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ABSTRACT

This six-volume report contains 151 papers out of the 178 that were
presented at the Thirteenth Water Reactor Safety Research Information Meeting
held at the National Bureau of Standards, Gaithersburg, Maryland, during the
week of October 22-25, 1985. The papers are printed in the order of their
presentation in each session and describe progress and results of programs in
nuclear safety research conducted in this country and abroad. Foreign
participation in the meeting included thirty-one different papers presented by
researchers from Japan, Canada and eight European countries. The titles of
the papers and the names of the authors have been updated and may differ from
those that appeared in the final program of the meeting.
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Structural Load Combinations |
\ 1

H. Hwang and M. Reich'

| Brookhaven National Laboaratory
,

B. Ellingwood
National Bureau of Standards

M. Shinozuka
'Columbia University

Abstract

' This paper presents the latest results.of the program entitled, i

" Probability Based Load Combinations For Design of Category I Struc-
.tures". In FY 85, a probability-based reliability analysis method 1

has been developed to evaluate safety of shear wall structures. .The
shear walls are analyzed using stick models with beam elements and
may be subjected to dead load, live load and in-plane' earthquake.
Both shear. and flexure limit states are defined analytically. The
. limit state probabilities can be evaluated on the basis of these ,

. . limit states.
!

-Utilizing the reliability analysis method mentioned above, load ,

combinations for the design of shear wall structures have been es- '

'tablished. The proposed design criteria are in the load and resis-
tance factor design (LRFD) format. In this study, the resistance
factors for shear and flexure and load factors for dead and live
loads are preassigned, while the load factor for SSE is determined
for a spegified target limit state probability of 1.0 x 10-0 or
1.0 x 10-3 during a lifetime of 40 years. '

1. INTRODUCTION

~ The program entitled, " Probability Based Load Combinations for Design of- ,

Category I Structures", is currently being worked on for the Office of Nuclear |

Regulatory Research, U.S. Nuclear Regulatory Commission. The objective of '

this program is to develop a probabilistic approach for evaluating safety of
. reactor containments and other seismic category I structures subjected to
' multiple static and dynamic loadings. Furthermore, based on this probabi-
listic approach, load combination criteria for the design of Category I struc-
tures will also be established.

This paper presents the latest results of the program. Specifically, the
reliability analysis method for shear wall structures, and the probability-
based load combinations for the design of shear walls recently have been de-

Work performed under the auspices of the U.S. Nuclear Regulatory Commission.
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veloped. In the following sections, the shear wall structures and the limit
states used in this study are described first. Then, the probabilistic models
of loads and material strengths are presented. Next, the reliability analysis
method for shear walls is discussed and an example is given to demonstrate the
method. Finally, the probability-based design criteria are presented.

2. SHEAR WALL STRUCTURES Ahu LIMIT STATES

Shear walls are used in many Category I structures in nuclear power
plants as the primary system for resisting lateral loads such as earthquakes.
These shear walls usually have low height-to-length ratios and exist either as
part of a rectangular box or as individual walls. In this study, a low-rise
three-story rectangular shear wall, as shown in Fig.1, is chosen as a
representative shear wall structure. The shear wall is analyzed using a stick
model with beam elements and it may be subjected to dead load, live load and
in-plane horizontal earthquake during its lifetime.

The limit states of a low-rise shear wall include flexure, shear, sliding
and buckling. A typical shear wall in a nuclear plant structure is massive
and low. Thus, buckling failure would be very rare. Resistance to sliding is
provided by aggregate interlock and dowel action of vertical reinforcement and
boundary elements. For a low-rise massive shear wall with proper boundary
elements, sliding failures would also be rare. In this study, therefore,
sliding and buckling failures of shear walls are not considered. The shear
and flexure limit states are defined below.

2.1 Flexure Limit State

The flexure limit state for shear walls is defined analytically according
to ultimate strength analysis of reinforced concrete. It is described as fol-
lows: At any time during the service life of the structure, the state of
structural response is considered to have reached the limit state if a maximum
concrete compressive strain at the extreme fiber of the cross-section is equal
to 0.003, while yielding of rebars is permitted. Based on the above defi-
nition of the limit state, a limit state surface can be constructed for a
cross-section with given geometry and rebar arrangement in terms of the axial
force and bending moment on a cross-section. A typical flexure limit state
surface, which is approximated by a polygon, is shown in Fig. 2. In this fig-

ure, point "a" is determined from a stress state of uniform compression.
Points "c" and "c'" are the so-called " balanced points", at which a concrete
compression strain of 0.003 and a steel tensile strain of f /Es arey
reached simultaneously. Points "e" and "e'" correspond to zero axial force.
Lines abc and ab'c' in Fig. 2 represent compressia failure and lines cde (nd
c'd'e' represent tension failure.

The flexure limit state surface represents the flexural capacity of a
shear wall. Since the flexural capacity is calculated using the ultimate
strength analysis of reinforced concrete, the variability of the capacity is
caused primarily by the variations of concrete compressive strength and rebar
yield strength.

2
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2.2 Shear Limit State

The shear limit state is reached when diagonal cracks form in two
directions; following the formation of the diagonal cracks, either concrete
crushes or rebars yield and fracture. The ultimate shear strength of a shear
wall, v , expressed in units of force / area, isu

+V II)vu"Vc s

in which v and v are the contributions of concrete and reinforcement toc s
the unit ultimate shear strength.

Barda, et al.[2], conducted tests on eight specimens representing
low-rise shear walls with boundary elements and suggested that for shear walls
with height-to-length ratio hw/tw between 1/4 and 1, ve could be given
by,

lh ) N h

= 8.3 M - 3.4 [f'c\ w * 41 h ; 4 4 1.0 (2)v ~

c c / w w

in which Nu is axial force taken as positive in compression and h is the
wall thickness. Barda, et al., also concluded that for shear walls with a
height-to-length ratio of 1/2 and less, the horizontal wall reinforcement,
which is effective for high-rise shear walls, did not contribute to shear
strength. On the other hand, vertical wall reinforcement was effective as
shear reinforcement in shear walls with height-to-length ratio of 1/2 and
less. However, it was less effective as height-to-length ratio approached 1.

Since the effectiveness of the horizontal and vertical reinforcement
varies for dif rqnt height-to-length ratios, the following equation for vsis recommended 22,

s = (a ph + b p )fy (3)v
n

where ph and on are horizontal and vertical reinforcement ratio,
respectively.The constants a and b are determined as follows:

1 ; < 1/2
W

h

h* 4 12b= <
2-2 *w

; 1/2 4 S (4)-

w

h"0 ; -->1
% *w

and
a=1-b

5
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i
!

Both horizontal and vertical rebars are partially effective outside the given
limits, but Eq. 4 is not sensitive to these limits as long as horizontal and

.

Vertical rebars both are used.|

Gergely[123 has suggested that a low-rise shear wall would fail by di-
agonal crushing of the concrete if the shear stress is larger than the follow-
ing unit ultimate shear strength:

vu = 0.25 fc (5)

However, Eq. 5 does not account for the effects of wall slenderness and rein-
forcement. In this study, the unit ultimate shear strength is taken as the
smaller of those determined from Eqs. 1-4 or Eq. 5. The total ultimate shear
strength Vu is computed as

Vu " Vu h d (6)

where h is the wall thickness and d is the effective depth, which is taken to'

be 0.8 tw for rectangular walls. From Eq. 6, a shear limit state surface
,
' can be constructed for any shear wall cross-section. A typical shear limit

state surface is shown in Fig. 3. In this figure, lines 9 and 12 are governed
by Eqs.1-4 and lines 10 and 11 are governed by Eq. 5.

Fron simulation results, Ellingwood[10] suggested that the actual shear
resistance can be treated as

|

Vu = B iu (7)
! _

l where Vu is the mean value determined from Eq. 6 using mean values of fc
and f . B is a lognormal random variable with unit mean value andy
coefncient of variation of 0.19. In this study, the shear strength obtained

,

from Eq. 7 is used for the reliability assessment of the shear wall.

3. PROBABILISTIC CHARACTERISTICS OF LOADS AhD MATERIAL STRENGTHS

! Since the loads involve random and other uncertainties, an appropriate
probabilistic model for each load must be established in order to perform the<

! reliability analysis.

3.1 Dead Load

Dead load is a static load and acts permanently on a structure. It is

derived mainly from the weights of the structural system, the permanent equip-
ment and attachments such as pipings, HVAC ducts and cable trays. Except for

equipmpnt are small.[ variations associated with the weights of structure or
the attachments, the

11,13] Dead load is assumed to be normally distri-
buted.Lill The mean value is equal to the desj gn value and the coe 'ficient!

of variation (CoV) is estimated to be 0.07.L11J Permanent equipment. loads
" ' ' "

4n
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3.2 Live Load

Live load in nuclear power plants denotes any temporary load resulting
from human occupancy, movable equipment and other operational or maintenance
conditions. Significant live load might arise from temporary equipment or ma-
terials during maintenance or repair within the plant. Thus, live load is
modeled as a Poisson renewal rectangular pulse process which is defined by the
occurrence rate, mean duration, and the probability distribution of the point-
in-time intensity.

