vessel, and resfatance to the blast
effects produced by release of the Pressurized fluid tnetde the pressure

1 :
)iy

i T ———

e . R




vessel. (Complications due to release of flammable fluids are pot
treated 1o this report but should be considered, vhen applicable,)
The evaluation of missile resistance i{s given first since, in most
cases, barricades vhich vill be adequate for missile resistance
will be more than adequate for blast resistance,

2. FUPTURE CORDITIONS
—— SR I0ws
The methods given belov for evaluation of barricade adequacy require
consideration of the amount of energy released during the pressure vesse]
rgpiure. This amount of energy is a function of the mode of failure
sssumed for the pressure vessel.

Yor example, 1f a repid chemical reaction is anticipated wvhich s
expected to be Loo fast to be relieved by pormal pressure relief devices,
one wight expect an explosion im vhich the tesperature and pressure of the
fluid bullds wp at & rate vhich 1s too fast to transfer heat to the walls
of the pressure vessel. Thus the valls of the pressure vessel vill remain
essentially at the initial temperature and failure will occur vhen the
pressure 1s high enough to equal the rpture pressure of the vessel at
the ioitial tempersture. If the initial temperature fs the design temperature
Tfor the vessel then, for ASME Code vessels, the rupture pressure vill normally
be about four times the design pressure.

As another example, consider a vessel for which no mechanism {s avatlable
by which the pressure can be raised above the design pressure - but which ig
subjected to severe thermwal cycling stresses so that failure by fatigue is
feared. It 1s thus assumed that the vessel rptures suddenly st design
texperature and pressure. The energy released s then sasumed to be that
released by fsentropic expansion of the contained fluid from design conditions

to one atmosphere,

As another example, consider a vessel vith electrically heated valls
vhere failure by overbeating of the walls {g anticipated. Pressures are
limited to design pressures by pressure relief devices, but the wall 1o
veakened by incremsed tempersture (resulting, say, from loss of flov of
internal fluid or low Iiquid level) until rupture occurs at a temperature
at vhich the tensile strength of the wvall material equals the pressure
stress. This temperature would be determined by consulting data for the

and design pressure from steam charts or from other thermodynamic data,

KAPL-M-64k6
(Cw-24)

MISSTLE RESTSTANCE OF BARRICADES
3.1 Estimation of Initial Miesile Velocities

a. FEnergy Method. An expression derived from energy relation-
ships for the initim) velocities of fragmente of exploding casings
filled vith erplosives which bas been found by experiment to be
reasonably accurate is (from Gurpey, reference 8.1.2 and Sterne,
reference 8.1.4):

Vo = VZER (1)
vhere, for cylinders

C,
1s+scC/2n (?)

for spheres

c
"_%Wcu (3)

and, for "sandviches"

c/n
"xoc;u : )

Poergy function « 6900 rt/sec for T
Explosive weight

Onse weight (both eides, for "sandviches”)
Initial velocity, ft/sec

vhere

cwald

In deriving th's expression, 1t vas asrumed that, for a given
explosive, a constant fraction of the €RErgy released on detonation
of the explosive fa converted to kioetic energy - vhicy 1o laparted
to the fragments and to the expanding fluid. For TWT this fraction
m!mdtobem&)memorme-xmnmmrumnm‘
be released by isentropic expansion of the fluid to cpe atmosphere,

This expression may be used to estimate the velocities cf fragements
of exploding pressure vessels by assuming that the same fraction of

KAPL-M- 6446
fewe-2k)



Sssumption 1s believed to be conservative. (See Appendix A for some
checks of the accuracy of this assuption ageinst published data for
pressure vessel explosicns.)

The expression then becomes

Y% = 1.0% VEg R £t/sec (s)
vhere Ep = Avatlable energy released by isentropic expansion of
pressurized fluid to one atmosphere on per-unit mass

baste, ft-1b/slug (see Pigure 1, Curve A, for saturated
vater).

In the event & portiom of the interior of the pressure vessel is
occupied by an inert materiel, such as steel, the energy, Er, and the
“explosive” weight, C, should be reduced proportionally.

b. Initiel Velocities of Pragments of Cylindrical P:essure Vessels
Cootaining Satursated Water. The initial velocities of fragments of long
cylindrical pressure vessels constructed of steel (or material vi h a
similar density to steel, 490 1bs/cu ft) filled vith saturated va er at
various temperatures have been determined from Equation (5), and are
presented on Pigure 2 as & function of the ratio of the inside diameter
of the vessel to ite wvall thickness.

e

For subcooled vater (vater which {s pressurized up to 1000 psi mbove

the saturation pressure corresponding to ite temperature), Figure 2 can
be used vith only & fev per cent error by using the curve corresponding
to the temperature of the subcooled water.

€. Autoclave Beads. For autoclave head » 8 sizple method of
estimating the head kinstic energy vhich is belisved to be conservative
is Lo assume that the full rupture pressure acts on the bottom surface
of the head during motion of the head from its initial position for a
distance equal to the diameter of the opening generated by its removal.

