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1.0  INTRODUCTION

- -

The purpose of this study was to determine the potential effects on reactor
internals and reactor pressure vessel of loose parts generated Dy the steam

generator nozzle cover left in the
at Commonwealth Edison's Zion Unit 1.

hot leg inlet plenum of the ID steam qenerator
These parts, assumed to have

entered the reactor pressure vessel through an inlet nozzle, cause two
specific concerns. The first is that a part may become wedged during

cold shutdown and induce loads in core support structures durina plant
heatup. The second concer~ is that loads on reactor internals may

be induced by impacting loose parts.

This report describes in detail the work performed to address the

above concerns.

1.1 DESCRIPTION OF LOOSE PARTS

An inventory of missing loose parts believed to be in the reactor

pressure vessel is given in Table 1.1-1.

TABLE 1.1-1 INVENTORY OF MISSING LOOSE PARTS

Part Description

$ - 20 x 3/4 long flat head
bolt, nut and washer assembly
(Figure 1-1)

3/4 x ¥ x 0.06 Hinge Fragment
(Figure 1-2)

11/16 x ¢ x 0.06 Hinge
Fragment (Figure 1-2)

£ x 0.1 x 0.6 Hinge Fragment
(Figure 1-2)

1/8 x & x 0.06 Hinge Fragment
(Figure 1-2)

§/16 0 x ¢ Long Hinge Fragment
(Figure 1-2)

Material

Stainless
Steel

Stainless
Steel

Stainless
Steel

Sta‘~less
$ia .l

Stainless
Steel

Stainiess
Steel

Number Missing

21 assemblies plus one
loosé nut and one loose
washer
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MUSt De assumed that the bolt, nut and washer assemblies may ope

e@ither together or separated, since parts were recovered in both conditions.

POTENTIAL LOOSE PARTS WEDGING LOCATIONS

A comprehensive study was made in order to determine possible loose
part wedging locations along possible paths from an inlet nozzle to the
lower core plate. Based on the size of the parts and reactor internals
Jap sizes, two significant wedging locations were discovered.

The first location is the radial gap between the radial

key and clevis insert. A radial key that is jammed due to locse parts
may induce loads in the core barrel, radial keys and reactor pressure
vessel during thermal transients. There is also a potential to violate
the minimum core barrel flange to vessel ledge contact load thereby
Increasing the likelyhood of undesirable flow-induced vibrations.

The second wedging location identified was the gap between the secondary
core support and inside vessel head. If relative motion of the reactor
internals and vessel at this location becomes restricted due to interfering
loose parts, Toads are induced in these components. In addition there is
again the possibility of violating the minimum core barrel flange to

vessel ledge load thereby increasing the likelyhood of undesirable flow-
Induced vibrations.

POTENTIAL IMPACT TARGETS

Along with potential wedging locations for loose parts, possible impact
locations were also identified. Three significant targets were identified
as requiring detailed evaluation. These targets are

Core Barrel at Inlet Nozzle
Thermal Shield Flexure

Bottom Mounted Instrumentation Tube Penetrations

The three targets identified were evaluated for potential perforation and

.

denting, as well as for overall structural response due to impact loads.

1-4
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2.0 INTRODUCTION: POTENTIAL WEDGED PARTS EFFECTS

The following analysis was performed to assess the consequences of loose
parts described in Section 1.1 being wedged at the two locations
described in Section 1.2 and shown in “igure 2-1,

[n the event that a part or parts becomes wedged during cold shutdown,
loads are induced in the core support structures and reactor vessel
during plant heatup. Six areas were identified as the most sensitive
for Toads caused by wedged parts between the radial key and clevis

insert and between the secondary core support and inside vessel bottom
head:

1) The secondary core support structure columns, or the energy absorbers;
if yielding of an energy absorber occurs, the energy absorption
capability may be reduced below the acceptable levels considered

for postulated accidents.

The contact force between the core barrel flange and the reactor
vessel ledge; a spring is provided at the core barrel flange and
reactor vessel ledge to maintain a compressive force between the core
barrel flange and the vessel ledge; if the compressive force is
overcome or reduced substantially, (a minimum of 100,000 1bs. is
desirable), an undesirable flow induced vibration condition could
result.

3) The membrane, shear and bending stresses induced in the reactor
vessel.

4) Yielding of radial keys; a single jammed key also induces stresses
in the remaining free keys.

5) Core barrel stresses and critical buckling load.

6) The local stresses immediately under the wedged part and the effect
on the vessel cladding.
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An analytical evaluation program was performed to address the above arezs
and to determine heatup rates and pressures to preclude potential

damage if parts becom: wedged. A five-step program was developed as
outlined below:

1) Determine the lcad-deflection relationship for potential configurations
of wedged lcose parts. Since there are quite a number of passible
configurations, testing was precluded due to a compressed time frame.
Conservative load relationships for loose parts were determined by
the analytical method outlined in Section 2.1,

2) A reactor vessel and internals vertical stiffness model was
develcped. The load deflection relationship for the specific
wedged parts systems were used in the vertical stiffness model to
estimate the loads induced by the ..edged bolts. The allowable
criteria used in the calculations for all cases is as follows:

‘a. No yielding of the energy absorbers is permitted.

b. The minimum net contact force between the core barrel flange
nd vessel ledge must be at least [ ]?52. A reduced
minimum value of the preload from the core barrel hold down
spring which considers the measured permanent set in the spring
of [ ]?ﬁgh after the hot functional test was used to
determine the existing contact force.

The stiffness model is discussed in Section 2.2. The analysis

to determine the contact force is discussad in Section 2.é&.

el

3) A thermal analysis was performed to determine the minimum clearancs

]

between the reactor vessel and core support base plate during heat-

.

up transients and a power increase to 100 percent power. The analysis
and results are presented in Section 2.3.

4) An analysis was performed to determine the effact of the wedced
parts on the stresses in the reactor vessel. The anmalysis is

reported in Section 2.5.

LR
1
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various pressure conditions and heatup rates between 0°F per hour
and 100°F per hour were ana'yzed to determine the acceptabie combinations
of pressure and heatup rate. The analysis and results are presented in

wun
~—

Sections 2.4 and 2.6, respectively.
6) The summary is presented in Section 2.7.

2.1 Determination of Wedged Loose Part Load-Deflection Relationships

The stiffness of the wedged loose part configuration is an important
parameter in the analysis to determine loads induced in the internals

and reactor vessel. The determination of this stiffness is a complex

probiem involving the prediction of both elastic and plastic behavior of the
parts. The problem is further complicated by the fact that there are
numerous parts and they may tend to congregate and fill gaps by stacking up.
Therefore, the following conservative assumption is made in order to simplify
this task.

Assumption {1):

Since the parts are small and cannot sustain high loads elastically, they
will deform plastically. Since crush tests are not performed it must be
conservatively assumed that the wedged parts sustain their ultimate load
carrying capability for the wedging conditions considered. An ultimate
strength of 63.5 ksi is used for all temperatures.

2.1.1 Load-Deflection Relationship fur Wedged Bolt Head

The Toad deflection curve for the bolt head is determined by calculating its
ultimate load capacity for given degrees of deformation. The bolt head is
conservatively idealized as a cylinder with the dimensions shown in

Fiqure 2.1-1.

Conservatively assuming that the vessel and internals contact surfaces are

rigid, the load deflection curve for the bolt head is developed in the

following manner.

2-4
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TABLE 2.1-1

EFFECTIVE MAX. LOAD
PART SUB-CONF IGURATION AREA (IN%) - (LB)
Nut I (Figure 2.1-5) 0.132 8382
Nut K (Figure 2.1-5) 0.1095 6953
Washer J (Figure 2.1-5) 0.3220 20447
Hinge
Fragments B (Figure 2.1-3) 0.3308 21006

2-8
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The vertical stiffness model for the vessel/internals is implemented to
determine forces and deformations resulting from bolts wedged between the
secondary core support plate and vessel bottom head. The spring mode!
includes the cross-sectional stiffnesses of the various sections of the
reactor vessel and lower internals. Table 2.2-1 tavulates the spring
constant values of each component included in the mathematical model. The
calculated Spring quantities are known from previous work performed for
Consolidated Edison in support of the 'oose part in the IPP-II reactor
vessel in March 1978.( 1)

2.2.2 Stiffness Analysis

The assumption used to determine the stiffness of each sub-component of

the reactor vessel and internais is described in Reference 30. The

numerical values of the various springs are tabulated in Table 2.2-1. The
values in Table 2.2-1 are for 70°F and must be corrected for the actual
dverage temperature associated with each transient or steady state condition
analyzed. The correction factor to be muitiplied by each spring is the ratio
of the modulus of elasticity at the average component temperature (through the
component thickness) to the modulus of elasticity at 70°F. Section 2.3
provides the average temperature distribution for the vessel and internals
for various transient and steady-state temperature conditions. Thus, in the
analysis, the spring constants are variables that depend on the temperature
condition being analyzed.




Element

Vessel

Internals

kcbf
kcbw

K1spl
klsp4
Keac

kear

Keap

Bolt Systems

Table 2.2-1

VERTICAL SPRING CONSTANTS

Description

Ksg

Refer to Figures 2.2-2 and 2.2-3 for correlation to actual parts.