Measurements of live loads in nuclear power plants were unavailable. |

Statistical data on live loads were obtained from a limited number of re- |
'

sponses to a questionnaire used as part of a consensus estimation survey of
loads in nuclear power plants.L133 The live load data from the consensus
estimation survey were analyzed in Appendix A of Ref. 11. Considering both
PWR and BWR plants, the mean value of the maximum live load to occur in 40
years is 0.81 times the nominal value and its coefficient of variation is
0.37. With a mean duration of three months, several statistics for the point-

tained.[l:4e load corresponding to different occurrence rates can be ob-in-time 1
J In this study, the occurrence rate is taken to be 0.5 per year;

thus, the mean value of the point-in-time live load intensity is 0.36 times
the nominal design value and the coefficient of variation is 0.54. The point-
in-time live load is assumed to have a gamma distribution.

3.3 Earthquake

The seismic hazard at the site of a nuclear power plant is described by a
seismic hazard curve. A seismic hazard curve, is a plot of annual exceedance
probability G (a) vs. the peak ground acceleration. In this study, theA
probability distribution F (a) of the annual peak grpund acceleration A isA
assumed to be the Type 11 extreme value distributionL9J,

1 - G (a) = F (a) = exp [-(a/u)-a] (8)A A

where a and u are two parame; erg to be determined. The value of a for the
U.S. is estimated to be 2.7.1.14J The parameter u is computed based on this
a-value and the assumption that the annual probability of exceeding the safe
shutdown earthquake at the site is 4 x 10 g per year.L19J The hazard
curve used in this study compares well with six out of the eight curves with
50 percent confidence for eight specific plant sites in the Eastern United
States.L3,14]

In addition to the mean duration of an earthquake, the lower and upper
bounds of peak ground acceleration are required in the analysis. The lower
bound, a , indicates the minimum peak ground acceleration for the groundo
shaking to be considered as an earthquake, ao is assumed to be 0.05 g. The
upper bound, amax, represents the largest earthquake possible at a site.
However, the state-of-the-art in seismology can not precisely determine the
value of a The effects of different values of a on the load fac-max. max
tors are reported in Ref. 14 In this study, amax is chosen to be 2aSSE.

8
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The ground acceleration, on the condition that an earthquake occurs, is
idealized as a segment of a zero-mean stationary Gaussian proces' d
in the frequency domain by a Kanai-Tajimi power spectral density [,$3,escribed

2
1 ' 4c,(,7 ,9)2

99(w) = S" [1 - (w/w )2 2 , 4C 4 ,f ,9)2
S "

(9)2
3g

where the parameter So is a random variable which represents the intensity
of an earthquake. The distribution of So can be determined as shown in
Ref. 20. Parameters wg and cg are the dominant ground frequency and the
critical damping, respectively, which depend on the site soil conditions. For
rock and deep cohesionless soil conditions Wo is taken to be 8w rad /sec and
Sw rad /1gc, respectively. cg is taken to be 0.6 for both soil condi-
t i ons.L'f J

,
:

3.4 Material Properties

In order to perform a reliability analysis of a shear wall structure, it
is necessary to determine the actual material properties. In this study, the

! material strengths are random, while other properties are assumed to be deter-
ministic.

|

A. Concrete
|

3
| The density of r.oncrete if, taken to be 150 lb/ft . Young's modulus is

computed according to aCl codetSJ and Poisson's ratio for concrete is 0.2.|

The concrete compressive strength, ff, is assumpd to be normally distributed
with CoV of 0.14 and a mean value at 1 year, ffL10J,

ff = 1219 + 1.02 fcn (psi) (10)

i in which fcn = specified compressive strength of concrete at 28 days. For
example, if fcn is specified as 4000 psi, the mean value of concrete com-
pressive strength is 5299 psi.

B. Reinforcing Bars

The yield strength fy of ASTM A 615 Grade 60 deformed bars is assmed
0.11.L10,1]/qgnormal distr'ibution with a mean value of 71.0 ksi and CoV of
to haye a

J Young's modulus and Poisson's ratio are taken to be 29.0 x 106
psi and 0.3, respectively.

'
4 RELIABILITY ANALYSIS METHODOLOGY

The reliability analysis methodology for shear walls is presented in
Ref. 21. It follows the same approach as described in Ref. 20. The limit
state probability, Pf5 is defined as the probability that the structural
response will reach t$e limit state "s" during the lifetime. In this study,

,

1

I
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the shear wall is considered to be subjected to three loads, i.e., dead load
(D), live load (L) and earthquake (E). Thus, the wall is subjected to at

-least one of the following mutually exclusive load combinations in its
lifetime: D, D+L, D+E and 0+L+E. With the assumption that the limit state
probability under D and D+L is zero, the limit state probability P ,5 can bef

expressed as

. p(D+E) ,p(D+L+E) (gg)p
f,s f,s f,s

The limit state probability for a load combination q, i.e., P(q)
t

f,s, can
be computed approximately by

P = T A(q) P (12)

in which T is the lifetime of the structure, taken as 40 years. A(q) is the
occurrence rate of the load combination (q) and is determined by formulas
in Ref. 20. The conditional limit state probability given the occurrence of
theloadcombination(q),i.e.,P$,istheprobabilitythatthecombined
load effects exceed the structural resistance. The technique to compute
P $ is shown in Ref. 21.

The fragility, Ps, is defined as the conditional limit state probabili-
ty with ' respect to a limit state "s", given a peak ground acceleration. The
evaluation of the fragility is also shown in Ref. 21.

4.1 Illustrative Application

A rectangular shear wall, as shown in Fig.1, is subjected to dead load
and earthquake during its lifetime. The height of the shear wall is 75 feet,
the width is 125 feet and the thickness is 15 inches. Three floors are sup-
ported on the wall at 25, 50 and 75 feet above the ground. It is assumed that
the superimposed dead load on each floor is 16 Kip /ft and the safe shutdown
earthquake (SSE) for design of the wall is taken to be 0.32 g. The specified
concrete compressive strength is 5000 psi and yield strength of the reinforc-
ing bar is 60,000 psi. The wall is designed according to the proposed Load
combination criteria as shown in Section 5.5. The required horizontal and
vertical reinforcement ratios are determined to be 0.00236 and 0.00523,
respectively.

The probabilistic characteristics of loads and material strengths de-
scribed in section 3 are summarized in Tables 1 and 2, respectively. The lim-
it states for flexure and shear as defined in Section 2 are reached at the
base of the shear wall. In this study, the variations of structural resis-

are included in the analysis using a Latin hypercube sam-
tance and dead 1 ppg 3 The sample size is chosen to be ten; thus, ten valuespling technique.L1
of ff, f , D and B, are chosen according to their distributions, and eachy
value has equal probability. Table 3 gives the ten sets of the Latin hyper-
cube samples and the corresponding c itional limit state probabilities for
flexure and shear limit states i.e., gE)and
these gen conditional limit state prob bilitie$$E). The average values ofs are 2.52 x 10-11 and 4.10

probabilities are 6.06 x 10-1p years, the flexyre and shear limit statex 10-1 For a lifetime of 4
and 9.86 x 10-lu, respectively.

10
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For the shear limit state, the fragility of the shear wall, which is
defined as the conditional limit state probabilicy given a peak ground
acceleration, is also evaluated. The fragility data are tabulated in Table 4

r and plotted in Fig. 4.

Table 1. Probabilistic Models for Loads.

Load Model

Dead Load (D) Time Invariant
_

Normal Distribution With D = 1.0 Dn and
CoV(D) = 0.07, Dn = 16 Kip /ft per each floor

i

Earthquake (E) Seismic Hazard Follows a Type II Distribution

1 - G (a) = exp[-(a/p)-a]; a = 2.7, p = 0.01765A

2
1 + 4c ( ,f ,9)29

99(w)=SS

[1 - (w/w )2 2 ,4C ( ,f,9)2
2

3g 9

where wg = Sw rad /sec, cg = 0.6

ao = 0.05g, amax = 0.64g

Occurrence rate, AE = 0.0601 per year

Mean duration, pdE = 20 seconds

t

| Table 2. Probabilistic Model for Material Strength.

I1aterial Strength Model

Normal Distribution

fc Td=1.219+1.02fdn
fcn = 5000 psi, fc = 6319 psi

CoV(f{}=0.14
Lognormal Distribution

f I = 71000 psi (f n = 60,000 osi)y y y

CoV(f ) = 0.11y

|

|
11
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Conditional Limit State Probabilities With Latin Hypercube Samples.Table 3.

D+E D+E)
Pc(,m ) Pc(,y

Samples fc'(psi) f (psi; D(lb) B
y

1 6.659 +3 7.362 +4 8.122 +6 0.808 6.016 -13 5.459 -11

2 5.978 +3 6.765 +4 7.547 +6 0.865 3.119 -11 3.602 -12

3 4.863 +3 8.452 +4 8.319 +6 1.339 7.196 -14 0

4 7.235 +3 6.297 +4 7.824 +6 0.913 3.086 -11 2.153 -13

5 6.207 +3 7.906 +4 7.965 +6 0.720 2.171 -13 4.041 -9

6 7.774 +3 7.599 +4 6.863 +6 1.115 3.670 -12 1.414 -18
"* 7 6.915 43 6.960 +4 7.193 +6 1.194 2.118 -11 C--

8 5.722 +3 6.554 +4 7.390 +6 0.959 1.063 -10 1.961 -14

9 5.402 +3 5.892 +4 8.649 +6 1.005 5.379 -11 5.217 -16

10 6.430 +3 7.155 +4 7.688 +6 1.056 4.458 -12 4.082 -17

2.52 -11 4.10 -10
Average

3NOTE: 6.659 + 3 = 6.659 x 10 .

I
|

4
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Table 4. Fragility Data (Shear).