Mrxing the.: sssumptions, the kinetic energy of the head is given

Zx - 0.065% D’ p

fe-1v (6)
vhere P . Diawrter of opening - inches
P« Pr ssure {n system at time of rupture - paig
KAPL-M-6hib
(cw-24)
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The assoclated velocity is
‘ - 2.05 J P_:—

W = Weight of autoclave head - 1bs

rt/sec (&3]
vhere

d, Attachments. If a plece of equipment such as a pressure gage
or thermocouple vell becomes dislodged, 1t will be accelerated by a Jet
of expanding fluld from the resultant opening in che vessel.

Procedures for predicting the velocities of such missiles are
¢iven in reference 8.1.13%,

Predicted velocities of such miseiles of various sizes and wveights
propelled from vessels filied with saturated water at 2000 psia are
shown on Figure 3 (taken from reference 8.1.1%),

e. Rocket Type Missiles. Rocket type missiles are those which
discharge fluid while flying through the air. An exmmple of such &
missile would be a length of pipe closed at ope end and open at the
other which {8 ipitially filled wiil & pressurized fluid. The fluid
discharges from the open end, accelerating the pipe.

The kinetic energy of such missiles may be conservatively estimated
by assuming that the {nitial available epergy of the fluid (taken, for

vater, from Curve B of Figure 1) {s the final kinetic energy of the
missile,

Taat is

B = v B £t-1bs (8)
wvhere By = Kinetic energy of rocket type missile - ft-1bs
v = Volume of water which produces the jet - g ft

Ey = Available energy per unit volume from Figure 1,
Curve B - ft-1b/cu ft

v - 58X
vhere 8 = Acceleration of gravity - r!/oecz
W = Weight of misstle after discharge of i.ter - b~

KAPL-M 64k
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The corresponding velocity of the missile ia
rt/sec (9)
|
|
|
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A somevhat more sophisticated analysis by Porzel may be found
in reference 8.2, 3,

Missiles of thig type can acquire such high velocities that it
is lspractical, in WAy cases, to design barricades to withetand them,
'u'tmul:, in most Cases, the probabilities of such missiles oceur-
Mg can be econamically reduced to acceptable levels by suitably
anchoring the potential missiles. Such anchors should be capable of
vithstanding forces equal to the Cross-seotional areas of the missiles
multiplied by the expected pressures at rupture,

In the event the barricades DECESSArY to restrain these missiles are
uneconamically massive, mare elaborate apd less conservative calculations
may be desi-able. Some examples of such calculations are given in
references 8.1.13, 8.2.3, 8.3.a.1, 8.3.a.3, 8.3.a.4, 8.3.0.6, and 8.3.a.15,

of the vessel contents to the Pressures occurring during some assumed
thermodynani ¢ sequence of events. Normally, a digital computer 1s
Fequire. for solution of the equations.

3.2 Misstile Shapes

In some Cases, the shapes of misst les produced by exploding pressure
vessels vill be obvious (such as autoclave heads). In other cases,
bovever, (such as fragments of a ~ylindrical shell) the shapes and s{zes ‘
of the missiles will not be obvious, |

In this latter situation, the recommended procedure 1{s to assume

that misntles having the greatest penetrating effect are produced, They
vill normally be the largest missiles vhich can be grnerated,

1o many accidents). The missile should be assumed to rotate in flight

KAPL-M- 6Lk
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5.5 Perforstiom of Stee) Plates

&. Mesiles of Circular Cross-Section. References 8.1.9 through
8.1.11, and 8.1.16, 8.1.16, 8.1.18, and 8.1.20 report the results of an
extensive series of tests conducted by the Stanford Research Institute
in vhuch rod shaped missiles traveling at wvelocities characteristic of
wissiles produced by pressure vessel explosions vere ismpacted against
Square steel plates with edges clasped in relatively rigid frames
(or “windows®).

The results of these tests have been summarized {n reference
B.3.5.17 vhich gives the folloving expression for the minimm energy
per unit diameter of missile required for perforation of a steel plate:

« U (0.3 7 4 0.00%06 wr) (10)
<D YEY

Critical kinetic epergy required for pepetration - ft-1bd

Diameter of micsile - inches

Ulitimate tensile strength of target plate - pst

Plate thickness - inches

¥idth af window - inches

CHaoUN oOn

This expression has been tested for validity vithin the folloving
range of vy riables:

0.1 <t/ co0.8 (n)

0,002 <T/L <0.05 (»)

10 <L <% (c)

s <w/n <8 (a) (11)
A <¥/T <100 (e)

0.2 WL ~1.0 (r)

TO fpe < Ve« LOO fpe (s)

vhere L « Moasile length - inches
Ve « Misstile velocity - fpe

It should be used with caution {f any of the variables fall outside the
ranges given,

The limitations oo width of vindow (vhich can be taken as the
distance between parallel supports or stiffening members) vill often be
restrictive wvith common construction practice for spacing of structural
seubers or vhen & mesbrane type of censtruction is used - as, far

KAPL- M- Ehbb
(cvm-24)