0S83E:1

Nozzle shell course
vessel shell course

Vessel head

Core barrel flange
Core barrel shell

Lower support plate
(one absorber acting)

Lower support plate
(four absorbers acting)

Energy absorber cylinder,
Housing, and Guide Post

Energy absorber Ligament

Base Plate

Bolt and local stiffness of
base plate, vessel, and vessel
clad as a system

2-15




Figure 2.2-1 and 2 show the spring system of the reactor vessel and internals,

and the load paths associated with a wedged bolt. As shown, a compression

load path exists in the reactor internals, and a tension load path exists in
the reactor vessel (the stiffness calculations incluce shear andg benaing

distortions as dppropriate in the vessel head, and other components in the
load paths). '

As shown on figure 2.2-1 the tension load path is comprised of the vessel

barrel and the lower spherical head. The vessel load path is comprised of
three springs.

System Stiffness of Vessel

a,b
1 1 .

Kev® II(T(H_.* Ky ) '[ J
(z014d)

¥ o

Corrected for lower modulus at 550°F,
a.b

wel ]

(hot)

The upper internals load path can be viewed as consisting of two regions: the
upper internals structure load path, or the portion above the core support
casting; and the ‘ower support load path region, or the portion below the core
support cas*ion. CZach region is discussed separately.

System Stiffness Above Lower Core Support Castina.

The upper load path region consists of two parallel load paths as shown on
figure 2.2-1. The load path indicated by a dashed line, composed of the fuel
assemblies, and upper internals structure, has been shown by previous analysis
to have a spring rate much less than the load path indicated by a solid line
on figure 2.2-1, and has been negiected in the analysis. The spring rate for

0583E:1 2-16 v
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the upper barrel region is then comprisea of the load path shown by a solia
line in figure 2.2-1, and is given by:

1 1
Ky = 1/( * )
1 kcbw kcbf

System Stiffness Below the Core Barrel

The spring system below the casting consists of three elements: the core

support casting; the energy absorber cylinders and the energy absorpers. The
spring rate varies and is dependent on the number of absorbers tiat are acting

For four (4) absorbers the value is:

1 1 1
Ky = 1/ (p=— *71-)-;— + % ), and
2 “lspé . eac ( ear

For one (1) energy absorber the value is:

1 1
K, = 1/( + )
¢ K3 Kyspl
where:

eac ear
1 1
k = 1/ (?E-- - ____.)
S 4 keap

Refer to Figure 2.2-3.

The overall system stiffness of lower internals is;

Key = 1
SI IlKi * 1/K

2

For four (4) absorbers acting the overall system stiffness is:

a,b

Jana,



For one (1) absorber acting, the overall system stiffness of lower internals

is:

A,e
Ksx'[: :]ana.

(cold)

b
Ks1 '[: :]
(hot)

Figure 2.2-3 shows the idealized final spring model for the system. In the
model, KSB is the stiffness for the wedged part system: and

ol 1
S8V * TTRgg + 7Kgy

The value cp is the potential interference with the part. sp is the part
height, minus the gap between the reactor vessel and the Tower support base
plate calculated for each temperature and pressure condition evaluated.
Section 2.4 discusses the calculatira for cp.
Using the fact that the force (F) acting on the <prings, KSI and
Ksav' must be equal and opposite forces, and that

§ = 84 + 42, then;

s1 Msav
1 1
E ot lophet )
P Rep Rsav

Substituting the previously stated relationship for KSBV in terms of Ks
and KSv results in

8

1
Faosg /| (=——— + -
P ey Rsv Ksg

0583E:1 &-18



s and
the potential
the stiffness of the wedged part system.
leflection curve, as discussed in Section 2.1 is non-linear, and the appropriate

value of K., 1s initially unknown. An iterative procedure is empioyed to
o

letermine the appropriate value of K., and the resulting force induced in the
SB .

system for a specified S

2.3 Summary
e ———— el

A comprehensive spring model was developed that considers the stiffness of
the individual structural elements in the load path for the internals and
vessel for forces induced by a wedged bolt. The stiffness of the vessel
structure elements and internals structural elements are corrected for

the average temperature for each thermal condition analyzed.

An iterative procedure is employed to account for the non-linear load-

jeflection curve of the wedged part system. The force induced in the reactor
vessel and the internals is determined for the potential interference that

ex1sts with the parts for any specific thermal and pressure condition. The
calculation of the potential interference that exists with the parts for

iny specific thermal and pressure condition (part height minus the gap between

the vessel and the Tower core support base plate) is discussed in Section 2.4.

The forces calculated for various temperature and pressure conditions are discussed

~

in Section 2.6.
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1) DIMENSIONS ARE USED IN CALCULATING AXIAL AL OF VESSEL DUE TO
OPERATING PRESSURE-IN INCHES.

2) DIMENSIONS ARE USED IN CALCULATIONS FOR AXIAL THERMAL EXPANSICN-
IN INCHES.

Figure 2,2-2 Core Barrel Assembly — Vessel Mathematical Model
(Four Energy Absorbers Uncer Load)
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1) DIMENSIONS ARE USED IN CALCULATING AXIAL AL OF VESSEL DUE TO
- OPERATING PRESSURE-IN INCHES.

2) DIMENSIONS ARE USED IN CALCULATIONS FOR AXIAL THERMAL EXPANSION-
' IN INCHES.

Figure 2.2-3 Core Barrel Assembly — Vessel Mathematical Mode!
(One Energy Absorber Under Load)
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Figure 2. of Internals, Wedged Part, Vessel System
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THERMAL ANALYSIS FOR TRANSIENT TEMPERATURE CONDITION

AN Tmportant parameter in the analysis is the relative growth that takes place
cetween the reactor internals, (core barrel, support structure, etc) and the
reactor vessel during temperature changes. As shown on figure 2-1, the
significant relative growth is that which takes place oetween the core barrel
support ledge and the bottom of the vessel.

As shown on Figure 2.2-2, the core barrel is essentially a cylinder with an
ipproximate thickness of 2.25 inches for its significant length ana the
reactor vessel is composed of three areas:

1) the bottom head which is 5.5 inches thick;

2) the cylinder below the inlet and outlet nozzles which 1s 9 inches
thick; and

3) the cylinder above the nozzles which is 11.0 inches thick.

[n addition, the core barrel is 304 stainless steel, while the reactor vessel
'S carbon steel. Because of the differences in the thicknesses and the
difference in material, the average temperature in the reactor vessel will
dlways be lower than the core barrel during transient heat-up conditions.
Thus, the gap between the lower core support structure and the bottom reactor

vessel head will be smaller during transient heat-up conditirrs, than during
steady state conditions.

A thermal analysis was performed to estimate the dverage temperature
difference between the core barrel and the reactor vessel to conservatively

predict the minimum gap between the core support and vesse| during the heat-up
transients.




2.3.1 ANALYSIS MODELS - THERMAL

Figure 2.2-2 shows the actual core barrel and reactor vessel configuration

The core barrel is essentially a cylinder of constant thickness egqual to 2.25
inches from the core barrel support ledge to the top of the core parrel
support keys. Below the support keys, the core support structure and core
barrel is composed of materials of various thicknesses, which are greater than
2.25 inches. Therefore, assuming that these lower structures are all 2.25
inch thick will over predict the internals average temperature, which in turn
will conservatively over predict the closure of the gap between the vessel and
internals structure during the transient. The models considered in the
thermal analysis are shown in Table 2.3-1. As indicated in Table 2.3-1, an
analysis was performed for each of the reactor vessel thicknesses.

Table 2.3-1

THERMAL MODELS

COMPONENT INNER RADIUS (INCHES) WALL THICKNESS (INCHES)
Reactor Vessel 86.5 8.5, 9.0, 11.0

(Carbon Steel)

Core Barrel 74.5 2.25
(Stainless Steel)

One-dimensional therma! models, using the HECAN(4') computer program were

used to obtain the reactor vessel and core barrel radial temperature
distribution during the transient heat-up conditions. Each model consists of
10 elements through the wall thickness to estimate the radial temperature
distribution. A post processor, a modified version of ATEMP35, was used to
convert the radial temperature distribution into an average temperature.
ATEMP35 computes a weighted average, where the weighting function accounts for
the increase in area associated with the increased radius of each of the 10
elements through the vessel thickness.

The one-aimensional thermal moaels correspona to assuming that the reactor
coolant temperature is constant along the axis of the reactor vessel.

0583E:1 2-25



The heatup is from an initial temperature of 70°F to a final temperature of
330 F. Heatup rates ranging from 20°F/hr to 100°F/hr were considered. A nheat
transfer ccefficient, (h), of 3000 BTU/hr-ft°-"F was applied to the 1D of

the reactor vessel and the 00 of the core barrel. At the IU surface of the

core barrel, a "h" of 500 BTU/nr-ftZ-'F was appliea. The lower "h" for the

[0 of the core barrel is a result of the lower coolant flow rate at the inside
surface. The 0D surface of the reactor vessel was assumed to be adiabatic.

As subsequently discussed in Section 2.3.2, the data obtained for the heat-up

from 70°F to 550°F can be used directly to obtain the temperature differences

for a heat-up of 70°F to 350°F and 70°F to 450°F.

¢.3.2 TEMPERATURE DISTRIBUTION FOR HEAT-UP TRANSIENTS

The maximum temperature difference between the reactor vessel and the core
parrel occurs at the end of the heat-up ramp when the coolant fluid
temperature just reaches the 550°F temperature. Figures 2.3-1 through 2.3-5
Show the temperature time histories for the three reactor vessel thicknesses
and the core barrel, for heatup rates of 20°F/kr, 30°F/hr, 50°F/hr, 80°F/hr
and 100°F/hr, respectively. The maximum temperature lag for heat-up to 550°F
for the various thicknesses as a function of heat-up rate are shown on Figure
¢.3-6. As seen on Figure 2.3-6, the temperature lag as a function of heat-up
rate can b2 approximated as a straight line that intersects the temperature
axis at 550°F for each thickness. Therefore, the temperature lag for each
thickness, for any heat-up rate can be read directly from Figure 2.3-6.