PGA(g) Py

0.45 5.713 -13
0.50 2.234 -10
0.55 1.853 -08
0.60 5.359 -07
0.65 7.392 B;

0.70 5.975 -05
0.75 3.251 -04
0.80 1.310 -03
0.85 4.169 -03
0.90 1.095 -02
0.95 2.441 -02
1.00 4.714 -02
1.05 8.022 -02
1.10 0.123
1.15 0.173
1.20 0.229
1.25 0.291
1.30 0.357
1.40 0.493
1.50 0.622
1.60 0.733
1.80 0.884
2.00 0.959
2.20 0.992
2.40 0.999
2.60 1.000

5. LOAD COMBINATION CRITERIA FOR DESIGN OF SHEAR WALL STRUCTURES

A procedure fer developing probability-based load combinations for the

design of category I structures has been established.lllel4) procedure, load factors for design of shear walls were determined.L1gtj s
Using i

J The

procedure is summarized as follows:

1. Select an appropriate load combination format.
2. Establish representative structures.
3. Define limit states and select a target limit state probability.
4. Assign initial values for all parameters (e.g., load and resistance

factors) associated with the selected load combination format.
5. Design each representative structure.
6. Determine the limit state probability of each representative

structure.
7. Compute the objective function measuring the difference between the

target limit state probability and the computed limit state
probability.

8. Determine a new set of parameters along the direction of maximum
descent with respect to the objective function.

9. Repeat steps 5 to 8 until a set of parameters that minimizes the ob-
jective function is found.

14
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5.1 Load Combination Formati

The load and resistance factor design (LRFD) format [18] has been
selected fot this study. This format has been adopted in Sexeral specifica-
tionsl.1,4,5J and the Standard Review Plan, Section 3.8.4.[23J The LRFD
format is simple enough to be used in routine design while offering sufficient
flexibility to achieve consistent reliabilities in various design situations.
If three loads, i.e., dead load, live load and earthquake are considered to
act on the shear walls during a reference . period, the load combinations in the
LRFD format are:

1.2 0 + 1.0 L + Y RES SS # *i i (13)
0.9 D E- yES 33 44R (14)4j

where

D = load effect due to design dead load
L = load effect due to design live load

Ess = load effect due to' safe shutdown earthquake (SSE)
YES = load factor for safe shutdown eartkluake
$j = resistance factor for the 1-th limit state under consideration
Rj = nominal structural resistance for the 1-th limit state under

consideration

It is assumed that design loads and nominal structural resistance are de-
fined as in current standards. The load and resistance factors are determined
so as to achieve the desired reliability. However, in this study the dead
load factor, live load factor and resistance factors are preset to simplify
the optimization. The mean value of the dead load is approximately equal to
its nominal value and its variability is quite small. A dead load factor of
1.2 (or 0.9 when the dead load has a stablizing effect) has
more than adequate to account for uncertainty in dead load.[been found to be1.83
Furthermore, experience with the treatment of live load as a companion load in
conventional structures has shown that it is reasonable to preassigo the] liveload factor of 1.0 (or zero if live load has a stabilizing effect).L8,11
The dead and live load factors in Eqs. 13 and 14 are the same as those
appearing in the A58 load requirements.ll3 With a few trials, it was found
that if the resistance factor for shear, $y, is set to be 0.85 and the
resistance factor for compression or compression with flexure, $m, is set to
be 0.65, they will produce approximately the same optimum values of the load
factor YES. Hence, in this study, these resistance factors, which are
similar to those specified in ACI Standard 349, are adopted.

5.2 Representative Shear Wall Structures

An important requirament for codified structural design is that all the
structures designed according to a code should meet the code performance ob-
jectives which are expressed in probabilistic terms. In order to test if this
requirement is satisfied, four representative (sample) scructures are selected
for evaluating the design criteria. In this study, representative shear wall

15
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structures are determined from examining existing shear walls in U.S. nuclear
power plants. A low-rise three-story rectangular shear wall, as shown in ;

Fig.1, is chosen as a representative shear wall structure. The shear wall
may be subjected to dead load, live load and in-plane earthquake forces. The j

ranges of the design parameters such as height-to-length ratio, material ,

strengths, and design loads are determined and one, two or four representative i

values are selected to represent the range of each design parameter. Then the
Latin hypercube sampling technique is L.,M to identify sample shear walls
using these representative design value.. Four sample shear walls thus |

identified are shown in Table 5. With the design parameters in Table 5 speci-
fied, the remaining design parameters, which still need to be determined, are
the wall thickness and the reinforcement.

Table S. Representative Shear Wall Structures.

Design Parameters Sample 1 Sample 2 Sample 3 Sample 4

Height (ft) 75 75 75 75

Width (ft) 75 125 100 150

Concrete Compressive
Strength (psi) 4000 5000 5000 4000

Rebar Yield Strength
(psi) 60,000 60,000 60,000 60,000

Superimposed Dead
Load (Kip /ft) 16 16 16 16

Live Load (Kip /ft) 12 8 12 8

SSE (g) 0.17 0.32 0.25 0.50

Soil Rock Deep Deep Rock
Cohesionless Cohesionless

Earthquake Duration
(sec) 10 20 10 20

5.3 Design of Shear Walls

Each representative shear wall shown in Table 5 has to be designed ac-
cording to the proposed load combinations with trial load and resistance fac-

16
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tors, specified design loads, and nominal resistance. The shear strength de-
termmned from Eq. 6 is proportional to the wall thickness. It is known that

j .the shear-limit state probability of a shear wall with larger wall thickness
is less than that of a shear wall with smaller thickness, even through both
shear walls are designed according to the same criteria. Thus, for the design
of shear wall structures, the wall thickness cannot be assigned arbitrarily.
Utilizing the nominal shear strength expression for shear walls in the ACI
code and a horizontal wall reinforcement ratio of 0.0025, the following ex-
pression is used in this study to determine the appropriate wall thickness.

V N
u u

$ d 41
h4 3.3/f 0.00 5fcn yn

where

l h = thickness of a shear wall
Vu = factored shear force at a cross-section
Nu = factored axial force at a cross-section

; $y = resistance factor for shear
tw = total length of a shear walli

fc,d = effective length of a shear wall, d = 0.8 tw for rectangular walln = nominal concrete compressive strength
f n = nominal yield strength of reinforcementi y

Once the wall thickness is determined, the remaining design parameter,
which needs to be determined, is the required wall reinforcement. For the
structural analysis of the shear wall, a beam element model is used. In this
study, 3 beam elements are used to model each story; thus, a shear wall is
represented by a beam model with 10 nodes. The mass used in the model is cal-
culated from the mean values of dead and live loads, as specified in Section
3. The axial force, which results from dead load with or without live load,
is obtained from static analysis. The shear and moment due to earthquake are
obtained from response spectrum analysis. The horizontal response spectrum
used in this[0Jptiudy is the design spectrum specified in the Regulatory Guide(R.C.) 1.60. The damping ratio is tpkqn to be 7 percent of critical for
the SSE, as specified in the R.G. 1.61.L7J The axial force, shear and
moment thus obtained are combined using the proposed load combinations, i.e.,
Eqs.13 and 14, with the trial load factors.

The nominal resistance of the shear wall is computed using the formula
specified in the current ACI code. The minimum wall reinforcement can be de-
termined such that the factored nominal resistance will be larger than the
factored load effect. In practice, the designers usually provide reinforce-
ment larger than the minimum requirement. In this study, however, the minimum
rebar area will be used in design and reliability assessments. The represen-
tative shear walls designed by the procedure described above are shown in
Table 6.

17
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Table 6. Required Wall Thickness and Reinforcement Ratios (0+L+ESS).

Sample' y h (in) p, ph Pn
<

1.1 8 0.00623 0.00148 0.00148
1.2 8 0.00793 0.00213 0.00213

- 1 1.3 8 0.00957 0.00278 0.00271
1.4 9 0.00947 0.00266 0.00262
1.5 10 0.00926 0.00257 0.00256

1.1 13 0.00265 0.00256 0.00256
1.2 15 0.00284 0.00235 0.00235

.

2 1.3 16 0.00315 0.00257 0.00256
1.4 18 0.00331 0.00241 0.00241
1.5 20 0.00334 0.00230 0.00230

1.1 10 0.00480 0.00278 0.00275
1.2 12 0.00459 0.00232 0.00232

; 3 1.3 13 0.00508 0.00245 0.00246
1.4 14 0.00534 0.00256 0.00256
1.5 15 0.00564 0.00267 0.00265

1.1 25 0.00230 0.00256 0.00256
1.2 28 0.00255 0.00260 0.00260

4 1.3 32 0.00270 0.00250 0.00250
1.4 36 0.00277 0.00245 0.00245
1.5 40 0.00284 0.00243 0.00243

NOTE: 1. p,is vertical reinforcement ratio required by flexure.;

2. ph and o are horizontal and vertical reinforcement ratios,n
respectively required by shear.

,

i
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5.4 Determination of Loari Factors

The load and resistance factors are determined to be consistent with a
specified target limit state probability for each limit state. The selection
of a target limit state probability should consider many factors, e.g., the
characteristics of the limit states, the consequence of failure, and the risk
evaluation and damage cost. Hence, the target reliability may not necessarily
be the same for different limit states. It is anticipated that the target
limit state probability will be set by the regulatory authority and/or the
code committee.