13

exasple, & cylindrical or s, ixcical comtaiper vithout stiffening
wezbers, vhich possesses no obvious aoalog to window width,

utheucun,*atbwunuof'ldunum-enﬂ
othheﬂnﬂnolul-M it 1s recommended that the smallest
of the upper limits for W given by (11)4, (11)e, and (11)f be used in
equation (10). That s, use the mmallest of

V& (a) (12)
¥ = 1007 (»)
¥ o L (e)

If, as 1s usually the case, the required thickpess is unkpown and
the other factars in equation (10) are known, then a more coovenient form
for this equation is

T = -0.01W + V1.38 x 10-8w2 2.9 ¢ (13%)
]

b. Missiles of Bon-Circular Cross-Section. The Stanford reparts
40 pot give rules for missiles of other than circular cross-section. It
is believed, however, that it is reasooable to uce the results odtained
for circular cross-section missiles by converting pon-circular misstles
to “equivalent” circular miesiles baving the same ratio of lengih of
perimeter to cross-sectional area.

thickness, this conversion can be made by assuming that the plate bas »
peoetrating effect the same as & rod baving the same velocity and length
(measured parallel to the rod velocity), ood & diameter twice the thick-css
of the plate.

Making this conversion, then, and expressing the energy in terms of
velocity, the sbove expression for E/D may be revritten

T « 0.0 + VI38x 10002 5 T 7% PUNTT  (14)



vhere T « Plate thickness at vhich peiforation barely takes
Place - irches

# = Density of missile - 1bs/cu in

t Thickness of missile plate - inches

L - mduuucpuu-mmuuw
velocity - inches

Vp = Velocity of miseile - ft/sec

¢. Considerstions Other Than Perforation. Fven though a misstle
does Dot perforate & = eel barricade, it may produce considerable rapid
deformation in the vicinity of the ares of impact. Such deformaticn may
diulodge mauges, fasteners, or other materials mounted on the operators'
side of the barricade and conver: them fnto missiies. It ts, therefore,
recommended that the operators’' side of steel plate barricades be kept
free of any such attachments, and that operators’ stations be kept back
&t least several inches from the surface of the barricade,

3.8 Pepetration and Perforation of Concrete, Masonry and Sand

Penctratim depth 1s the distance {nto a barricade vhich a non-
perforating missile penetrates before coming to rest.

This distance 1s given (Amirikian, reference 8.1.5) by the modified
Petry formula:

D' « KAV'R (15)

vhere D' « Depth of penetration in slab of thickness T - ft
K « Material property constast from Table 1 - e’/ 1
A « Sectiooal mase, veight of missile per unit cross-
sectional ares - 1b/red
V' =« Velocity factar, from Figure &
R « Thickness ratio, from Figure 5

Por depths of penetration grester than tvo-thirds of the total slad
thickness, s-abbing (that 1s, expuleion of slab materisl from the
operator side of the slad) may be anticipated, Thus, unless the barricade
is made more tham 1-1/2 times the predicted penetration depth, a steel
plate shorld be anchored to the Gyerator side of the darricade to prevent
scabbing,

_ Komograms by weans of vhich the pepetration of cylindrical missiles
ioto comcrete and sofl may be eotimated for missile velocities above
500 ft/sec are given in reference 8.1.9.
KAPL-M-6hk6
(Cwe.24)

TABLE 1, vumarmnolmcrm(l)mmanm

Material rnd -l
Limestone 5.% x 10”
Concretel 7.99 x 10-3
Reinfirced concrete? L.76 x 10-3
Specially-reinforced concrete’ 2.8 x 1073
Stone masonry 11.72 x 103
Brickvork 20.48 x 103
Sandy soil 3.7 x 1073
So1l vith vegetation A8.2 x 103
Soft sotl 73.2 z 103

"ﬁ‘a concrete with » crushing ttreutjof?,mm
per square ioch.

“Normal reinforeed concrete vith a crushing strength of
3,200 pounds per square inch and 1.4 per cent of
reinforcement,

’ayvﬂdh-nlnfcreed concrete vith a crushing strength

ofS,Tprro@m!m-ﬂl.lmmo{
reinfordement,

KAPL-M-6hh6
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5.5 Use of Blast Mats

Voven mats .. sterl cable or manila rope are commonly used during
blasting operstions in connectiom with comstruction vork to- prevent
rocks from being thrown outside of the blasting area. They have also
been used as barricades Tor harardous pressure vessels to stop missiles,

Unfortunately, there are no rational methods for quantitatively
estimating the effectiveness of blast mats known to the suthor,

Bowever, one organizstion with considerable experience ir their
use for protection of pressure vessels reports that blast mats made
of 3/R - 1/2" steel cable should stop missiles of pot more thas 1 1b
10 size provided the mats are separated frca the pressure vessel by at
least 3 feet and are Tlexibly supported (such as by ropes) to permit
them to deform readily snd thereby absord energy.

5.6 Asalysis of Complex Structures

a. Orids. The resultes of a series of low ve.ocity perforstion
tests on steel plates reinforced by lattice-vork ure reported in
reference 8,1.17.

b. Dynemic Analyeis. Williamsm and Alvy (reference 8.1.7) present
e @namic method of analysis for missile penetration similar to that of
Revmark (reference 8.2.4) for blast loadings. In this method of soalysis,
an equivalent static load is obtaipned vhich is then used to evaluate the
strength of the barricade. The method requires ap evaluation of the
natural period of vibration of the barricade and its ductility ratio
(the retioc of elastic deflection to the deflection at failure) and
knovledge of the missile size and velocity., Curves are presented to

aid in the computations.