As previously discussed, the maximuni temperature lag for each thickness occurs
at the end of the heat-up transient, when the fluid temperature just reaches
1ts steady state conaition. The zalculations were performea for a steady
state temperature of 550°F; however, the temperature lags for lower steady
state conditions can be read directly from Figures 2.3-1 through 2.3-5. The
appropriate temperature for each of the thicknesses is the temperature at the

time when the fluid just reaches the desired steady state temperature less

-

than 550°F. See Figures 2.3-1 through 2.3-5.




Two other intermediate steady state conditions were also evaluateda. They

are:  70°F to 350°F and 70°F to 450°F. For both of these congitions, the
temperature lag for each thickness versus rate of heat-up were developed. The
curves for the two conditions are shown on Figure 2.3-7 for the 70°F to 450°F
condition, and on Figure 2.3-8 for the 70°F to 350°F condition.

The average temperature for each thickness of the reactor vessel, ana for the
core barrel (internals) from Figures 2.3-6, 2.3-7 and 2.3-8 are ised in the
subsequent unalysis to determine the relative thermal growth of the reactor
vessel and core barrel (internals) for the various neat-up rates considered in
this stuady.

EADY STATE TEMPERATURE DISTRIBUTION FOR VARIOQUS LEVELS OF POWER

During increases in power levels, the outlet temperature (hot leg) and the
inlet temperature (cold leg) are assumed to have a linear variation with
power level as shown on Figure 2.3-9. The hot leg temperature \THL; ana t
cold leg temperature (TCL) at any power level can be calculated from

p &
e = Tw * 100 (Twi,100 = Ty)s ana,

H); and,

The reactor vessel and internals are separated into three regions for the
purpose of evaluating the average temperature in the internals. The three
regions, as shown on Figure 2.3-10 are:

upper barrel region;
middle barrel region; and

the lower core support assembly region.




The entire reactor vessel and the lower core support assembly will tend to
follow the cola leg temperature during power increases.

Thus, the average temperature for the reactor vessel and lower support
assembly is

The upper core barrel is exposed to both the hot leg and cold leg fluid.
Therefore the upper barrel temperature (TZ) will tend to be the average
temperature of the hot leg and cold leg, or

+ *
|

2 " 'AVG

The middle core barrel is also exposed to both the hot leg and cold leg
temperatures. However, in the middle barrel region, there is a significant
amount of gamma heating which raises the dverage middle barrel temperature by
35 degrees above the inlet temperature at one hundred percent power. The
middle barrel temperature at any power level is determined by proportioning
the 35 degree increase at 100 percent power and the level of power (i.e. the
average tsmperatures of the middle barrel at 10 percent power is 3.5 degrees
above the inlet temperature).

The size of the gap between the secondary core support and thes inside vessel
head is plotted as a function of power level at various pressures in Figure

2.4-2.
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AVERAGE TEMPERATURE (°F)

TIME (HOURS)

Figure 2.3-1 Thermal Response to 100 Degree Per Hour Heatup Transient
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TEMPERATURE (°F)

TIME (HOURS)

Figure 2.3=3 Thermal Response to 50 Oegree Per Hour Heatup Transient
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AVERAGE TEMPERATURE (°F)

-~

Figur

TIME (HOURS)

e 2.3-4 Thermal Response to 30 Degree Per Hour Heatup Transient
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Figure 2.3-5 Thermal Response to 20 Oegree Per Hour Heatup Transient




AVERAGE TEMPERATURE (°F)

HEATUP RATE (°F/HQUR)

Figure 2.3-6 4L Heatup Transient Temperatures at End of Heatup Ramp When
CB/RV ATy ax Occurs (70°F to SS0°F)
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AVERAGE TEMPERATURE (°F)

HEATUP RATE (°F/HOUR)

Figure 2.3-7 4L Heatup Transient Temperature at End of Heatup Ramp When
CB/RV ATy ax Occurs (70°F to 450°F)
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AVERAGE TEMPERATURE (°F)

HEATUP RATE (°F/HOUR)

Figure 2.3-8 4L Heatup Transient Temperatures at End of Heatup Ramp When
CB/RV ATyax Occurs (70°F (0 350°F)
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Figure 2,3-9 Temperature versus Power Relztionship



Rigure 2.3-10 Temperature Zones in Lower Intenals and Vessel are Given for 10% Power
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2.4 Analysis to Predict Gap for Various Temparature - Brassyre Conditions

The gap between the secondary core support base plate and vessei bottom head

is in part based on relative growth that has taken place between the lower
internals and reactor vessel during heat-up changes. As shown on Figure 2.2-1
and 2, only the growth which takes place between tne core barre! vessel suppore
ledge and the bottom of the vessel head is significant.

The magnitude of the gap is also a result of the operating pressure applied
to the vessel wall and bottom vessel head.

The potential interference needed for the analysis discussed in Section 2.2,
is the difference between the part height and the gap determined for each te nars-
ture and pressure condition. After the gap and the potential interference are doter-— -
the force applied at the vessel ledge, energy abosrbers, and bottom vessel hesd
are calculated us:ng the stiffnesses determined in Sections 2.1 and 2.2.

The as-built readings recorded prior to hot functional test between the
secondary core support base plate and reactor vessel gave a minimum gap of 1.07
inches. These readings were taken prior to the addition of the fuel. An
analysis was performed to determine the reduction in the gap (additional
extension of the core barrel assembly from the vessel ledge) due to the

added buoyant weight of the fuel. The analysis consists of leading t..2

spring model shown on Fiqure 2.2-1 and 2 with the appropriate fuel weight.

_]a oD

The calculated | “duced cold gap is [ inches.

2 - ;'I&}



2.4.1 RELATIVE THERMAL EXPANSION

The differential thermal growth for the vessel and lower internals from the
core barrel flange vessel ledge defines the reduced thermal gap as follows:

Al = ALl - ALZ - AL3 - 4ok, = Reduction in gap due to
: thermal condition

aky clLl (Tl - 70)
' ALZ 02L2 (TZ - 70)
AL3 B 03L3 ('l'3 - 70)
ak, agky (T4 - 70)

where

ALI = length of lower internals measured from the vessel ledge to
the bottom of the lower support structure (see figure 2.2-2)

T1 = Indicated average temperatures of the internals structure
obtained from section 2.3.2 during heat-up transient

conditions.

AL24L3AL4 = Refer to figure 2.2-2 for the appropriate lengths.

T1 B Indicated temperatures of the vessel obtained from
section 2.3.2 during heat-up transient conaitions.
ay = Appropriate mean coefficient of thermal expansion
(Reference ASME code section III Appendix, 1977 Edition)
from 70°F to indicated average temperature
0583E:1
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In the case of an increase to the 10 percent power level, aey is given by
al) = a;8,(T,-70°) + 228,(T5=70%) + a;8,(T;-70%)

where
Tl’TZ'T3’Bl’82'B3’ are defined on figure 2-25, and
31,35 aNd a4 are defined the same as aj

The actual values of, a, vary by approximately plus or minus 3 to 4 percent
from the nominal thermal coefficient for a given material type. In the
present anaiysis, the magnitude of variation can have a significant effect on
the estimated force induced by a wedged part. In this analysis, a
conservative approach was used. The reactor internals are assumed to have an
a, that results in the largest growth; while the reactor vessel is assumed to
have an a, that results in its smallest growth; thus, the analysis predicts
the "absolute” minimum gap for the range of a. A statistical approach, (eg.
using the SRSS method) would predict a more realistic and larger gap for each
temperature condition.

2.4.2 PRESSURE EXPANSION

The Vessel extension due to pressure was calculated in accordance with the
formulation in Roark's Formulae For Stress and Strain, Table XIII, Cases 1 and

2, 3rd Ed., p. 268 as

a) ,  .IPR
head et
b) .2PRL,

6cyl(1) - —ut-ri—
The total expansion is then;

Sr total = fhead +%cyl(l) *+ 5 cyl(2) + & cy1(3)

0583E:1



where:

ofwrating or heat-up transient pressurs, psia
Mean Radius of vessel or bottom vessel head, inches

Leng™a of vissel of a specified thickness (figure
2.,2<2),(in)

Modulus of elasticity, psi, correcteg for average

temperature for cylinder length Li’ and the muduelus of
elasticity for the head.

Vessel thickness, inches, for a given length of cylincar
(see Figure 2.2-2) ar the head thickness.

segment number of cylinder of length Lj and thickness

2.4,3 GAP S4ZE CONSIDERING THORMAL GROWTH AND PRESSURE

The final gap for any temperature or pressure is then given by
2y b

-
Gap = ([~ _}- ak + &, ) inches
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2.5 Opsrating Margins

The main areas of concern due to the lead transmitted by the wedging action
of parts are:

1) Hold down sprina margin at the vessel ledge,
2) Energy absorber yield strength margin,

3) Vessel stress margins,

4) Radial key yield strength margin,

5) Core barrel yield and buckling margins.

2.5.1 Hold Down Sorina Marqgin (Uplif: Resistance)

a,b
The permanent set of CWE hold down springs was measureg‘bto be[ ]and
the preload of the 304 S5 hold down spring is[' Tbs. (hot).