4

Once a target limit state probability PfT is specified, the load and
resistance factors are determined such that t$e limit state probabilities of
the sample shear walls are sut ficiently close to the target limit state proba-
bility. The closeness is measured by an objective function defined as fol-
lows:

N

n(y,$) = {wg (log Pf,9 - log Pf,T) (16)

I

where N is the total number of representative shear wall structures, P ,j is '

f
the limit state probability computed for the i-th sample structure, wt rep-
resents a weight factor for the 1-th sample structure. In the Latin hypercube
sampling technique, it is assumed that each sample in Table 5 is equally rep-

i resentative, and thus, wi = 1.0. The optimum values of the load and resis-
tance factors are then derived by minimizing the objective function n.

i The limit state probabilities of the shear walls shown in Table 6 under
the three loads in 40 years, are shown in Table 7. It is to be noticed that
the limit state probability for shear is calculated on the basis of the re-
quired shear reinforcement without including the reinforcement required for
flexure. Similarly, the limit state probability for flexure is computed with-
out considering the shear reinforcement. Using these limit state p:obabili-
ties, the objective function n can be computed for several values of YES

,

and Pf T. Figure 5 shows parabolic curves plotted through these values of'
i 1

theobjectivefunction. For Pf T = 1.0 x 10-6 per 40 years, the optimum
values of YES are 1.366 and 1.4f1 for shear and flexure limit states, re-'

spectively. For Pr = 1.0 x 10 5 per 40 years, the optimum values of
ES are 1.214 and ih67 for shear and flexure limit states, respectively.: Y

! Hence, YES is recommended as 1.4 or 1.2 corresponding to the specific
target linit stcte probability mentioned above.

,

l

,
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Table 7. Limit State Probabilities (D+L+Ess).

| Limit

ES=1.3 yES"1.4 yES=1.5ES=1.2Sample State yES"I'1 T Y

Flexure 3.349 -4 1.240 -4 4.670 -5 1.315 -5 3.930 -6
1

Shear 3.312 -4 1.829 -4 9.847 -5 4.249 -5 1.681 -5

Flexure 5.452 -5 9.453 -6 2.041 -6 2.586 -7 4.507 -8
2

Shear 2.002 -5 3.087 -6 7.162 -7 9.165 -8 1.076 -8

Flexure 3.483 -5 6.607 -6 9.835 -7 1.862 -7 2.779 -8
3

i Shear 4.302 -5 6.414 -6 1.507 -6 3.327 -7 6.842 -8

Flexure 7.968 -4 2.195 -4 4.635 -5 1.105 -5 2.511 -6
4

i Shear 1.021 -4 2.736 -5 5.466 -6 1.028 -6 1.870 -7

| 5.5 Proposed Load Combination Design Criteria

If the tar 9et limit state probability is selected as 1.0 x 10~" per 40"

years (equivalent to 2.5 x 10-u per year), the proposed load combinationst

for design of the shear walls subjected to dead load, live load and earthquake
durin9 the service life are as follows:

4

1.20 + 1.0L + 1.4 Ess '
4 fi i (17)R*

0.90 - 1.4 Ess
'

The resistance factor for shear, $y, is 0.85 and the resistance factor for
j compression or compression with flexure, $m, is 0.65. The determination

of the nominal design values for loads and nominal resistance follows current
.

practice.
1

;

r
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The proposed load Combinations are similar to those specified in ANSI
Standard A58.1-1982.L1J The proposed load factor for earthquake in this
study is 1.4 instead of 1.5 in the A58 standard. However, the definition of
earthquake is quite di Merent from the design earthquake in the A58 Standard.
In general, the safe shutdown earthquake specified for nuclear structures is
much stronger than that specified for conventional structures. Another dif-
ference appears in the resistance factor for shear. In this study, the resis-
tance factor for shear is recommended to be 0.85, while 0.70 was reconinended
for use with the A58 load criteria.L16J In this connection, however, it
should be noted that the mean shear capacity of low-rise walls, as described

by Eqs.1-4(4,b] uch higher with respect to the nominal shear capacity speci-is m
fied by ACI than is the mean shear capacity of slender walls and
beams.L8,10]

Reference 15 compared two shear wall structures designed using the pro-
posed design criteria and the current ACI-349 code. The results with respect
to shear limit state are shown in Tables 8 and 9. This comparison revealed
that the proposed design criteria, based on the target limit state probability
of 1.0 x 10-0 per 40 years, are more stringent than those specified in
ACI-349.

Table 8. Shear Walls Designed With ACI and Proposed Criteria.

Thickness
D P

Sample Design Criteria (in) n h

2 ACI 9 0.00263 0.00264

Proposed 15 0.00236 0.00236

4 ACI 18 0.00271 0.00271

Proposed 30 0.00245 0.00245

Table 9. Reliability Assessments of Shear Walls.

Design Limit
Criteria State Sample 2 Sample 4

ACI Shear 1.644 -4 3.614 -4

Proposed Shear 1.453 -7 1.385 -6

22
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6. CONCLUDING REr4 ARKS

A reliability analysis method for shear walls has been developed. In
this method, the shear wall is modelled by beam elements. The limit state for
flexure is defined according to ultimate strength analysis for combined axial
forces and bending moments. The shear limit state is established from test
results. At present, three loads, i.e., dead load, live load and in-plane
earthquake, are considered in the reliability analysis. The randomness and
other uncertainties of the structural resistance are included in the relia-
bility analysis using a Latin hypercube sampling technique. Based on thep

L above information, the limit state probabilities of a shear wall can be com-
,

'

! puted for flexure and shear limit states. This reliability analysis method
I can be used to evaluate the reliability level of existing shear walls and to

derive fragility curves of shear walls for PRA studies.
,

Utilizing the reliability analysis method described above, load combina-
tion criteria for the design of shear wall structures have also been es-
tablished. The proposed design criteria are in the load and resistance factor
design (LRFD) format. The load factor for SSE is determined for a target
limit state probabilities of 1.0 x 10-6 or 1.0 x 10-b during a lifetime of

,

,

It is clear (T = 1.0 x 10-6
40 years. The proposed load combinations according to P f
per 40 years are summarized in Section 5.5. hat the use of such j
criteria would entail no major change in the way that routine structural de- ;

sign calculations are performed. 'However, in contrast to existing design pro-
,

cedures, the proposed criteria are risk-consistent and have a well-established
rationale.

On the basis of the data used in this study, shear walls designed by cur-
rent ACI-349 for earthquake loading , but without tornado loads, may not be
adequate for the reliability level specified. This may be because the target
limit state probability is too small or because of other assumptions made in
our analysis. However, it may be due to the fact that the code committee does
not consider the whole range of seismic hazard. If the amax is larger than j
two times the SSE value, the difference will be even greater. We believe that '

this problem should be given proper attention. However, this does not i

necessarily imply that the current shear walls used in the nuclear plants are
i unsafe. Since shear walls are designed to resist tornado-borne missiles, they
l are more massive than would be required to resist only earthquake loadings,

i

:

l
1 ,

|
-

,

|

| !

|
i

I,

i
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STANDARD PROBLEMS FOR STRUCTURAL COMPUTER CODES .

A.J. Philippacopoulos, C.A. Miller and C.J. Costantino
:

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

Various numerical approaches with different degrees of approximations f
'

have been developed and utilized for the evaluation of the structural
iresponse of nuclear containments and other Class I nuclear structures. '

These approaches however, inherently rely on various degrees of
approximations in order to simplify the mathematical equations associated

| with the analysis methods. Thus, they may not necessarily represent the
actual response behavior of the structure in question. This is espe:ially i|

I true for operating or accident conditions that involve seismic and dynamic
loads. Under this program BNL is investigating the ranges of validity of
the analytical methods used to predict the behavior of nuclear safety
related structures under accidental and extreme environmental loadings.

During FY 85, the investigations were concentrated on special problems,

I that can significantly influence the outcome of the soil structure t

interaction evaluation process. Specially, limitations and applicability I

of the standard interaction methods when dealing with lif t-off, layering
and water table effects, were investigated. This paper describes the work
and the results obtained during FY 85 from the studies on lift-off,
layering and water-table effects in soil-structure interaction.

1. INTRODUCTION

This paper describes work performed at Brookhaven National Laboratory
(BNL) on the program " Standard Problems for Structural Computer Codes" (FIN

I No. A-3242) during FY 85. The work reported here is concerned with three
,

tasks related to the soil-structure interaction area. There tasks are: a) ;

lift-off effects, b) layering effects and c) water table effects. The ;
overall objective of these tasks is to evaluate these effects for nuclear '

,

! plant structures and utilize experimental data, when available, to quantify !

! the uncertainties which exist in the mathematical models.
t

In the lift-off area, the capability of tne SIM code which was
i developed at BNL was extended in order to treat the lift-off process. -

Mathematical laws pertaining to the structure-foundation interface were [developed to account for local nonlinearities associated with the lift-off
| phenomenon. The SIMQUAKE experiment was utilized to compare analytical -

i * predictions with the SIM code versus recorded data. Furthermore, the
.

!

| Work performed under the auspices of the U.S. Nuclear Regulatory
( Commission.

,

I
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|

conditions under which lift-off can occur in nuclear plant structures were j

investigated.

The influence of the foundation layering on the response of struc-
ture-foundation system was studied. Several foundation configurations were
used with different geometrical and wave propagation characteristics in
order to quantify the effect on the system transfer functions. Based on
the numerical data generated for the system transfer functions, a method
was developed which gives an approximation to the layering problem. The

procedure was applied to a set of foundation configurations in order to
demonstrate its applicability and limitations.