¢. General Methods of Analysis. Available analytical techoiques
for evalustion of impact are given or revieved by Goldamith 1o refcrences
8.1.15 and 8.1.19 and way be of uee in certain cases. FHowcver, as
Goii~1th states in the conclusion of reference 8.1.19, the availsble
theoretfcai ‘~ols cannot handle most of the collisicns encountered in

e=tual prectice.

YAPL -M- kb6
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5.7 Use of Lining and Packing Materials

Some test cells ccostructed in the past have been liped with an
1xbwtwofmd,¢mmlntotboﬂmh.l..ﬂl-
fragments, thus providing eome protection to the primary barricede and
reducing ricochet effects.

It seems reamsonable to expect that su~h linirgs would have such
bepeficial effects. However, no method is known to the athor for
quantitatively evaluating this effectiveness.

If the omemt!npmumwtulnﬂthehrﬂc&e-h
completely filled wvith a cushioning material (such as sand or plaster
of Paris) tmpact loadings can be avoided completely and the darricade
can be designed primarily on the basis of blast loadings alone.

3.8 Perforation of Transparent Barriced

Vieving ports, vindows, and other transparent barricades or
portions of barricades present special problems since operating
personnel are likely to be located pear to them. Also, =ost transparent
materiale from vhich vieving poris are made are relatively brittle - so
it 1s difficult to predict their behavior under concentrated impact
Joading such as is produced by mirsiles,

As a result, vhere migsile hazards are unusuelly severe it {e
recommended that alternate methods of viewing be provided, such as
periscopes, mirrors, and closed cfsouit telsvision.

Some recommended thicknesses of laminated bullet resisting glase
are presented io Table 2 (from ~eference B.%.c.4). These thickaesses
are given in terms of the kipetic energy of the miesile,

No similar data could be located bty the au‘hor for transparent
plastic vieving ports. In general, Eowever, 1t is belisved (from the
test results rcported in reference 8.3.c.3) taat slightly greater
thicknesses of Flexiglnc and similar acrylics are required to produce
equivalent proteciiom,

The properties of the polvcarbonate resine (hgh impact strength
and elongation) are such that they should provide relatively good
migcile resfatance, N> data suitadle for deeign purpores could, however
be localed by the suthor, -

KAPL-M-6bké
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The use of glass for viewing ports vhich has been peither laminated
nor tempered to prevent shattering under impact is, of course, to be
svoided in all cases due to the sharp fragments vhich are formed on
fracture. (Glass used fcr shielding purposss is thus normally unsuitable
for use in barricades.)

TANLE 2. MINDEM REQUTRED THICKXNESSES OF LAMINATED BULLFT
FESISTING GLASS TO PREVENT PENFTRATION BY MISSILES

Required Thickness of

Missile Kinetic Pnergy Bullet Resisting Glass

ft-lbs

) 1 316

Ak 1 9/16
200 2

5.9 Gesple Calculations

4. Steel Plate Barricade., Consider a long cylindrical tube with
an inside diameter, d, of 2" and & wall thickness, t, of 0,1" vhich
ruptures due to fatigue vhile containing saturated water at A00°F,

The wvall materfal is carbon steel having a density of 0.2% 1bs/cu in
(890 1ba/cu ).

The retio of !nside Qlameter to wall thickness s
UC - %ﬁ - 2

Prom Pigure 2, the initial velocity of the miesile produced is about
1010 rt/sec.

Ve shall assume that the tube splits longitudioally and opens flat,
Thus, the lengthvise dimeneion of the missile {8 the circmference of the

tube or

L « M4 « M(2) « 6.28 toches

KAPL-M-6kkb
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Let us construct the barricade of AST™ A-T carbon steel plate
baving a specified minimm tensile strength of 60,000 pet.

From equation (14), the thickness of plate which vill barely
retain this missile is given by

T« -0L1W + V1.38 x 1002, 0,0706 PUT
From Section 3.3.b, the “equivalent diameter” of the missile 1s
De2te(2)(0.1) « 0.2 tnches
Thea, from equation (1%)a, let us assume an effective window openiug of
Ve 8« (8)(0.2) « 1.6 tnches
This is smaller than: (a) anmy ltkely spacing of supports, or (b) the
opening size given by equation ) Ab vith any reasonable h:rrtu(lz
thickness, or (c) the length, L, per equation 02)c. Thus, the value of
1.6 inches from (13a vill be used. Then, putt.ng in numbers

T « -0.0118(1.6) +

V1.38 x 10-%(1. 67, (o.mos)(o.yss2(0.12(6.20)(10:08
£0,000

= 0.445 tnches

or rounding off, say, 1/ inch,

vhich entered into the calculations:

(1) mmmumumqmuu-unom
barricade doth with 1ts velocity normal to the barricade and with
the plane of the missile normal to the barricade at the instant
of contart. Both of these conditions are rather unlikely.