From static equilibrium of vertical mechanical and hydraulic forces in the
lower internals, the reaction, Rv' at the vessel ledge during normal
operaticn is given as,

R, = Fs + Fc - Fw - FL (See Figure 2.5-1)

(+#)0cwn  (=)Up

whoro
a,d
FS = core barrel hold down spring force - 1bsf = [ ] {hot
| Fc = core recaction force on the lowsr core plates 1bsf and transmitted

down to lower core support plate

™
1

&N

s



The core rcaction force, Fc' is calculated at a minimum value , in

order to obtain a cunservative hold down spring margin. Refer %o
Figure 2.5-1

= F

Fc(min) 2’ Fcl(min) - Fc3 - Fea

Where:
Fcl Fuel Assembly spring Load {min at 80L)-1bse
Fe2 Fuel Assembly weight-1bse

Fc3 Fuel Assembly Lift Force-1bs, due to the drag force
of the reactor coolant flow

Fea Fuel Assembly buoyancy-Tbsf

Fetnin) '[: :]]bsf

r
. Lower internals weight (wet) - 1bs -L_ Tbsg

rL = Lower Internals Hydraulic (drhg due to reactor coolant flow) ]
force - 1bsg [: ajlbsf (up) on the lower core plate

Thus,

ah
Rv =(t :]lbﬁf

If a mininum value o;[~ :]1L, 1s maintained as margin against unce

i
o

the reserve contact force at the vessel ledge becomes

an
Rv =[ ]]baf

Thus the induced load by the wedged parts must not exceed the above resarve

contact force.
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12.5.2 ENERGY ABSORBER YIELD STRENGTH MARGIN

An analysis was gerformad which shows that maintaining the load on the
absorber “ﬂow[ j}bs does not cause yielding of the abscrber; and ;¢
relazation effacts at temperature, caused by a deflection controlied loas,
will not reduce the energy absorption capability beiow acceptable margin:.
Even though it is believed that additional analysis would show that the
absorber could be plastically deformed in excess of 0.1 inches without
adversely affecting its energy absorption capability, the load inducsd 15 ~=s
energy absorber. due to wedging, 1s conservativaly limited to less .han

[: 1bs.. to prevent plastic deformation.

2.5.3 Vessael Margine

The stresses induced in the reactor pressure vessel by loads due to
wedged Toose parts were evaluated.

2.5.3.1 Vessal Botten Head Marain

A conservative vessel load was caleulated assuming that all loose parts
become wedged at this location. The maximum postulated load of[: tafz:
was assumad to be acting over a bearing area ofr. -‘sauarn fnches., The
calculated maximum merdrane stroess intensity due to wedged part and
normal operating loads 1s 24,533 psi, which compares favorably with th:

ASME code allowable of(1.5 Sm) 40,050 psi.

The calculated maximum primary plus seconcary membrane plus bending
stress intensity under the load is 45,525 psi, wiich compares
favorably with the code allewable of (3 Sm) 80,100 psi.

(3%
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The local Hertz contact stresses between the wedged part and the

vessel cladding exceed the yfeld strength of the ¢lad and some
indenture will occur. Of all possible locose parts, the threaded
portion of a bolt has the greatest potential for clad indentation due
to the sharp corners of the threads. Assuming that a bolt head could be
broken off from the bolt body, the bolt threads could be wedged against
the vessel cladding. Conservatively assuming that the boit is rigid,
the maximum depth of indentation expected would be cqual to the height
of the thread profile. For 3-20 UNC external threads this height is
equal to O 031 inches. The minimum clad thickness of the CWE vesse!
is[: :]1nch. The minimum c¢lad thickness minus the maximum expected
1ndcnture 13 equal to the prasent minimum required cladding thickness
ofl_ i]inch Therefore, the clad indentation which might be expacted
due to wedged loose parts is acceptable.

2.5.3.2 Vessel Core Block Marain

The loads for which the vessel was evaluated in this case were a

a,h L , a,m
radial load of[ ]kips and an axial lead of[_: ]k‘ips, the same
loadr used for the radial key evaluation., The stresses due to the
wedged parts loads were combined with the normal operating stresses and
were shown to meet the ASME code requirements for stress intensity.

2.5.4 Radial Key Yield Strenath Margin

The bottom of the lcwer internals assembly is restrained laterally
by si; uniformly spaced key (304 SS) which are mounted on pads ¢n
the Tower support casting. The keyways are mounted on pads on
the reactor vessel, Each key 1s 5.0 inch wide and has a nominal
contact area with its keyway of 2.2 by 15.0 in. They side faces

¢ keys are hardened by weld depositing Stelliite No. 6 Alloy. The
nominal total cold clearance of each key in the keyway 15[_ ]
The keys are press fit laterally into a recess in the mounting pad on
the core support casting. There are eight 0.875" dia. type 316
cold-worked stainless steel shear pins designed to take additional
vertical lecads and each key is clamped to the core support by ten

2~49



1.250-7-UNC type 316 cold-worked stainless steel cap screws.

2.5.4.1 Loads fFrom Jamming the Key

The stresses in the radial key are calculated for the loads due to 2%
bolt heads jammed in the radial gap between the key face and the
clevis insert. [t is conscrvatively assumed that the bolt neads
beccme wedged cold and are crushed due to relative thermal expansion
of the internals and vessel during plant heat up. Since the lower
internals and lower vessel are at the inlet temperature during heat up,
the relative radial expansion is due only to the different coef-
ficients of thermal expansion of the internals and vessel. The
calculated relative rad1a1 thermal expansion of the vessel and
internals 15[: .]1nches. Conservatively assuming that the

lower support structure and vessel are rigid, the radial locad b
induced in the key is calculated for a bolt defermation ofi: J
inches using equation (2.4) frcm <e*t1cn 2.1. The resultant radial
load in the key is equal to[_ ]k1ps.

Since the relative axial expansion of the vessel and internals f{s
approximately 0.500 inches, either the jammed bolts must slip or
be at their maximum shear load capacity. Conservatively assuming
the latter, the axial load in the key is calculated to be equal to
one half of the radial load, orE' ‘]ths.

2.5.4.2 _?’_:“91 and Analvsis

-

The radial key as shown in Figure 2.5-2 i3 medelad as a short built
in beam, its dimensions is conservatively calculated in Figure 2.5-2C
The major concern is in the root of the key.

)
a) tangential lcad u[ ]lbf

a,b
tyx =[ ]= 450 psi

ah













FIGURE 2.5-3 CORE BARREL EFFECTIVE REGION




2.5.5.2 cora Barval Flance Lif*ina Marain

Oue to the worst possible Jamming of Ioose parts on one radial key, an adaition:
upward 1ifting force, F ’ ofE' Jlb.. could act on the core barre! flanga.
Since a minimum value of[; 17Bs should be maintained as margin against
uncertainty, and the additional uplifting force is acting on part of the

core barreil flange. The equaticn is rewritten as:

Rv 1
27rt | 2nrt

F,
F +F +F -F).-ﬂ?

where t = thickness in the radial direction of the spring-core barrel flanze
contact area.

£ = length of arc that uplifting force is actirg

r = radius of core barrel

The criteria is that Rv 3_[ ] Assuming, 2, the length of the arc equals
to the length of the support casting which radial kay is mounted on plus the
lenath of arc 15° radiated frem the side of the casting, shown in the foilowing
schematic drawing, on ecach sida:

2,k 2,b
LT [ ]+ 2 x[_ ]x tan 15°

T 196.8"

which corraesgonds tc[




i
|

Simpiify the 2bove equation and substituts appropriata values.

> « B o ot
Rv Fs R Fw " Fc Fu 2.56 Fu

- ]

= 114,770 >E ]

Thus, the induced load by the jammed lgose part does not exceed the above

reserve contact forca.
L 1A
edqe of core bame| T“’
.'
I
l
f,

it

i1 centacd with véssel

e I —

b \ i
YC‘--L‘."\.& T | )
T ,‘:‘Ib -
Koy L
Schematic drawing of portion
of the core barre! jamming
acted upon.
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FIGURE 2.6-2 LOAD VS. TNTERFEREWCE
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Assuming that ail parts are potentially wedged in tne gap between
the seconcary core support and inside vessal head, the resultant

maximum potential lcad 1s evaluated for four assumpticns regarding
loos2 parts gqe
(A) through (D

cmetries. These four assumptions are listed as
) below.

ASSUMPTIONS :

A) Part assemblies do not separate and do not stack.,
B) Part assemblies do not separate but may stack.

C) Part assemblies separata but do not stack.

D) Part assemblies separate and stack.

An extensive study of possible loose part configurations for each
assumption vis perferimed. Figures 2.1e3 through 2.1-7 show scme
possible sub-configurations of single and stacked lcose parts. The
maxioum loads due to loose parts are determined assuming that all
the parts are wedged at this location in the worst conbination of
sub-configurations. Tabies 2.6{A) and 2.6(B) show the maximum
patential load calculated for worst case configurations analyzed
for assumptions (A) and (B). The maximum loads are calculated

in the follewing manner,

MAXTMUM LOAD CALCULATION FOR LOOSE PART SUB-CONFIGURATIONS

i) Assume nuts, washers and hinge fracmants are at their maximum
load capacity. This assumption is valid since these parts
may sustain very low defloctions elastically. Also, the cross-
sectional area for these parts as shown in Figures 2.1-3
through 2.1-7 does not very drastically during deformation.