Water table effects were studied for nuclear facilities located on
sites characterized by high water tables. In conventional SSI evaluations
the foundation impedances are computed without taking into account the
effect of the water table. The influence of the latter on the foundation
impedances studied using a version of the SLAM code. A capability of
treating the water phase in SSI evaluations was developed and incorporated
into the SLAM computer program. Numerical results for foundation
impedances were obtained with the without the presence of water in the
foundation.

Details pertaining to the lift-off, layering and water table studies
are described in the following sections.

2. LIFT-0FF EFFECTS

A study was performed to evaluate the extent to which lif t-of f
(separation of foundation and soil) may be important in evaluating the
seismic response of nuclear power plant structures. The standard lumped
parameter analysis method was modified by representing the lumped soll/
structure interaction horizontal and rocking springs and dampers with
disturbed (over the foundation area) springs and dampers are then modified
so that they can only transmit compressive stresses. Additional inter-
action damping is included to account for the impact which occurs when a
portion of the foundation which has separated comes back into contact with
the soil.

The validity of the model is evaluated by comparing predictions made
with it to data measured during the SINQUAKE 11 experiment. The

predictions were found to correlate quite well with the measured data
except for some discrepancies at the higher frequency (>10 cps) range.
This discrepancy was attributed to the relatively crude model used impact
effects.

Data is presented which identify the peak accuaulation required to
cause lift-off. For parameters typical of nuclear power plant structures
lift-off was found to occur when the peak accelerations are in the range of
0.3 - 0.6 G's. Studies were then performed to evaluate the consequence of
neglecting lift-off when it occurs. A typical result is shown as Fig.1.
Spectra were compiled for the rocking motions both including and neglecting
lift-off. This was done for three inputs having peak accelerations of
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1.33,1.67, and 2 times that required to cause lif t-off. The ratio of the
spectral values including lift-off to that neglecting lift-off is shown as
Fig. 1. It may be seen that the spectra including lift-off effects are
significantly higher (by a factor of 3 when the peak acceleration is 2
times that required to cause lift-of f) than those neglecting lif t-of f.

3. LAYERING EFFECTS

Analytical and numerical methods are available today for the
evaluation of the dynamic stiffness of foundations resting on the uniform |

and the layered halfspace. It is desirable, however, to have simp 1tfied |
'

methods which can give a resonable approximation to the foundation
stiffness. The latter, are very important in the computation of the
seismic response of building-foundation systems. Approximate methods for
deriving foundation impedance functions can be used in preliminary design
as well as for checking the overall results from cowuter codes. Such

'

I

approximations have been proposed for the uniform halfspace and the case of
soll stratum on rigid base. It is generally more difficult to derive
simple approximations for impedance functions associated with layered
profiles. This is due to the fact that the wave propagation is dispersive
in this case. Thus the speed of the propagation depends on the wavelength.

Under this program, a simplified procedure to evaluate the response of
structures resting on layered foundations was developed. This procedure is
based on an equivalent radiation damping which was evaluated for different
foundation configurations. Comprehensive data to demonstrate the applica-
bility and accuracy of the method were generated. Response comparisons
between the simplified method and a vigorous method were made for massless
foundation, foundation with mass and finally for flexible structures.
Fig. 2 shows typical comparison of the harmonic response of a foundation
for which the radius is equal to the layer depth. The ratio of the S-wave
speed between the layer material and the material of the halfspace is equal
to 0.3. It can be seen, that the response obtained by the approximate
method is in very good agreement with the rigorously computed response.

Furthermore, the application of the method in computing the transient
response due.to earthqual.e inputs was investigated. In these investi-
gations the free-field motion was represented by a synthetic acceleration
time history. The accuracy was examined at the floor spectra level. Fig.
3 shows a comparison between approximate and rigorously computed floor
spectral curves for 2% equipment damping. The agreement is very good.
Similiar results were obtained for a set of different foundation systems.

4 WAFER TABLE EFFECTS

One aspect of the soil-structure interaction process which has not
generally been included in the soil-structure interaction process is the
impact of ground water (or pore water) on the response of typical nuclear
power plant facilities located at soll sites where the ground water table

30
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1

is reasonably close to the structural foundations. There are very good |
reasons for the current state of affairs, however, not the least of which

| 1s the difficulty of incorporating this aspect into the SS! analysis.
|

At one extreme of the problem at which soll v rains approach the
failure strain condition, the analysis typically focuses on the potential
failure under the structure, and the development of liquefaction conditions
in the soil. The current state of the art in this area is to a great !

extent based upon on empirical methods of analysis. The difficulties in
| this area stem primarily from a lack of knowledge of soil constitutive data
'

at large strains.

At the small strain end of the spectrum, the analytic approaches that
can be used to study the impact of pore water are more tenable, and in fact
a relatively long history, extending back some 40 years, is available to
guide the development. To be sure, difficulties still exist in this area,
and these again are primarily associated with constitutive properties of'

real soils. However, with the availability of computer power, realistic
| problems can be investigated to allow engineers to assess the potential
| impact as seismic structural analysis.

The objective of this phase of the study was to generate a finite
element computer program to treat the seismic response of a soil-structure

,

| system in which a typical linear structure is situated near the surface of
! the ground. The soil is represented as a linear medium in which all
| potential nonlinearities are at most lumped into an equivalent hysteretic

damping modulus. However the soll pores is saturated with compressible
fluid (water) to some depth close to the structuro (Fig. 4). A numerical
finite element model is developed to treat this two-phased linear media,
this model being based upon the analytic developments extending back to the

I work of Blot. In keeping with typical SSI analyses, in order to make the
| finite element approach yield reasonable results, a comparable two-phase
'

transmitting boundary formulation was developed to adequately take care of
relative damping effects.

The code was developed 1nd made operational with several parameter
variations performed to assess impact of pore water on response. A typical

| result is shown in Fig. 5, in which a comparison of frequency dependent
i interactive coef ficients (stiffness and damping) is presented for vertical
| motions of a rigid footing of half-width A. As may be moted, the pore

water has a major impact on the character and magnitude of these
coefficients, with ef fective radiation damping increasing from the dry to
the fully satuarated case. I
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STEEL CONTAINMENT BUCKLING

T. A. Butler and W. E. Baker
Los Alamos National Laboratory

los Alamos, New Mexico

ABSTRACT

Two aspects of buckling of a f ree-standing nuclear steel containment
building were investigated in a combined experimental and analytical
prog ram. In the first part of the study, the response of a scale
model of a containment building to dynamic base excitation is investi-
gated. A simple harmonic signal was used for preliminary studies'

followed by experiments with scaled earthquake signals as the excita-
tion source. The experiments and accompanying analyses indicate
that the scale model response to earthquake-type excitations is very
complex and that current analytical methods may require a dynamic
capacity reduction factor to be incorporated. The second part of the
study quantified the effects of framing at large penetrations on the
static buckling capacity of scale model containments. Results show
little ef fect f rom the f raming for the scale models constructed f rom
the polycarbonate, Lexan. However, additional studies with a model
constructed of the prototypic steel material are suggested.

!

| !. INTRODUCTION

1

| The Steel Containment Buckling program being conducted at the Los Alamos
National Laboratory is directed at investigating various aspects of reactor
containment failure induced by buckling of the steel containnv t shell. This
buckling can arise from an instability in the shell when loadtn; conditions
lead to excessive membrane stresses. Failure mechanisms that can be caused by
buckling of the shell include material splitting or tearing, seal f ailure at
penetrations, and shell puncture from nearby hard points. The program focuses
upon dynamic loading conditions such as those that arise f rom a Loss-of-
Cooling Accident (LOCA) or f rom an earthquake; however, the program also deals
with certain static loading conditions and geometries that have been identified
by the NRC as being appropriate computer code bench mark problems.

The research focus is on five areas: (1) effects of the ASME Area Replace-
ment Method for reinforcing penetrations (2) establishing bench mark static
load experiments for computer code verification, (3) investigation of knuckle
region buckling for tortspherical shallow dome geometries under internal pres-
sure, (4) evaluation of design and analysis procedures used for buckling under
time-dependent loadings (dynamic buckling), and (5) evaluation of the effect

31
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of penetration framing on shell buckling capacity. The first three of these
areas have previously been investigated [1-5) and will not be reported here.
This paper focuses on the research involved with dynamic buckling and the ef-
facts of penetration framing.

The study of buckling under the influence of time-dependent loadings is still
in progress. A preliminary test series has been completed using a scale model
Lexan cylinder excited by scaled earthquake and harmonic signals on an electro-
dynamic shaker. The occurrence of bucking was determined during the tests by
audibility and during posttest analysis by highspeed video, strain gage sig-^

,

nals, and accelerations of the top of the test specimen. The tests were anal- '

yzed using a freezing-in-time method with standard modal analysis techniques
i

and an experimentally derived buckling interaction curve.'

I in the penetration framing study four Lexan cylinders modelling containment
structures were used to study the effects of different framing designs around
large penetrations on the buckling capacity of containments. Two of the cyl-
inders had equipment hatch-type penetrations and two had personnel airlock-type
penetrations. Both types of cyliriers were loaded with axial loads and shear
loads as framing was incrementally added. Analysis with numerical models isi

being used to determine how containments with prototypic containment materials -

,

| would respond under the loads being studied.

11. OYNAMIC BUCKLING STUOY'j

The goal of this work is to assess the current (and past) design and analy' sis
procedures for predicting buckling of steel containment vessels under time-
dependent loadings. In particular, in this phase of the work the freezing-

; in-time method is evaluated. For this analysis method, time-dependent stresses
|

are calculated with a structural dynamic computer code or the stresses are
derived from equivalent static loads and then, in either case, are assumed to

|' be static (frozen in time) during perforinance of bifurcation buckling analyses,
laplicit in this procedure is the assumption that the stress field, which I

causes the buckling, changes little during the time that it takes the struc-
ture to deform into the buckled configuration.