(2) The tube was assumed to open out o
cmpletely flat so
that ite characteristics on impact vould be similar to those
of & cylindrical rod. Actually there would probadbly be some

KAPL-M-6hhE
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residual curvature vhich would lower the buckling characteristics
of the missile and thus reduce its peoetrating ability.

b. Reinforced Concrete Barricade, Determine the adequacy of a
one foot thick slad of aormal reinforced concrete to stop the miseile

of 5. 9.8,

Prom 3.4 the penetration distance will be
D' =« KAV'R
Prom Table 1, far “normal” reiaforced concrete
K « b.76x100 rnd/n
The sectional mass is

A = P.
= (0.28% 1b/10%)(6.28 1n)(184 102/12?)
- 256 1b/re?

The velocity factor 1s, from Figure &
¥' e O.75
The penetration ratio s, from Pigure §

T

a' - u—"

1 1
® (876 x10°3) (2%) (0.75) ° o.91%
e 1.10

The thickness ratio 1s off scale to the left op Pigure 5, ibus indicating
that the penetration depth is greater than the thickness of the sleb.

To barely stop the miseile, then, the slab must have a thickness
Ty = 2(xav') KAPL-M- 6446

(cvm-24)
e (2)(1.10) « 2.20 ¢

Let us try & thickness of 3.0 ft. Then

o, 29
i R

From Figure 5, the thickness ratio is
R =« 1.06

The depth of penetration in this slab will thep be
D' =« (0.914) (1.06) = 0.97 1+

The clab thickness of 3.0 ft is more than 1-1/2 times this depth, so
Do anti-scabbing plate is peeded.

BLAST RESISTANCE OF BARRICADES
4.1 Conditions Requiring Evalustiom

Blast effects viil be produced whepever high pressure fluids are
suddenly released to atmosphere. These effects are often (perhaps
usually) more destructive than the effects of missiles - which sct over
much smaller areas. It is thus felt that blast effects should be

k.2 Physiological Effects of Blast

This report is concerned primarily with evalustion of structural
cffects and the structural adequacy of barricedes. It {a felt that a

However, Muuruu..mmrc.ummmcrc
evaluating poesible effects on persommel vno night be {nside & barricade
at the vrong time, some consideration of physiological effects may be
of interest,

Table 3 (adapted from Glasetone, reference 8.3.0.12) gives valu-s
for the peak over ressures at vhich various pPhysiological effects are
anticipated, These values vere cbtained largely 1o connection vith the

KAPL-M-64h6
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TANLE 3. PHYSIOLOGICAL EFFECTS OF BLAST PRESSURES

Pesk Overpressure Physiological Effect
pel
1 Knock Persounnel Over
b Threshold for Eardrum Rupture
15 Threshold of Lung Damage
3 Threshold for Patalities
65 Fata.ities 99% Probable

effects of atamic wveapons - vhich are characterized by unusually long
period blast wvaves, With the shorter period blas® waves vhich are
expected from pressure vessel explosions, these values are felt to be
conservative.

In order for this table to have any predictive value, 1t s
necessary, of course, to cbtain an estimate of peak overpressure in a
given incident.

Rigorous calculations of blast vave pr ssures can be very complex
(sce references 8.2.3, 8.2.5, and 8.2.18). However, 1t is believed
that & rough estimate far the purposes described above may be obtained
by sultiplying the static pressures obtained by the methods of 4.3%.a by
a factar of 6. (This factor wvas obtained by comparing predicted static
pressures from &.%.8 vith those obtained by Porzel in reference 8.2.%.)

In sddition to physiological effects resulting from pressure load,

effects may also be produced by the high temperatures vhich frequently
accompany blaste, such as by scalding by steam. Protection should be
provided against such hazards vhen present,

k.3 Pffective Static Pressure

a. Btatic Analysis. The effect’ve static overpressure for
otr‘eturt-l evalustion purposes may be estimated from the following
expression (sdapted from Loving, reference 8.2.9):

KAPL-M- 6uk6
(cm-24)

v
PSSR (16)
[

vhere Effective static overpressure - peig

= Volume of pressure vessel - cu i

Ve « Volume of chasber into which fluid is released oo
explosion of pressure vessel - cu ft

Ey = Energy released due to expansion of fluid or chemical
reaction (1f present) per unit volume of pressure
vessel - Btu/cu 1n

~
.1
.

This expression say be rearranged in the farm

P
'—E - 5.T5 K

vhich 16 given by Figure 6 for saturated vater as a function of water
temperature and pressure.

For ponreacting fluids, the available energy E, should be obdtained
by determining the amount of emergy released by isentropic sxpension of
the fluid from rupture conditioms to ome stamosphere.

For reactions of certain explosive compounds, see reference
8.2.9.

The above expressions vere cbtained for chambers having & maximm
dimension no greater than twice the minimum dimension. Thus, for long,
narrov chambers (such as pipes) an effective volume should be used for
Ve equal to the volume of a space baving its maximum dimension twice
that of the minimum dimension of the chamber.