For bolt head deformation, use the curves
2.6-3. These curves were generated based on changing

head cross sectional area, conservatively for 26 bolts,

W

bolt head deformation and the stiffness model of the raa

2.6







TABLE *.6(A)

LOOSE PART CONFIGURATICN I
WCRST CASE FOR ASSUMPTION (A)

MAXTIMUM NUMBER OF

SUB=-CONFIGURATION SUB=CONFIGURATION
B (Figure 2.1-3) 1

N (Figure 2.1-6) 22

0 (Figure 2.1-6) 21

Pc = 1(21066) + 22(1738) = 59154 1b.

2%

b
6, = 0469 - ][ 7 inen
¥ | 3,6
melx =L J

a,h

-

(Figures 2.5-1 and ¢, Interpolating between Pc =[: :]and PC o
for P =] L -
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LOOSE PART CONFIGURATION (II)
WORST CASE FOR ASSUMPTION (B)

_ MAXIMUM NUMBER OF
SUB~-CONFIGURATION SUB-CONFIGURATIONS

L (Figure 2.1-5) 1

P = 98,641 1b.

§. = N/A
b

= Q . 1
P 93641 1b. <[ ] b.
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2.6.3 Ofscussfon of Potentiat Problems and Rassmrencsd Opersting
Proctdura

From Sections 2.6.1 and 2.6.2 the only potential

problem exists for loose parts wedgad beneath the secondary

core support and stacked according to Assumotion (D). The saurce

of this problem lies in the fact that separated loose part assemblies
are assumed to stick up in the worst possible conceivahle manner.
Therefere, the bounding stacking configurations are describeg in

this section in order to clarify the srurces of potential probless.
The worst case loose part conf%guratious are described and the
method of pntential interference load calculation for each
‘case is presented.

2.6.3.1  Loose Part Configuration ID

This loose part confiauration is a combination of the sub-configquraticn:
| shown in Figures 2.1-3 through 2.1-7. The maximum number of each

| sub-configuration is based upon the assumption of 21 assamblifes (Tatest ¢
The maximum load for each sub-conficuration is determined in the
follcwing manner.

Maximum Load Calculation for Looss Part Sub~Cenfiourations

i) Assume nuts, washers and hinge fragments are at their maximun
loac capacity. This, assumption is valid since these parts may
éustain very low deflections elastically. Also, the crossge-c -~
arez for thase parts as shown in Figures 2.1+3 through 2,1-7
does not vary drastically during deformation.

2-66
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i1) For bolt head deformation, use the curves oF Fiauras e
througn 2.8-3. These curves were generated for 25 bolts nasea -
changing bolt head cross sectional area during bolt head deform:
and the stiffness model of the reactor vesszl] and internais. '
velue of Sp on these curves is the original potential intarfarasnce
for a given gap size, or the total height of the stacked 501¢
head sub-configuration minus the gap size for which the load is
to be datermined (no potential interference is possible for necztivs
values of §p). The value of Pc on the curves is the constant
load component that exists for deforming nuts and washers.

Table 2.6.4=1 lists the sub-configurations that make up Configuratic

Table 2. 6.4-1

Maximum Number |
Sub-Configuration of Sub=Configurations !
|
A 21 |
C 11
B 1

Thus, the value of Pc for Configuration ID may be calculated.

Pc = 11(8582) + (1)21006 = 113,208 1b.
%k
. . o o 3 L :
Potential interference for a cap s1ze of L_ anch is caleulat
1.

100°F/he. heat up rate and 1000 p
ah

§p = .5313 - [ j:‘" Jinch.

-67



Using the curve of Figure 2.62 for P_ = 123,000 0. and p = 0.0863
inch shows that the total load is equai to approximately 220 kios.
From the sam g‘Furve it 15 seen that the 1nterferenc° for the allcwatla
load of{ ]‘\‘of.” is aooroxiwatelv[ ]mcnes. The gap size that
would produce tnis level of interfarence fs[ ]wtnch is greater
than the height of sub-configurations (B) and (C). Therefore, a
different procedure must be emploved in order to determine the

allowable gap size for configuration ID.

Calculation of Minimum Gan Size For Confiocuration ID

The must direct procedure is to generate a plot of load versus
interference. In order to determine the coordinates of points on
the piot, the following procedure is used.

1) Assume that sub-cenfigurations (8) and (C) behave elastically
(valid if daformations of these sub-configurations are small).

2) Determine the linear load-deéflection relationship for sub-
configurations (8) and (C).

Datermine the leoad-interference relationship for configuration
ID using the wedged part and internals - vessel system stiffnesses.

Datermination of Data Points for Load-

Interforence Plot for Configuratien ID

For interferences of less tharl[ﬁ ]inch, the plot for P. ® 0 given

in Figure 2.6-1 may be used. This is true because sub-configurations
(B) and (C) are not loaded for these levels of interfercnce. For
interrerences greater :h_n[_ Jan additional stiffness due to
sub-conficuraticns (8) and (C) is acting. Thus the load-interferencs
plot will not be continucus.

The equivalent linear stiffnesses for sub-configurations (8) and

are calculated assuming an elastic modulus,




Sub -~ Configuration Area, A Height, L
(in?) (in)

0.2308 0.500 16.805 x 10°
0.132 0.500 6.706 x 10°

Since the sub-configuration (B) and (C) equivalent springs act in parallel,
the effective spring constant is the sum of the equivaient spring rates.

) 6
Kot tective {16.805 + 11x(5.7os)} x 10° 1b/in

6

= 90.57 x 107 1b/in

The non~linear load-deflection relationship of the bolt head is given by
equation (2.4) of Section 2.1.1.

The resultant load=-interference plet for confiquration ID is shown in {ﬂgure
=4, From this figure it is seen that for an allowable Toad of[ ]kips.
7
the interference is equal to[ ]inch.

Therefore, the minimum 2»:.sable gap, GA' assuming that configuration ID may
occur is calculated.

-9
6 = [ ] tnen
A,k -
6 = [  Jinen
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2.6.3.2 Loose Part Confizuration 110

This loose part configuratium is also a combination of the sub-
configurations shown fn Figures 2.1-3 through 2.1-7. Again
assuming tnat parts due to all 21 assemblies ars present

the sub-configurations that make up Configuration IID are listed
1" Tab]E 2‘5.4-20

Table 2.5.4-2

Maximum Number of

Sub-Configuration Sub-Configurations
D 21
£ 2
B 1
(o 1

Thus, the value of Pc for Configuration IID may be calculated.

Pc = 27(1778) + 2(20447) + 1(21006) + 11(8382)
Pc = 191,440 1b.
CALCULATION OF MINIMUM ALLOWABLE GAP SIZE FOR

CONFIGURATION IID TO MAINTAIN MINIMUM CORE

BARREL TO VESSCL LEDGE LOAD

The minimum allowable gap size assuming configuration IID may occ
is calculated by accounting for the internals and vessel system and
wedged part flexibilities.

It is known that due to the large degree of deformation that occur
sup-configuration (D). Therefore, this sub-configuration is at its
ultimate load carrying capability. Sub-configurations (E), (3)

(C), however, will have limited deformations and may be assumed to b-
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Check cssumption of elastic deformation in sub-configurations (3!,
(C) and (E):

6 2% a,h
Pe = 16.358 x 10° e[ s,
- "a"b
since|_ < 20,447 sub-configuration (E) deforms elastically
6 a,h b
Py = 16.805 x 108 [ Jw=<[ TJuw.

a,n
sinceE ]< 21,006 sub-configuration (8) deforms elastically

6 ab ‘.,b
Pe = 6.706 x 105 [/ Jws[ Tuw.
a,b
since[_ ]'< 8382 sub-configuration (C) deforms elastically

. -efore, the assumption of elastic deformation in sub-confiqurations
(B) (C) and (E) is valid.

The deformation of the internals and vessal systems, 8 due to the
maximum allowable load must be added to the deformation of the wedged
parts in order to determine the minimum allowable gap size.

a,h

65 3 [ y ]inch
a,b
65 = [: ]Ench

Thus the allowable interference, &., is eocual to the deformation of =
‘-
internals and vessel system plus the wedged part deformation at the

maximum allowable load.



The minimum qap size, GA' is equal to the minimum wedged part con-
figuration height minus the allowable interference,

r l'b r 1"
GA = (0.500 - L ] inch . ]inch

2.6.3.3 Discussion of Loose Part Confiourations

From the caiculations of Sections 2.6.3.1 and 2.6.3.2 it is seen that
the loose parts configuration that results in the most restrictive
gap size is configuration IID. Although configuration ID predicts
essentially the same allowable gap size as configuration 11D, the
analysis of configuration ID is tased uron load-interference pleots
generated for 26 wedged balt heads and is thercfore overiy cone
serva.. The analysis, however, is useful in that it shows that
configuration Iv is not as limiting as configuration IID.

Although there 1s no basis for determining that configuration IID
absolutaly may not occur, it 1is statistically unlikely that all 21
bolts would be standing on head and all nuts and washers arranged in
vertical stacks. Assuming that only half (11) of the bolts are standing
on heid reduces the maximum possible lcad due to configuration IID
by 17,780 1b to a value of 173,650 1b. Assuming that the stacking
of nuts and washers may be precluded results in a maximum load of
37,338 1b. |

The consequence of configuration IID occuring in its worst form is
that tha reaction at the vessel Jgdge-care barrel flange interface

- -r : o~ - -
is recucsd to a value ot | ']lb or 03.b percent of the recommanded
mininum vaiue to preclude undesirable flow=induced vibrations.