I
i A. Test Model

The cylinder used for the experimental studies was constructed f rom the poly-;

carbonate, Lexan and was supported with aluminum end rings (Fig. 1). The
geometry of the cylinder was designed to provide similarity of essential fea-
tures with steel nuclear containment structurJs. The size and spacing of the
ring stiffeners were based upon the requirements of ASME. Code Case N-284 (6)
for prevention of both ring and global buckling under typical design loadingss for nuclear containments. For the tests described in this paper, additional
mass was added to the top ring to separate the frequency of the fundamental !

response mode from the lowest shell frequencies.

) |

,

i !

!

|
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Fig. 1. Details of Lexan model used for dynamic buckling experiments.

The polycarbonate material, Lexan, used for constructing the cylinder and stif-
fening rings has two characteristics that make it particularly convenient for
dynamic buckling tests; models may be fabricated using a convenient solvent

,
bonding technique and the material remains elastic throughout a test involving
reasonable post-buckling deformations. Therefore, the model may be subjected
to buckling deformations many times without substantial change in the response
of either the buckling load or the buckled mode shape.

Before the model was mounted on the shake table a modal survey was performed
to determine its dynamic characteristics. During this modal survey several,

shell modes were identified and compared with analytical results obtained with

1
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the 80SOR-IV computer code. As can be seen from the results shown in Fig. 2,
the analytical results are quite close to the test results. Also shown on the
figure are analytical frequencies for mode shapes other than pure shell modes.
The fundamental beam bending / shear mode f requency is 43.6 Hz, which compares
closely with the frequency indicated for this mode during the transient tests
described below. The test model was purposely designed so that this mode's
frequency would be well separated from the lowest shell modes. In a prototypic
containment this frequency could be close to the lowest shell frequencies (see
Fig. 3) and, as discussed below, more interaction between the fundamental beam
bending / shear mode and the shell modes could be expected. Based upon data from
the modal survey and transient tests discussed below, the damping of the cyl-
inder structure is approximately one per cent of critical.

B. Buckling Criteria

Preliminary to the dynamic tests, a series of static tests were performed on
the cylinder to establish its buckling strength. Both axial compression and
bending tests were conducted. The results of these tests along with the
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fig. 2. Natural frequencies for vibration modes of 1.exan model used
for dynamic buckling experiments.
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buckling interaction diagram that is discussed in detail in Ref. 7 were used
to define the static buckling criterion for the freezing-in-time analysis.

The static axial compression tests were conducted with a 200 kN (55 kip) servo-
hydraulic testing machine. Rubber cushions were placed between the thick end
plates, which provided the load path from the testing machine to the cylinder,

| and the aluminum end rings of the cylinder to obtain a uniform load distribu-
tion around the cylinder. Axisymmetric loading was used and five tests were
performed with the cylinder at dif ferent angular positions relative to the end
plates. The average load at general collapse, 4092 N (920 lb), is approxi-

i mately 71 percent of the classical buckling load for an unstiffened '.ylinder
| of this geometry.

The bending tests were conducted by clamping the lower end ring to a rigid
test fixture and applying a load along a diameter at the top ring. In essence,
the shell acted as a short cantilevered beam with a load at the end giving a
constant shear distribution along the length of the shell. As with the axial
tests, considerable care was given to ensure minimal deviation from an ideal
stress distribution at the clamped end. During the tests, as the load was
slowly applied, visible, but stable, shear buckles formed before general col-
lapse at the peak load. For a series of nine tests the average buckling load
was 1770 N (397 lb).

C. Vibration Test Results

The vibration tests were conducted on a single-axis, horizontal shake table
that was controlled with a digital control system. Included in the data taken
during each test were the three components of input acceleration recorded with
accelerometers mounted on the lower ring of the cylinder, three components of
output acceleration recorded f rom accelerometers mounted on the cylinder's
upper ring, and four strain measurements. Two of the strain gages were ort-
ented vertically at the " toe" of the cylinder where buckling from compressive

,
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stresses was judged most likely to occur. These gages were centered between
the lower end ring and the first ring stif fener, one being on the inside and-

the other on the outside. The other two strain gages were on the side of the
cylinder, 90 degrees from the first set of gages and centered in the bay just
below the center ring stiffener. As with the first pair, the two gages were
back-to-back, one inside and the other outside. The orientation of the gages
on the shell was 60 degrees from the axial direction.

,
<

in addition to recording time histories of these ten transducers, photograohic
coverage of each test was otained with two high-speed, video c.ameras. An
equivalent f raming speed of 1000 f rames per second was used. These records
permitted visual identification of when buckling occurred in the areas covered
on the cylinder. One of the cameras was oriented toward the toe of the cylin-
der just above the bottom aluminum ring. The other was oriented to show shear
buckling on the cylinder at a location approximately 45 degrees to the direc-
tion of excitation.

In the first set of tests the excitation was sinusoidal in nature. the objec-
tive of these tests was to use the simplest possible transient excitation so
that the response would be relatively easy to analyze and the various buckling
phenomena could be well understood before more complex earthquake-type tran- >

i

sients are studied.

The desired acceleration transient for each test had forty cycles of a sine j

wave at a given frequency that increased linearly in amplitude from zero to a
predetermined peak in 40 cycles. The peak acceleration was held for one addt- 1

'

tional cycle followed by ten cycles of linearly decreasing amplitude to zero
acceleration. This particular transient was selected to reduce the chance of l

,

failing the cylinder by restricting the number of cycles of buckling that the
cylinder could experience during any one test. For a given test, frequency
and the peak acceleration were selected and then the peak acceleration was
increased during successive tests untti buckling was detected. The decreasing
amplitude tail on the transient was necessary to avoid the introduction of a
" shut-down" transient, which could cause a severe transient at the end of each
test. The harmonic tests were performed at f requencies f rom 10 Hz to 80 Hz in
increments of 10 Hz.

Several dif forent criteria were used to determine when buckling occurred in
the cylinder for each of the tests. Some of these were more effective within '

<

certain f requency ranges; however, by using all the criteria, the point at
which buckling occurred for each frequency considered was reasonably well

! identified. Only at one frequency, 80 Hz, were we unable to buckle the cylin-
der because of a lack of shaker table capability. A summary of test results
is shown in Fig. 4. The first, and most consistent, method for identification
of buckling is labeled ' top acceleration" in the figure. For this method,
measured acceleration of the top ring of the cylinder in the direction of pri-
mary excitation was used along with the mass of the top ring to determine
buckling with an equivalent static criterion. When this acceleration first
reached a level that the equivalent static load acting on the ring was equal
to the static buckling load (1770 N (397 lb)) the cylinder was considered to
have buckled. The buckling acceleration was then identified it the same point
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in time f rom the accelerometer located at the base of the cylinder and oriented :
in the direction of excitation. This method of identifying buckling is an '

experimental f reezing-in-time technique.

A second criterion, based solely on the acceleration response verified the
first criterion for f requencies above 43.6 Hz (the f requency of the lowest i

beam mode). The vertical acceleration response of the top ring of the model
initially increases linearly, as would be expected f rom the prescribed input i

acceleration. Then at a particular point in time, a high frequency response
component appears and the response becomes nonlinear, as indicated by the peak
response for each cycle. Again, the buckling acceleration is identified from
the base input at the appropriate point in time. Results using this criterion
are within 5 percent of the first criterion. Another, siellar, method for

| identifying buckling involves comparing the top acceleration in the horizontal
| direction with the calculated acceleration. The calculated response does not
| include buckling effects, so, by comparing the two signals and determining
| when the experimental response deviates significantly from the analytical,
| buckling can be identifled. For certain tests, this criterion for identifying

buckling again gives results close to the equivalent static criterion.

Buckling was also identified for all except the 20 and 80 Hz tests using the
recorded video signals. For each of the tests, the video was analyzed frame
by frame near the initiation of buckling and the time at which buckling oc-
curred was identified. From Fig. 4 it can be seen that, except for the 70 Hz |

case, this criterion results in buckling accelerations that are very close to
those for the other criteria already discussed. The final criterion used for
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identifying buckling involved audibility. When buckling occurred the cylinder l
produced an audible popping sound. While each test was being performed two of <

the experimenters were positioned near the shake table and listened for this
characteristic sound. Because the tests were short in duration, the point in
time at which the sound occurred could not be identified. It could only be

determined that buckling either did or did not occur for each test. There-
fore, this criterion results in the wide range of results shown by the bars in
Fig. 4.

The 50$0R-IV computer code was modified to calculate modal stresses and these,
!

along with the frequencies, generalized masses, and mode shapes were used in a
separate computer code that integrates the uncoupled equations of motion in
modal coordinates. The modal response values are then used to predict the
stress in the cylinder at each location for each point in time. These stresses
are normalized with the critical buckling stress determined in the static tests
discussed above. A postprocessor is then used to plot the maximum normalized
stresses at specified points on the shell and these are compared with the
buckling interaction curve discussed in detail in Ref. 7. When any of the
computed stress values are outside of the interaction curve, buckling can be
expected. The sequence described here is a freezing-in-time technique and was
used to analyze all of the tests.