The pressure is used by conventional static structural techniques
to determine barricade adequacy.

®. c is. PExmsples of calculstions is vhich transient
pressures during pressure vessel incidents vere calculated are glven
by references 8.2.2, 8.2.3, 8.2.5, 8.2.18, 8.3.a.1, and 8.3.0.6.

Nevmark, in refereace 8.2.4, gives & method for evaluating the
effects of blast loading in terms of an equivalent statie pressure,
This method requires an evaluation of the natural fregquency of vibretiom
of the structure, ite ratio of elastic deflection to deflectiom st
fallure, and & knoviedge of the durstion and magnitude of the blast
loading.

(cvm-24)
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Methods for the design of specially coostructed masonry walls to
resist blast loading are given by McKee and Monk in references £.2.6,
8.2.7, and B.2,15.

4.4 Blast Energy Absorption ty Defurmation

Methods which may be used for the evaluation of blast resistance
of cylindrical containment structures ip terms of their energy absorption
abilities are given by Wiee in references 8.2.8 and 8.2.16,

The use of crushable materials such as wood and celotex 1 discussed
by Porzel (references 8.2.5 and 8.2.12), Haoua and Pwing (reference 8.2.20),
Monson (reference B.3.a.7) and Zaker and his associates at Armour Research
Foundation (now JITRI) (reference 8.2.19 and subsequent periodic reparts).
As yet, hovever, no simple, generally applicable design techniques are
known .,

Absorption of blast energy from steam and water pipes ruptured under
water ie discussed by Luken and Leeman (reference 8.2.21).

4.5 Sample Calculation

Let us determine the adequacy for blast resistance of the barricade
selected 1o 3.9.a. A 1/2 inch steel plate vas selected as adequate for
missile resistance.

We vill assume that the barricade ir in the form of & posinal
10 inch diameter Schedule 60 pipe baving & pominal wall thickness of
1/2 tnch, the same length as the pressure vessel, and constructed of
ASTM-SA-106B material,

From Figure 6, the blast pressure function developed by ripture
of the pressure vessel containing 600° vater 1s

P b]
- 141 peig - Mt
';'c in
The volume of the chamber will be

« I 2

Ve .
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where D « Inside dlameter of barricade - £t
L - Length of barricade - ft (taken as unit length or 1 ft)

The inside dlameter of 10-inch Schedule 60 pipe is 9.75 inches. Thus
2
I . 3
v v &R . oosen
Similarly, the inside volume of the exploding pipe 1s
/-
" - lzl.
« £ (202

. 3.7 12

Then the effective static pressure produced s
v
1 L2
Pe e o v BT e 1005 pere

Prom paragreph UC-27 of Section VITI of the ASME Boiler Code, the
thickness required to withetand this pressure {8 glver by

R
et moe

where 8 « Maximm stress allovable by Code (equals 15,000 pet
for this material)
E « Joint efficiency (equals 1 for seamless pipe)
R « Instde redius - inches
Putting in these values wve obtain

1025) (.
15,000)(1) - (0.6)(1025)

- O.M in
This 1s less than the 1/2 inch required for miseile resistance. Thus
the blast reststance s satiefactory.

KAPL-M- 64k
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4.6 Evaluation of Barricades by Test

mmnouncuemmexcnmmn
means of wvhich pressure vessels baving geometries vhose adequacy cannot
be reliably evaluated by analysis can be shown to be adequate.

Unfortunately, similar proof tests for barricades are 1likely to
be prohibitively expensive and should be considered only vhen no other
means for evaluation exist,

A program to develop and evaluate scaling lavs for tests of mode ]
barricades using explosive charges is described in references 8.2.10,
8.2.16, 8.2.17, £.2.22, and B8.2.23. The application of these lavs to
tests of a 1/ scale model of & nuclear reactar barricade is described
in references 8.2.1% and 8.2.17.

hcholnof-lmtwyuu-ihtudcmuoene-oelwd
the cell using up to 50 Ib charges of TNT are described in references
8.3.b.11 and 8.3.0.12,

Testc conducted on a full scale portable barricade are described
in reference 8.3.b.13.

4.7 Blast Resistance cf Transparent Barricades

Circular glass vieving ports with sapufacturer's static pressure
ratinges may be purchased in sizes wp 10 17 inch diameter (reference
8.3.c.) and B.3.¢.5). These are considersd generally preferable to
"homemade” designs due to the Aifficulties of providing edge supports
vaich develop the full strength of the glass.

If, bowever, a special design is desired, the folloving equation
may be used for estimating the required thickness (from Shand,
reference 8.3.¢.2) of solid glass or plastic ports

t - GV?_ inches (17)

vhere 4 = Diameter of circular port or smaller dimension (vidth)
of rectangular port - i{nches
P = Effective static pressure due to “last - pet
¢ = Allovable vorking stress of port material - pet
K Stress factor. For circular ports X; « 0.3025. For
rectangular ports X} 1s & function of the ratio of
length to vidth and is given by Tabdle &,

KAPL-M- 6k
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Recommended wvorking stresses are 1500 psi for tespered glass and
1100 psi for Plexiglas G .