2.6.4 Racommendsd Operatina Procadure

Based on the results of Secticn 2.6.3, it is recommended that the

plant be operated in su'h a manner as to not violate a minimum gap
™ B Dk -
of _  _linch betwaen sacondary core support and inside vassel
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In order to investigate any restrictions in heat up rats
power escallation, the minimum allowable aqap size is plotted as
shown in Figures 2.7-1 and 2.7-2. Figure 2.7-2 shows that no
restriction in power level is required for any of the plotted
pressures. Possibie limitations on heat up rate are discussed

in Section 2.6.4.1.
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2.6.4.1 Effect of loase Parts on Heat Up Prorbdips:

From the analysis of Sections 2.3 ind 2.4 it may be shown that heat uc
from 70°F to 450°F at a constant rate of 100°F par hour results

in a zero pressure gap ofL_ :]1nrnes at 45C°F. Therefore the
minimum gap regquirement ofL_ ']rnches is not vioclated for heat up
rates up to 100°F per hour at temperatures from 70°F to 450°F,

Heat up from 450°F to 550°F, howaver, may cause the minimum recom-
mended gap to be viclated for certain heat up rate and pressure
combinaticns, as shown in Figure 2.7-1. The minimum pressure for

given temperatures is cbtained from Reference {3 ] and is shown
in Table 2.6.4-1.

TABLE 2.6.4-1

Temneratura (°F) Minimum Pressurs (PSIG)
350 350
400 480
450 660
500 1060
550 - 1540

Using the towperature-pressure relations in Table 2.5.4-1, the
minimum gap size may ba bounded for a 60°F per hour heat up rate.
Since it has been shewn that the minisum cap requirement is not
viclated for tomparatures up to u:D’F at heat up rates up to 100°F
per hour, the range of tomperature to be examined is from 450°F

to S50°F. The vassel stiffness is evaluated for the temperature
distribution that exists at 450°F. The vessel expansion due to
pressure, Gp, for this case is

b
= P inch
6 = [ i

where P is the vessel pressure (psig)
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The minimum gap cccurs at the end of .he 'nat up ramp wnen thermal

-hi

lags in the vessel are the greatest. 4he zere JPressure cap for neat uo

to 550°F at a rate of 50°F per hour isL_ 1nch Assuming the
stiffest vessel (at 450°F) and minimum pressure (at 4=0°F; ‘QFL
minimum vescal expansion due to pressure is equal :o iﬁches.

The minimum gap, Gm1n' corrected for the vessel expansion due toO
pressure is

ab
Gmin = [ ] inch

Thus, the minimum gap that occurs for the temperature range from
450°F to S550°F during a 60°F per hour heat up rate does not exceed
the minimum gap requirement if the minimum pressures given in
Table 2.6.5-1 are satisfied.
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2.7.2.1 Parts Wedced in Lower Radial Supoort

Since the compressive load in the core barrel is not

uniform throughout all sections for this load case, the

minimum lcad per circumferential inch at the core barrel
flange-vessel ledge intarface at the critical section is the
govern1ng cr1ter1a. The analysis based on a vertical comprassivs
lToad ofL_ ]kips and an effective core barrel region showed

that the minimum requirement is not exceeded.

2.7.2.2 Parts Wedoad Beneath Secondary Core Supnort Structure

For this case it was postulated that all parts were

potentially wedged in this location. The gap size for

various heat-up rates and power levels at various pressures

was determined based on as-built drawing dimensions and oper:z:in:
loads. The results are shown graphically in Figures 2.4=1 214 2.
A comprehensive stiffness model of the vessel, reactor intern:’
and postulated loose parts was used to determine the load
induced by varicus degrees of interference due to loose

parts. The modal is shown in Figure 2.2-2.

(%]

Four assunptions rec~rding possible geometries of loose parts
wedgad at this location were made and a comprenensive study
was performad in order to determine the maximum possible lozc
_for each assumption. '

The assumntions and maximum loads are presented in _a,n
Table 2.7-1. Since the maximum allewable load 15[_ Jkips,
assumption (D) indicatad that a potential problem existed.
critical gap size was determined basad on this assumpticn
and was plotted on Figures 2.7-1 and.2.7-2 as the dividing
line between acceptable and unaccpetabie gap sizes.
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TABLE 2.7-1 POTENTIAL LOAD ON SECONDARY CORE SUPPORT DUE

TO WEDGED PARTS

MAXIMUM POTENTIAL |

5
f LOAD ON SECONDARY ; RECOMMENDED
| CORE SUPP’ AT PLATE | OPERATING
ASSUMPTION J (KIPS) ! PROCEDURE
| |
A ; 107.4 None ;
8 98.6 None
C >107.4 None !
:
D (See Section 2.6.3) (See Section 2.6.4) f
|
ASSUMPTIONS:
A) Part assemblies do not separate and do not stack.
8) Part assemblies do not separate but may stack.
c) Part assemblies separate but do not stack.

Part assemblies separate and stack.



} 2.7.3
|
I
|
|
]
!

2.7.3.1

2.7.3.2

2.7.3.3

Loads Induced in Rsactor Precsure Yessal

The effect of loads induced in the reactor pressure vessel

due to wedged loose parts in the two postulated locations
were evaluated.

Parts Wedoed in Lower Radial Supnort

" The stresses induced in the vessel due to the radial load

of[ Jkips and axial load of[ ]kips were calculated
and combined with normal operating stresses. The resulting
vessel stress intensities do not exceed allowabie values.

Parts Wedaed Beneath Secondary Core Support Structure

2,b
The stresses incduced in the vessel due to thae leoad of'-

kips distributed over an area of[ ]square inches at the
inside vessel bottom head were calculated and combined

with normal operating stresses. The resulting vessel stros
intensities do not exceed allowable values.

Lecal Stresses 1n Vessel Cladding

The potential for cladding indantation was considered to
be greatest for a bolt body wedged in such a way that the
bolt threads contact the vessel cladding. The maximum
postulated dapth of indentatien was such that the present

minimum clad thickness requirement is not viala

-lb-.









3.2

.

1. Tlargest plate missile

a) At Inlet E=1.76 1y, f¢t.
b) At Flexure E = 0.347 1b. ft.
c) At Tube E = 0.593 1b. ft.

2. Bolt Missile

a) At Inlet E=1.88 1b. ft.
b) At Flexure E =0.370 1b. f¢t.
c) At Tube E = 0.738 1b. ft.

TARGET GEOMETRY

As previously discussed, three potential targets have been
defined that constitute the most sensitive parts in the flow path
of the missile from the pump to the bottom of the reactor

vessel. The targets are:

a) core barrel;
b) thermal shield flexure;
¢) 1instrument tube.

In all cases the material properties used in the evaluation are
those for the appropriate target material at 650°F.

The core b..rel and analysis model are shown on Fiqures 3-2a

and b; the flexure and analysis model are shown on Figures 3-3a
and b; and the instrument tube and analysis models are on Figures
3-4a and b.

METHODS OF ANALYSIS FOR MISSILE IMPACT

The two major considerations for evaluating missile impact are
limitations of local damage and of overall response of the
target structural element. Local damage may include penetration
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3.3.1

or punching shear in the region of impact on the structure.
Overall response includes bending and reaction shear in the

structure.

Criteria for penetration and local punching shear are discussed
in Section 3.3.1 and the evaluation of overall response is
desgribed in Section 3.3.2. The prediction of overall response
is generally based on energy/momentum balanca. The criteria

of acceptance is that the target can absorb the impact energy
without deformation that would impair the operation of the
plant.

In all cases considered, the impact is assumed at an angle of
strike normal to the target. The angle of strike has a sub-
stantial influence on the penetration depth and the energy
that must be absorbed by the target. In some cases, such as
the instrument penetrations, thg probable angle of strike
would appear to be substantially greater than 20°. An impact
at 20° has approximately 12 percent less energy than a normal
strike, and an impact at 30° is 25 percent less than the
normal strike energy. Considering the actual flow conditions
in the reactor, the normal strike assumption is considered
very conservative.

LOCAL IMPACT EFFECT

Two local impact effects have been considered for the targets.
The effects are:

1) Punching shear; and,
2) Penetration (denting)

The two are discussed in Sections 3.3.1.1 and 3.3.1.2 respectively.
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3.3.1.1

B e L sl e s e

PUNCHING SHEAR

The minimum energy required for the missile to punch out a plug
of plate in shear was also evaluated. The failure mechanism is
as shown on Figure 3-5. The minimum energy required is given

by:

h
ws / o SSRF (d=x) dx

Where: x is the distance traveled through the plate;
RF is the perimeter of the missile;

Ss is the yield of the target material in shear; and,

d 1is the plate thickness.

|
Evaluating the integral gives:

o 2
W, = Sy
2

The value of Ss ecual to one half the minimum yield stress at
650°.

Lo
i
o






s A AT il B o SRS

Where x is the movement of the plug or the magnitude of the
dent. Sq. QF' and d are the same as in Section 3.3.1.1.

Integrating gives the energy required for the plug to move
an amount X as:

X
E SSRF(dx - —?-) +C

Using the initial condition that when E = 0 and x = 0, that
C must equal 0; the equation for X is given by:

The value of X estimated for various missile and target
combinations is summarized on Table 3-2.