The numerical model was used to analyze response of the cylinder to the har-
monic excitation at each frequency considered in the test series and, in
addition, at the fundamental f requency of the cylinder (43.6 Hz). Results of
these calculations are shown in Fig. 4, along with the experimental results.
The computed buckling acceleration levels arc consistently below the experi-
mental data. The primary explanation for this difference is the fact that the
computational buckling criterion when compared with the particular static
buckling interaction curve used here, should probably use an integrated stress
level over a characteristic area rather than point values. The characteristic
area has not yet been determined but should probably be related somehow to the
buckling wave length for the cylinder.

Two different signals were used to develop the earthquake-type transient exci-
tation. These were based on normalized accelerations f rom the east-west motion
of the 1965 Olympia, WA earthquake and the north-south motion of the 1933 Long
Beach, CA earthquake. Response spectra of these two earthquake transients
using 1 per cent damping are shown in Figs. 5 and 6. The signals were scaled
in time and amplitude to be appropriate for excitation of the 1/50th scale
model Lexan cylinder. Consecutive tests were performed with each of the
transients, with each test having a higher maximum acceleration level until
buckling could be definitely identified through audibility.

Table i presents results for several of the tests performed in this series.
Before discussing the buckling of the test model, some general comments should
be made concerning the response of the model to the two dif f erent earthquakes.
The amplification of the input base acceleration to the model top ring is
approximately 2.5 for the Olympia signal whereas the amplification is two to
three times that value for the Long Beach signal. This difference in response
can be explained by referring to the response spectra presented in Figs. 5 and
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6 and realizing that, before buckling occurs, the top ring at the end of the
very light Lexan shell responds to this type of input as a linear single- ,

i

degree-of-freedom system with a natural frequency equal to the fundamental '

beam bending / shear modal frequency (43.6 Hz).

Buckling was identified in much'the same way as for the harmonic tests de-
scribed above except that we did not use video records. The primary method
for determining whether buckling occurred for a given test was to analyze the
bending strain measured with the strain gage pair located approximately halfway
up the cylinder wall. If the shell does not buckle and there are no initial
imperfections in the shell, the bending strain at this location should remain
small because none of the shell modes with harmonics greater than one are
theoretically excited. There are obviously small imperfections in the shell
so this bending strain is expected to remain small but have a finite value
throughout each of the transients. Compare, for instance, the three signals
shown in Fig. 7. The top signal is the ber. ding strain f rom Test 17 where
buckling was indicated by every other measure, both from experimental data and
by analysis. It shows significant bending strain being introduced at
approximately 0.25 s into the transient. The middle signal is from Test 18
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Fig. 5. Response spectrum for Olympia 1965 earthquake scaled for model
study and normalized to a maximum acceleration of 1.00 g.
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Fig. 6. Response spectrum for Long Beach 1933 earthquake scaled for
model study and normalized to a maximum acceleration of
1.00 g.

where it is believed that buckling did not occur. The lower signal is from
Test 19, a test for which there is no other indication that buckling did occur.
Based on this comparison, however, we would say that buckling did occur for
this test.

A second measure for the occurrence of buckling is to analyze the vertical
acceleration of the top ring in the frequency domain. If buckling oct.urs,

higher shell harmonics should be excited and the vertical response of the ring
should show significant energy at frequencies other than the fundamental system
frequency (43.6 Hz). The power spectral density of the vertical acceleration
of the top ring during Test 9 is shown in Fig. 8. Note the expected peak at
approximately 43.6 Hz and the larger peak at 140 Hz. The higher of the two
f requecies coincides with the shell vibration f requency for n=9 (see Fig. 2).
When the shell was statically buckled, it buckled into the n=9 harmonic so
this is a frequency that we would expect to see excited when buckling occurs.
Figure 9 shows the power spectral density for the top ring vertical accelera-
tion for Test 18, where buckling did not occur. Using this measure, bu kling
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TA8LE I

SUMMARY Or REsULTs FOR DYNAMIC BUCKLING FROM EARTHQUAKE TRANSIENTS !

Sucklina Indicated By
Peak Peak

Horizontal Horizontal
Base Acceleration. Top Equivalent AnalysisTest Acceleration Top Ring Bending Vertical static (freezing-A Earthauake fo's) fa's) Audib111tv strain Acceleration Load in-ties)

1 olympia 4.15 10.92 No Yes Yes No Yes

8 olympia 4.53 11.95 Possible Yes Yes No Yes

9 olympia 5.o6 12.72 Possible Yes Yes No Yes

17 Long Beach 3.67 27.60 Yes Yes Yes Yes Yes

18 Long Beach 2.23 14.74 Possible No No Yes Yes

19 Long Beach 2.36 21.90 Possible Yes No Yes Yes

did not occur for Test 19, which has a power spectral density for this accel-
eration signal that is very similar to the one for Test 18.

The most accurate method for experimentally identifying buckling for the har-
monic tests was the equivalent static load method where buckling was assumed
to occur when the acceleration of the top ring mass was high enough that its
weight multiplied by its horizontal acceleration in g's exceeded the load re-
quired to buckle the cylinder during static tests. This method indicates that
when the horizontal acceleration of the top ring exceeds 14.3 g's, the snell
should buckle. As can be observed from the data in Table I, this measure is
not appropriate for both of the earthquake transients. For the Long Beach
signals the method may be acceptable. However, use of this method for the
Olympia signals would be nonconservative. Here, the buckling load calculated
from the measured response acceleration is approximately 75 per cent of the
required static load. The reason for this lower required buckling load is
probably that shell harmonics are excited and introduce what amounts to addf-
tional imperfections in the Lexan cylinder, thus lowering the required buckling
load.

An important point is that the equivalent static load method being considered
here is, in essence, a freezing-in-time technique. The fact that the method
does not accurately predict buckling does not necessarily mean that any
freezing-in-time technique is not acceptable because it.is conceivable,)but
unlikely, that some analysis techniques could account for the excitation of
higher harmonics and the imperfections that they introduce. Another important
aspect of the problem is that, in the test model, the frequency of the funda-
mental response mode is far removed f rom the lowest shell f requencies., 5
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Fig. 7. Bending strain in Lexan shell at height L/2 and 900 from
direction of excitation for different levels of Long Beach 1933
earthquake.

In the prototypic containment the fundamental frequency is very near to the
lowest shell frequencies (see Fig. 3). In addition. the presence of a pene-
tration structure that has significant mass. such as a personnel airlock, in-
troduces the possibility for other important vibration modes with frequencies
in the range of interest.

The analytical f reezing-in-time technique being used for this study predicts
that the shell buckles for all of the six cases listed in the Table 1. As
described above in the discussior. of response to harmonic base excitation,
this method is quite conservative because of the manner in which the stresses
in the shell are treated when compared with the buckling interaction curve.

111. PENETRATION FRAMING EVALUATION

The objective of the penetration f raming study is to develop a set of guide-
lines that can be used in evaluating the effect of framing on overall
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Fig. 8. Power spectral density of vertical acceleration of top ring
on Lexan model for Test 9 (Olympia 1965).

containment vessel structural stability. Framing is normally added to a con-
tainment structure when one or more circumferential stif fening rings are in-
terrupted by a large penetration such as an equipment hatch or a personnel
airlock. The purpose of the framing is to carry loads in the circumferential
stiffeners around the penetration with as little disturbance of the load path
as possible. Presence of the framing can affect the buckling capacity of the
containment for several reasons; one is that it can introduce additional stress
concentrations and another is that the added mass can af fect dynamic response
characteristics of the containment. Results of a previous study [3] using
steel models indicated that f raming could possibly lower buckling capacity,
particularly when the buckling is characterized by plastic collapse. Altering
the dynamic response characteristics can lead to increased membrane compressive
stresses under certain loading conditions and can also introduce dynamic im-
perfections.

In the work reported here we evaluate the effects of framing only in a static
sense. Later work in our dynamic buckling program is oriented toward deter-
mining the effect of added mass associated with penetrations on the buckling
response of containments loaded dynamically.
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A. Test Models

For this study, four Lexan models were ftbricated with large penetrations.
The test models were similar to the model described above for the dynamic study
(see Fig. 1) except that penetrations were introduced. Two of the models had
the equipment, hatch-type penetration shown in Fig. 10 and two had the personnel
airlock-type hatch shown in Fig. 11. Before any framing was added, doublers
and collars that satisfy the ASME Area Replacement Method were bonded to the
Lexan cylinders. The design of the penetrations is nominally patterned after
those described in Ref. 8 for the containments designated Units 6 and 7 in
that report.

During fabrication all components that were to be bonded to the cylinder, such
as doublers, stif fening rings, and f raming members, were preformed to the ap-
propriate cylindrical radius using a heat treatment process. This preforming
minimized any distortion of the cylinder or introduction of prestresses that
could affect the buckling capacity. The resulting models were of high quality
with the required load to buckle with axisymmetric, axial loading ranging from
85 to 96 per cent of the classical value for an unpenetrated cylinder of the
same diameter.
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B. Test Procedure

Each of the four models were tested with three types of loads: an axial center
load, an axial load eccentric to the center at one half the radius and located
above the penetration, and a shear load oriented along the diarpeter of the
cylinder acting on the top ring of the model. For each model framing was in-
crementally added during one of the last two load types to determine its
effect on the buckling capacity. In addition, each model was tested before
any framing was added and af ter the final framing was added for the other two
load types. The method for loading the models was the same as described above
for determining the buckling capacity of the model that was loaded dynamically.
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Fig. 10. Schematic of models that represent containments with
equipment hatch-type penetrations.