TABLE b. STRESS FACTORS POR RECTANGULAR VIEWING PORTS
(Shand, rer. B.%,c.2)

14th Stress Factor
Ratio K1

L.8 Efectiveness of Venting for Blast Protection

Laboratory test cells are normmlly conetructed with one wall either
open or of lightweight comstruction to act as an explosion vent. Such
veots are of comsidersble value for minimizing the effects of relatively
slov explosions such as occur 1f the test cell fs filled with a hydro-
carbon or combustible dust mixture and ignition occurs (see reference
8.2.11).

When pressure vessels explode, however, the resultant blast vave
1 projected outvards from the vessel at the velocity of sound. Thus
portions of the surroundings vhich are acted wpon by cme portion of
the blast vave will be relatively unaffected by vhat is happening else-
vhere Lo the blast vave. As & result, little relimnce can be placed on
the beneficial effects of venting for the types of explocions considered
here,

This lack of effectiveness of venting has been demonstrated vhen
pressure vessels have exploded out of doors (under "{deal” venting
conditions) with extensive blast damege resuiting.

KAPL-M-6Lhé
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9. DESIGN OF LABORATORY TEST CELLS

Laboratory test cells consist, in general, of three reinforced walls
constructed of concrete or similar materials anc - fourth wvall of light-
veight dblowout camstruction pointed in a safe direction. The designs of
& nugber of such test cells are described in references B.5.5.1 through
8.3.5.12 and B.3%.5.1k and 8.3.b.15.

6. ADDITIVE MISSILE AND BLAST EFFECTS

Usually & barricade will have a considerably greater margin of strength
for blast resistance than for miseile resictance. Thus exposure of the
barricade to blast effects will not affect its subsequent resistence to
missiles. (Blast waves usually travel faster than the missiles ad thus
act upon the barricade first,)

If, however, the blast and missile resistance of a barricade are about
equal, the blast effects could conceivably cause wveakening or dislodgement
of the barricade so that barricade failure subsequently occurs due to miseile
impact -Mnmbfnilmmdmuememrwoxthrdmcﬂnu
acting siogly. Tdus the poseidbility of additive effects should de considered
vhen the required thicknesses for blast and missile resigtance are about the same.
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APPENDIX A. CH®CX OF MISSILE VELOCTTY ESTIMATE

The expression given by Pquation (5) for +%=» estimation of the velocities
of fragments of exploding pressure vessels is a1 extrapolation from the Gurney
equation (Equation 1) - which has been ver{fies by exveriment for explosions
of high explosives in cylindrical geametries over a vide range of diameters
and thicknesses of cylinders.

Its use in the form given by Equation (5) for the much slover and lower
pressure explosions characteristic of pressure vessels is, of course, wvithout
sound theoretical foundstion. Thus an attempt vas made to correlate predicted
velocities cbtained from Pquation (5) with some calculated from the distances
of travel of fragments of exploded pressure vessels reported in the literature
(references 8.4.1 thru 8.4.8),

The literature references give, in geveral, the distances traveled by
fragments of the pressure vessel shells, the prescures at vhich the explosions
occurred, the dimensions of the Pressure vessels prior to the explosions and,
in the cases of the fire tube boilers studied, usually same indication of the
vater level at the time of the explosion. All of the explosions studied
except one (reference 8.4.7) vere fire tube boilers.

Tt vas assumed in predicting the velocities by Equation (5), that the
fire tube boilers vere filled to the equivalent of fifty per cent of their
ioternal volume vith vater; the remainder of the space being the normal steam
*pace in the boller and the space occupied by the fire tubes, ‘

The minimm initial velocities calculated from the range of the fragments
vere calculated by the method suggested by Wood (reference 8.3.a.1) with an
sdditional correction factor taken from ordnancs data to mccount for air
resistance. This method tsplies that the missile vas fired at a forty-five
degree angle (or elevation) to the horizontal. Thus the computed velocity
is the naximm vhich could have occurred and may be considerably less than
the ac' wl inftial velocity.

The results of this comparison are sumarized in Pigure 7 - in which the
mintmm velocity computed from the range of tie fragments {s plotted on the
vertical scale, and the velocity predicted by Equation (5) 1s plotted oo the
borizcotal scale, The dotted line represents an exoit correlation, The
nunteres next to the points refer to reference pumbers given in B.4,
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All of the points fall below the dotted line, thus indicsting that
Equetion (5) gives results wvhich appear to be conservative - vhich is
reassuring.

The scatter in the vertical direction of the predicted velocity may be
expleined on the basis of the random elevations of the fragments. .Lf this
is, in fact, a true explanation then the upper points most accurately
represent the i init!al velocities. Using these poicts, the velocities
predicted by Equation (5) are high by about forty or fifty per cent of the
“"true” velocities.