3.3.2

Missile

Lg. Plate
Lg. Plate
Lg. Plate

Bolt Assembly
Bolt Assembly
Bolt Assembly

As indicated in Table 3-2, the predicted dent is quite small.
However, as previously stated, it is believed that the actual

TABLE 3-2

POTENTIAL PENETRATION (DENT)

Target

Core Barrel
Flexure
Inst. Tube

Core Barrel
Flexure
Inst. Tube

Punching Shear
Assumption

0.001°
0.001”
0.001"

6.0008"
0.001"
0.0008"

values would be much lower than the predicted values because:

1) They neglect that a minimum missile energy is required
prior to initiation of denting or penetration; and

2) they neglect the energy dissipated in deformation of
the target in regions not immediately under the missile,

that will occur.

OVERALL STRUCTURF RESPONSE EFFECTS

In order to evaluate the overall response of the target
structures for missile impact, the type of impact must be

classified as either "hard" or "soft".
given impact is obviously relative, but in general, soft impact

The softness of a

is characterized by significant local deformation of missile
or target in the region of impact; while local deformation
under hard impact is neglected.

For soft impact, the deformation
characteristics of the missile or target are used to develope
an applied force time history, and the analysis of the structure

is carried out as for an impulse load. In the case of hard

impact, energy and momentum balance techniques are used to
predict maximum response.



while the conditions of hard impact rarely exist in "real" life, the method is
conservative with respect to predicting overall structure response and

potential damage, because it neglects the energy apsorption through local
deformations.

The evaluation for potential damage was performed using the conservative
assumption of hard impact.

Conservation of momentum and energy are used to determine the the portion of
the kinetic energy of the missile that is traasmitted to the structure to be
absorbed as strain energy.

Conservation of momentum for Impact of two masses is:

V. * M V,.: and

1 e 2’

MIVO - M

1

Conservation of energy is:
. 2 ye ‘ 2
1/2 Mlvo - 1/2M1/1 + l/ZMeV2
where:
Missile mass;
Target effective mass;
Velocity of missile before impact;
Velocity of missile after impact;
Velocity of missile after impact;

An additional equation can be written for the coefficient of restitution:




Solving the equation for e for Vl' and substituting into the momentum
equation yields the expression for post-impact target ana missile velocity as:

"

o
Me

1
] + =
Me

For Ml’"e > @ the missile velocity is positive after impact and the mis-
sile will move toward the target. Thus, the kinetic energy of the missile

after imoact must be absorbed by the target, in addition to the kinetic energy
imparted to it during initial impact.

The energy to be absorbed by the target is then:

2

E=1/2 Mevz , for e ;

Ve
or

€ = 1/2 Mlvl2 +1/2 “evzz , for' Y se.

From the equations for velocities and the energy to be absorbed in structure
strain energy, several observations are noteworthy:

1) An underestimation of target mass results in a conservative
estimation of energy transmitted to the structure;

0583E:1
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2) The upper bound of energy absorbed by the structure is when the
target mass is assumed equal to zero (Od, the upper bouna energy is
equal to .he total kinetic energy of the missile at impact
(E = 1/2 M V ). and

3) The assumption that e = 1, or a perfectly elastic impact occurs,
although unrealistic, is always conservative for estimating

structural aamage to the target.

. Target Effective Mass

The effective mass of the target when a missile strikes a concentrated mass is
obviously the total target mass. However, in the case of a distributed mass
structure, the inertial resistance of the structure is actually a variable,
changing during response and is dependent on the magnitude and duration of the
applied loads.

Typically for impact evaluation, the effective mass (M ) is that fraction of
total structure mass determined based on the assumed statwc deformed shape of
the structure due to the applied impact force. The equivalent mass is deriveg
to maintain equality of kinetic energy with the real system.

M = mé(X) zdx

e
where m = mass per unit length; and,
#(X) = assumed deflected shape.

In this regard, it is necessary to predict in advance whether the response
will be elastic, elasto-plastic or plastic, because the deformed shape varies
accordingly, as illustrated in figure 3-6. Table 3-4 provides values for Mo
for some typical structural shapes for the elastic and plastic assumption. In
scme cases, to accurately define the Me' an iterative procedure is required.
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The Me predicted by the above method generally participates in the final
response of the structure. However, it may not be effective during the time
of impact wnen energy is being transfered from the missile to the target. A
structure subjected to an intense load for a very short aquration will respond
during impact only in the immediate area of the load, such that only a small
portion of the structure mass participates in the energy transfer between
missile and structure. If the impact results in a less intense load applied
over a longer duration, then a greater portion of the structure mass will
participate in the energy transfer. It is suggested in Ref. 9 that the mini-
mum target effective mass is that included in an region within "d/2" of the
periphery of the impact surface. The value of "d" is the thickness of the
target in the direction of impact. This minimum mass must move if the struc-
ture as a whole is to deform. As discussed in section 3.3.1 failure within
this area is governed by peforation or punching shear which have previously
been shown to be a negligible possibility.

The actual determination of the mass is highly dependent on the geometry and
elastic and plastic characteristics of both the missile and target. However,
it can be bounded based on the duration of the time the force acts between the
bodies. By assuming the missile remains elastic and the target is rigid, upon
impact, a compressive stress wave propagates from the point of contact towards
the free end of the missile. At the free end of the missile, the stress wave
is reflected causing an expansion wave to return to the contact surface, such

that the missile rebounds at the impact velocity. The impact time (td)
(10)
is

:d = 2L/C

0583E:1
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Table 3-4

EFFECTIVE MASS (M)

——

Beam Type Elastic

Simple-Simple Span
Center Concentrated
Load

Fixed-Fixed Span

Center Concentrated 0.383M
Load

Cantilever Span

Concentrated Load

At Free End

M = Total Mass of Beam

From Reference 8




Where

P = Contact pressure (psi)

. e 2. 4,
a = mass density of missile (1b-sec“/in")

C = Speed of sound in missile (183688 in/sec)
V, = Impact velocity (in/sec)
L = Length of missile (in)

Thus the force time history applied to the target is a rectangular impulse
load of constant magnitude for a duration of tye The value of ty for a
missile of length .75 inches is then

2L -b
td -<F = 8.1 x 10" sec
The ability to mobilize the effective mass of the static deformea shape, (lst
mode of structure), can be evaluated based on the response of the structure to
a rectanqular pulse force time history. Tha response in each mode of
vibration for a uniform beam is(ll)

rb
"O D(X)On

Oynamic Load Factor
normalized shape of mode n
load as function of »
circular fregquency

mass per unit length
length of beam




The value B for a given mode is a constant and for simple shapes such as fixed
= T1xeag beams ard cantilever beams will be smaller for the higher modes than
for the fundamental mode.

shows the Uynamic Load Factor (OLF) for a rectanguiar pulse load
1S a function of ty4 dlvided by the period of vibration T;, of the struc-
ture. From this figure it is seen that for ta/T; ratios greater than 0.5,
where Tl IS the period of the first mode, the predominent response will be
in the first mode, or the assumpticn for target mass bDased on the static
deformed shape is valid. Conversely, for td/Tl ratio less than 0.08, even
if the term B8 for the first mode was two times that for the higher modes, the
Nigher mode response could tend %o dominate the total response; thus, the
effective target mass assumption based on the minimum mass in the region of

impact would be a better approximation.
The td/Tl ratio for the three targets are:
Core Barrel td/Tl - 4.4 x 107

Thermal Shield Flexure td/Tl = 0.0117
[nstrument Tube td/Tl = 0,0024

From these values of td/Tl, and recognizing that the t4 Predicted may be

low by a factor of 2 to 3 times, general observation in regard to effective
target mass can be made:

1) Core barrel — The effective mass of the core barrel during impact
15 clearly that of a2 higher mode associated with local deflection
of the core barrel shell in the region near the point of impact;

Thermal shiela flexure— The effective mass is also that of a
Nigher mode associated with local deflection.

Instrument tube -— The value of tG/T,
-
minimum mass should be used for the impact. However,

ngicates that the




shown on figure 3-4b, a substantial portion of the cantilever peam is above
the point of impact on the beam. For movement to Jccur at the point of
'mpact, the top portion must also move; thus the portion of the heam above the

'Mpact point will tena to act as a concentrated mass 4t the point of impact.

Although the determination of the effective mass is a complex problem which
requires testlng and rerinedg dna]yS]S to define aCCurate;j’ the best
assumptions regar /ing the various targets are:

1) Core barrel - M& 1S the mass of the core barrel shell computedq

Oy the minimum mass criteria--for a missile cross section of

0.2" diameter the mass is 0.0174 1b sec‘

n.

no

Thermal shield flexure —— The flexure mass should be the Me based
on minimum mass criteria.

J) Instrument Penetration -- The instrument penetration “e should be
the mass above the impact point plus the portion of beam below the

impact point for the mass coefficient from Table 3-4 for elastic
conditions.

4 1
Jeadeb ol

Loeff cient of Restitution

The coefficient of restitution, e, is a measure of the energy loss auring the
collision of two bodies. The collision when e = 1 is referred to as a per-

fectly elastic collision, while when e = Q0 the collision is classically refer-
red to as a perfectly plastic collision. Collision with e between Q0 and 1 are
referred to as inelastic collision. Typically, the amount of permanent defor-
mation in the bodies is used to illustrate the concept of the coefficient of



e

res*itution. The typical discussion on coefficient of restitution is

misl _=‘ng since it implies the energy dissipatea during collision 1s only due
to plastic deformation. In fact, energy during collision is dissipated by
many mechanisms such as:

a) internal material damping;

D) internal vibrations of the bodies;

C) stress wave propagation from the point of impact;
d) friction at the contact surfaces; and

@) local and overall plastic deformations.