Scme caution should, however, be observed before Jumping to the
conclusion that Equation (5) 1s, in fact, this conservative - since the
apparent cooservatism may also be explained by the following factors:

a. A relatively small number of cases of explosions wvere
studied; thus there is a significant probability that none of the
fragmeots came off at ~l_se to the fort-five degree elevation
required to produce maxisum range.

b. In the fire tube boiler explosions studied, consideralle
kinetic energy may have been absorbed 1n accelerating the tubes -
sany of vhich were thrown considerable distances. No allocation
of energy vas made to the tubes, however, in estimating the velocities
of the fragmeots. Thus vessels vhich do not contain comparable
internal structures might be expected to produce higher shell
fragment velocities,

€. The dsta for the explosions vas of rather poor quality by
laboratury stendards. Most of 1t vas taken by untrained observers,
scome of whom wvere probably bissed by personal considerstions.

4. All the explosions studied occurred at relatively low
pressures; the highest being 100 peig. What sort of correlation would
be obtained at higher pressures can only be speculated, It seems
reasonadle, hovever, to expect better agreement - since vessels
exploded at higher pressure vould seem %0 approach more pearly the
conditions occurring during detonation of high explosives,
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B.1
APPENDIX B. CHECX OF EQUIVALENT STATIC OVER-FRESSURE E! TIMATE

Hanoa and Bving (reference 8.2.23) have reparted dats for a series of
experiments In wvhich charges of 50/50 pestolite vere exploded while suspended
on the center lipoes of cylindrical steel pressure vegsels f various sizes,
The pressure vessels were {nstrumented vith strain gauges vhose readings
vere recorded with high speed instrumentation during the =xplosicns.

From the strain gauge readings, an effective over-pressure during the
explosion can be derived. (Thet e, the static ioterna) pressure which wvould
be required tc produce the same strain.) With strains (n the elastic range
such an over-pressure would seem to be equivalent to tle effective static
over-pressure discussed in 4.%.a. Such a pressure wvas calculated for round
221 (reference 8.2.2%) - giving s value of 155 pet,

Loving's equation (reference 8.2.9) from vhich Lquation (16) was
derived 1a

v
P =« K "—e (18)
vhere P « Over-pressure in 1bs per sq inch gauge
¥ « WVeight of material exploded in 1bs
Ve = Chamber volume in cubie feet
K =« 15,000 for PETH

The value of K given wvas based on & svailable energy release of 1450 calories
per gram (reference 8.4.9), Loving does not give a value of X for 50/50
peatolits, hovever, one can be extrapolated from the value of K given for
FETN by assuming that K {s directly proportional to the available energy
release and using the value of 1200 calori~e per gram reported in reference
8.2.23.

Making this extrapolation, an e uivalent static over-pressure of 113 pet
is obtained from Pquatiom (18). This value compares reascnably well with the
155 pet derived from the strain gnuge data,

Amamw.unmwumuunmn in vhich
Pipes or vessels coutaining pressurized vater have been discharged 1oto
larger vessels initially filled vith afr - following the breaking of rupture
dlece or the opening of quick opening valves. (for exazple, references
8.2.19, 8.2.21, ana 8.4.10)

(cm-éhﬂ).“




v

‘DATE FILRED

In most of these, either po blast pressures have been measured or very }
small pressures have been measured. In all cases with vhich the author is
familiar, howvever, the sizes of the suddenly produced openings have been

relatively amall compared to the volume of pressurized water. (That fis, —e.

the area of the opening has been very, very small compared to the area of

cross-section of a sphere having a volume equal to the volume of the

pressurized vater.) Thus the canditions of the experimente have been

relatively mild coampared to those which spparently occurred during many }
recorded explosions of pressure vessels - Judging from the damage produced [

and the configurations of the pressure vessel -emains.

The most severe (by this standard) testaknown to the author are those
reported by Kolflat (reference 3.4.10). In these tests a drum, 42 inches
in dlameter by 23 feet long, filled with various quantities of saturated

o~ e e e—— P -

vater at pressures @ to 600 psig wvas discharged through a 12 inch rupture e 1 LEGAL NOTICE —
disc into an outer vessel having an inside diameter of 1k feet and a height oot Ao gt ::':_"_:"::’:_‘:‘::(:"_.""" e
of 32 feet, A Makes an; warrasiy of representation capressed © mplied st respect W the setw

racy compisiencss. of seeluiness of the tnformation coniained in this report. of the! the wee
of any infor mation. spparstue. method o provess Ao ioaed in this report may ot indr lnge
privaiely owned rights or

The effective over-pressure predicted by Equation (16) for Kolflat's test

oumber 11 wns 328 psi. The first pulse of measured pressure reported by '_:,_:"::f:f;“:';::_“::;‘_t:::_:.:'::"‘::"" e
Kolflat was 86 psi. The large difference between the predicted and measured . Ar unad In Ghe shove. “prrace scting ee betall of e Comminaion ‘ incledes any om
pressures 1s believed to be due primarily tc the relatively small size of the sttty s gy g Lol s A :".'_"."m','_:'u'::
opeuning - vhich had an area only 1/12 of the cross-sectional area of the drum. 4 Glsseminaies. or provides scress W, suy laformation mureuast w Me ¢ ployment o7 camtrees
A contributing factor might aleo have been a lack of adequate speed of response SR SRR, S AR K S

) . - — - — - J

of the pressure measuring and recording equipment vhich would tend to cause
an under estimetion of very rapid pressure tranzients,
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