In many cases, a substantial energy loss can occur, with “e” 4ipproaching zero,
without plastic deformation of the bodies during impact. An example is shown
In figure 3-9 for a footing. In this case, a substantial portion of the input
energy (by impact or vibration) is transmitted away from the point of contact
Dy stress waves, which are losses during the energy transfer during impact,
and thus do not participate in the overall deformation of the structure.

The actual coefficient of restitution is highly dependent on the size, shape,
material properties and velocity of the bodies during collision. These char-
acteristics are not only important because they affect plastic deformation of
the bodies, but also they greatly affect the energy dissipated by other
mechanisms.

Reliable values for “e" must be based on tests of similar missile and target

geometries, or by extrapolation of test data. A conservative value of e = 0.8
1s used in the analysis for determining damage to the target structures.
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TARGET ENERGY ABSORPTION REQUIREMENTS

ne table below summarizes the energy that must be absorbeg Dy the three
jeTinea target structures based on the assumptions for M_ from Section

+3.2.1 and a coeffcient of restitution (e) equal to 0.8. Section 3e3e3
J1scusses the consequent effects on the target structures.

Target Structure E (in=1b)
Lore Barrel 0.223

Instrument Tube 0.08&7
(Bending Strike)

Instrument Tube (rigid target Assumed)
(Shear Strike)

Thermal Shield Flexure (rigid target assumed)

3.3.3 ENERGY ABSORPTION CAPABILITY OF TARGETS

After the energy that must be absorbed 1s known, the energy absorption
capability of the structure is determined from the area under the resistance
(force)-displacement curve. Figure 3-10 shows a typical curve. This area
represents the strain energy absorption capability of the structure and must
0e equal to, or greater than, the energy of the impact discussed in Section
3.3.2. When the cstrain absorption capability is greater than the effective
impact energy, the amount of permanent deflection in the structure can De
estimated from the curve by assuming that unloading will occur along a line
parallel to the original elastic portion of the curve. The intersection of
the 1ine with the deflection axis is an estimate of the permanent qeflection

in the structure due to impact.




The value Rm s the static collapse load and is that value of load that
resuits in the formation of sufficient plastic ninges in the structure to
create an unstable mechanism which would collapse without any aaditional

load. The methods for computing the collapse load Rm are contained in many
standara text books, and figures 3-11 ana 3-12 pr.vide the formulae for
several common structures. The values in figure 3-11 and 3-12 are defined in
terms of the plastic moment (Mu). The value of Mu is a function of the
assumed stress-strain curve of the material and the geometry of the cross
section of the beam or plate.

The most common assumption for the stress-strain relationship is that of
elastic-perfectly plastic behavior. This assumption is consistent with that
used in ASME subsections NB and NG for computing the collapse loads L and
LL' respectively. Therefure, the equivalent impact force to absorb the
impact energy is comparable to the code iimits for CL and LL. The cross
section property, the plastic modulus(,]zwhich is needed to compute Mu is
contained in many common text books.

The next parameter to be defined is the yiela stress value for the material
where perfect plastic behavior begins. The yield stress is assumed to oce 1.5
Sm. The yield value is then increased by a conservative factor of 1.2 to
account for the increase in yield stress due to the rapia strain rate during

impact.

The increase in yield stress and ultimate stress, because of rapid strain
rate, is well documented, In Ref. 7, tests were con-

ducted with a range of strain rate of 107° to 103 per sec and for tempera-
tures from about 25 to 600 "C. At room temperature, the increase in ultimate
stress was 40 percent at the highest strain-rate, and the increase in yield
stress was 170 percent. The normal rate of strain for tensile tests is about
2 x ].0°3 per sec. The strain-rates, based on the impact velocity for the
missiles considered herein, would be between 1 x 102 to 5 x 10°. Thus the
use of the common impact yield stress increase factor of 1.2 is consigereg
very conservative for this evaluation.
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shuuld be emphasized that the collapse load calculated Jsing these assump-
tions is not the true collapse load of structures mace from stainless steel.
The “true" collapse load should be based on the uitimate strength and an
€lastic-strain nardening mode! for tne material. These assumptions will
Increase the collapse load and energy absorption capability 1.5 to 2.0 times

those caiculated usinyg the elastic-perfectly plastic assumption.

The preceeding giscussion provides the procedure to calculate the strain
energy absorption capability for structures that are not subject to other
loads during the impact. In general, this is not the case, and the energy
dbsorption capability of the structure must be reduced to reflect buth sus-
tained load and cyclic loads that exist concurrent with the impact. Figure
3-13a ana b provide the energy reduction for a fixed-fixeda beam for various

potential concurrent load conditions for both the center impact and end impact
loading.

(ases a and b on figures 3-13a and b are determined by calculating an
equivalent load at the impact point (P') that results in an energy reduction
equal to the indicated aistributed or concentrated load. The eguivalent load
1S given by:

AP ._g ° pix) é(x) ax

4 = the displacement at the point of impact
P(x) = the concurrent load as a function of the length along the
beam, and,

o(x) = the elastic or plastic deformed shape as appropriate.

value of P' varies as plastic ninges are formed during the impact, because
function #(x) varies. In the calculations nerein, the largest P' was useg
the varigus elastic and hinge combinations that exist until the final

collapse mechanism has been developed in the structure.
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3.3.4 CORE BARREL ANALYSIS

Figure 3-2b shows the model used to evaluate the effect of the postulated
irpact on the core barrel. The loose part is assumed to impact the core
berrel at the inlet nozzle at the inlet nozzle velocity. The minimum value o
target effective mass and a ccefficient of restitution (e) equal to 0.8 were
used in the analysis. The equivalent force (Fe) acting on the barrel,
assuning elastic action of the barrel, is obtained by equating the energy (t.
to be absorbed by the target (core barrel) to the strain energy of the barre’
due to impact, or

E = (1/2) Fgo = (1/2) Ka?

where 4 = Deflec:.ion at point of impact
K = Equivalent spring constant at point of impact

The expressions for a and Fe are

A = Fe,K

F, = (k)12
The value of K was determined based on the model shown in Figure 3-2b. the
analysis performed counsidered both the local deflection of the shell and tr

deflection of tha core barrel as a beam. The beam deflections are ecsent!
negligible,
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The K, (K = F /a), is calculated from the deflection & given by Roarx
(5th edition, case 9b,/page 496):

where B = l'_lZ(l--uz)]"/a
R = mean radius of shell
L = length of shell

t = thickness of shell
EM = elastic modulus

u = poisson's ratio

The value of Fe is 652 1b.

The stresses in the barrel were also evaluated using the equations provideo "~
Roark. The stress due to the impact, and the combined stresses for impact a1~
normal operation aie summarized in Table 3-5. The combined stresses are aiso

compared to the allowables in Table 3-5.

As seen in Table 3-5, even using the most conservative assumption for eneroy
absorption, the stresses are well within the allowable values.

Table 3-5 STRESS SUMMARY
CORE BARREL

SUMMARY OF APPLIED AND ALLOWABLE STRESS INTENSITIES FOR CORE § F
AT POINT OF IMPACT
P P * Py Pa* Py * Qp* Qp

Applied Stress 2,799 2,806 13,178
Intensity
Allowable Stress 16,200 24,300 48,600
Intensity (Sm) (1.5 Sp) (3 Sy)
Factor of Safety 5.79 8.66 3.69
Stress Due To Impact of the parts are considered as secondary stresses.
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The thermal shieid * lexure is analyzed for two postulatec impacts. The

analysis is presented in sections 3.3.6.1 and 3.3.6.2.

3.3.6.1  Impact at Center of Thermal Shield Flexure

The load due to impact for this case is calculated assuming the minimum
effective mass of the target and a coefficient of restitution of V.8, The
load-defiection relationship for a center load on the flexure is snown in
Figure 3-17, corrected for the effect of simultaneous operating loags. For 2
minimum target cf¥2<live mass of 7.21 x IO'SLb—seczlin the energy that

must be absoroed by the flexure is calculated to be 1.730 inch pounds. From
Figure 3-17 it is seen that the spring rate 1" the elastic range of the
load-deflection curve 15[: ] The load at which the regquirec
energy is absorbed is[ nghnos. From Figure 3-17 it is seen that for tne
center strike the flexure is able to withstanc this load elastically.
Therefore, no permanent set will occur and the flexure will remain

structuraily adequate.

3:3:0.2 Impact Near Flexure Support

For this case the minimum target mass is again assumed along with a
coefficient of restitulion of 0.8. Figure 3-18 is the load-displacement curve
for a strike 1.708 inches from the flexure support, corrected for simul

[}

operating loads. From this figure it is seen that the required energy

e R

absorbed at a load of 2527 1b. Under this lcad, a single plastic ninge
formed in the flexure. The resultant permanent set in the flexure for 2
single impact is 0.00052 inches, which will not affect the structural

integrity of the thermal shield flexure. Subsequent impacts are not £xped

to increase this permanent set due to material strain hardening.
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DYNAMIC LOAD FACTOR
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Figure 3-7 . Dynamic Load Factor for Lincar E!-stic System
Rectanguiar Impulise Load (From Re* 12)
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Figure 3-16. Flexure Normal Loads (Concurrent Loac:)
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Figure 3-18 Resistance — Displacement Function for Thermal Shield Flexures
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