During the test series where f raming was added incrementally the sequence that
it was attached to the models is shown in Figs. 10 and 11. Two of the models,
designated El and P2, had framing added until they were in the " Full +' con-
figuration. Additional framing beyond the nominal condition was not added for
the other two models, designated E2 and P1, so that these models could be used
for further dynamic buckling studies.
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Fig. 11. Schematic of teodels that represent containments with
personnel airlock-type penetrations.

C. Experimental Results

Results of the buckling experiments for each of the four models are shown in
F igs . 12-15. The data presented in each of the plots are normalized to the
results of the first buckling test for that model for the particular load case
considered and, in the case of the R/2 eccentric load and the shear load, with
the load applied on the side of the model opposite the penetration. For in-
stance, for the shear load case every load on the plot is normalized to the
buckling load with the shear load applied at a position 180 degrees to the
penetration so that the penetration would have a minimal effect on the buckling
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|capacity. For both axial load cases, center and R/2 eccentric, several tests
were perfonned with the model oriented in an inverted position, that is, with
the penetration located at the top of the model. For the particular loading
hardware used for these tests, buckling was more likely to occur near the pen-
etration with the model in this orientation, making the test data more mean-
ingful in detenntning the ef fects of the penetration and additional f raming.

Data from all of the tests indicate that, for these particular models (small
imperfections) and this particular material (Lexan), the addition of f raming
near penetrations has little effect on the models buckling capacity. The
largest dif ference is an increase in capacity of about 10 per cent for model
E2 with a shear load. Some of the observed small decreases in buckling
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f, Fig. 12. Normalized buckling loads for model El.

capacitymustbeviewedinlightofageneraltrendforthebucklingcapacity
of a given model to decrease during repeated tests with short time periods
(less than an hour) between tests. Note an apparent decrease in the buckling
capacity of model El with the addition of framing for the R/2 eccentric axial
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load. In this case all of the tests from the " Partial" framed condition
through the Full framed condition were performed on the same day. The lower
two data points for the " Full +" condition were also obtained on the same day.
The upper two points for the " Full P f raming condition, neglecting the two
tests in the inverted configuration, were obtained after the model had not
been tested for several days. The highest of these two points is higher than
any other point for any f raming condition.

Three of the four models were loaded in shear with the load located 90 degrees
from the penetration. The resulting data are indicated with solid squares in
the plots. This particular orientation locates the penetration in the region
where stable shear buckles first form during the shear tests rather than near
the toe where the axial compressive stress is the maximum. Results seem to
indicate that the model orientation has little offect on the buckling load,
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Fig. 13. Normalized buckling loads for model E-2.
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which, in turn, further suggests that neither the penetration or the framing
significantly affect the buckling capacity of the Lexan models.

Another point that can be made f rom Figs.12-15 is that the penetrations
reinforced in accordance with the ASME Area Replacement Method do not lower
the buckling capacity of the models. This conclusion is in accordance with
the work previously performed with steel models and reported in Refs. I and
2. For the central axial load case, this fact is indicated by the buckling
load being near to the classical value for unpenetrated cylinders. For the
other load cases it is supported by the fact that the 180 degree orientation
agrees quite closely with the no framing case.

D. Analysis Results

A finite element model (FEM) of the Lexan models with the equipment hatch-
type penetration was developed using the ABAQUS computer code [9]. The model
was represented with 198 shell elements and 196 beam elements. The stiffening
rings and framing, represented with beam elements, were offset from the center

i
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line of the shell elements using multipoint constraints. Linear material
properties were used for the Lexan and the ends of the cylinder were fixed
from rotating. The lower end was also fixed from translating and the upper
end was forced to remain circular in a plane that could rotate and, in the
case of the shear load, translate.

Several studies were performed with the FEM representing the dif ferent f raming
configurations that were studied experimentally. In all of our studies, the
material was assumed to remain linear and bifurcation buckling solutions were
obtained. Only the more important of the analytical studies will be reported

' 'O
| | | | |
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Fig. 15. Normalized buckling loads for model P2.

here. These include analysis of buckling response for the R/2 eccentric axial
load and the shear load with no f raming and with nominal framing. Since the
top load plate was not included in the model, the load distribution for the

R/2 eccentric load case was developed using strain data from the bench mark
studies [3] and an assumed cos (e) variation of the load magnitude. For the
shear load cases, the FEM was loaded with a concentrated load on the top ring
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above the penetration, which accurately represents the actual loading condition"

for the experiments. ;

| Results of the FEM analysis are shown in Figs.16 and 17 for the R/2 eccentric
'

and shear load cases. For the R/2 eccentric load case the addition of framing
up to the nominal f raming state lowers the computed buckling load by approxi-
mately 15 per cent. The buckled shape without f raming is similar to the ex-
perimental buckled shape with general buckling over the f ront half and lower
portion of the cylinder. When the framing is added the buckling becomes local-
ized above the penetration. For the shear load case the addition of f raming
raises the buckling load by approximately 15 per cent. The cylinder buckles,

near the base next to the penetration without f raming. When framing is added
the buckle is forced upward to the top of the f raming and penetration.

E. Olscussion

Results of the FEM analysis, in terms of buckling load are not out of line
with the experimental results. Even though the experimental results do not
show the magnitude of change that the FEM analysis does, the buckling load
seems to decrease slightly for the R/2 eccentric case with the addition of

M Ih
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,

without framing
'

g g
sp Ag buckling load is
=p 1ff 4604N (1035 lb)1
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Fig. 16. Finite element model results for equipment hatch-type
penetration with and without framing for R/2 eccentric
load.

,
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,

framing up to nominal for both models El and E2 and to increase slightly for
the shear load case for both models.

Some caution must be used in extapolating the results cf either the experi-
mental results or the FEM results to the prototype. First, the material Lexan
used for the experiments behaves somewhat dif ferently than the prototypic
material, A516 Grade 70 stecl. The Lexan remains nominally linear for all of
the loads used for our buckling studies. There is, however, some question
about the ef fect of short-term creep of the material during loading. For
instance, we obtained slightly different buckling loads depending on the
loading time used for the tests. The prototypic steel material, unlike the
Lexan, may exceed its elastic limit for some of the loading conditions
studied, depending on the capacity reduction factor for the prototype. For
the R/2 eccentric load, the maximum stress in the Lexan cylinder just prior to
buckling is estiraated to be 3.86 MPa (560 psi). This translates [10] to a
stress level of 331 Mpa (48000 psi) for the prototype, which is below the nor-
mal elastic limit of 379 MPa (55000 psi). The difference in capacity reduction
factor between the Lexan models and the prototype would make the maximum ex-
pected stress level in the prototype before buckling even less. On the other
hand, for the shear load, which probably gives a stress field like that which

1
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could be expected during an actual earthquake, the maximum expected stress
level when bifurcation buckling is expected in the prototype, not accounting
for dif ferences in the capacity reduction factors betweem Lexan and steel cyl-
inders, would be approximately 1014 MPa (147000 psi). Depending on the ca-
pacity reduction factor for the prototype, the prototypic material may or may

'
not yield before it buckles. If the material does yield significantly before
buckling, the response would be expected to be similar to that seen in the
bench mark studies [3] where a steel with a rather low elastic limit of ap-
proximately 193 MPa (28000 psi) was used.

i
'

Based on the Lexan model tests, the FEM analysis, and the previous bench mark
experiments [3], we can reach several conclusions relative to the effect of
framing on the buckling capacity of a penetrated containment. First, a pen-
antration that does not interrupt more than two circumferential stiffeners and
is reinforced according to the ASME Area Replacement Method does not signifi-
cantly lower the buckling capacity of the containment. Second, if the capacity
reduction factor for the containment is such that the containment material
membrane stress stays in the linear range, except for local stresses, the
buckling capacity should not change significantly (less than 15 per cent).
Third, if the containment material does not remain in the linear range, stress

,

limits, as defined by the ASME Code, will govern the containment design. Sev- '

eral questions remain, the most significant having to do with how the response
of the prototype compares with that of the Lexan models, particularly in terms
of the capacity reduction factor. We will learn more about the capacity re-

.

duction factor in our dynamic tests but at least one or two additional static|
i tests need to be perforised using a steel model with material properties close

to the prototypic material and with imperfections representative of the proto-
! typic containment.

IV. CONCLUSIONS

A ring stiffened, axisymmetric, Lexan cylinder was submitted to two types of
dynamic excitation to provide data for evaluating current analysis methods for
predicting load levels at which steel containments could buckle. One of the
excitation types, a single-frequency, harmonic signal was used to study the 4

'phenomena associated with buckling of a ring-stiffened shell loaded dynami-
cally. The other excitation type consisted of scaled earthquake signals.
Tests using the harmonic-type excitation showed that, for this type of excita-
tion, buckling can be predicted rather accurately given that an appropriate,

'

static buckling criterion exists for the types of forces with which the shell
is loaded. This indicates that a freezing-in-time analysis could give an ac-
curate prediction for the excitation levels that would cause the shell to
buckle dynamically. Prediction of shell buckling with earthquake-type dynamic
loads is much more difficult. Results from the tests reported here indicate
that for some earthquake signals shell modes with more than one circumferential
wave may be excited and become important in predicting the buckling response,

f of the shell. Since these higher harmonics are not normally included in
freezing-in-time analyses, the technique needs more evaluation before it is
used without a conservative dynamic capacity reduction factor.

;

i
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Another part of the los Alanos program for evaluating buckling of steel con-
tainments involved determining the effects of f~aming at large penetrations in
the containment shell. Two penetration types were studied experimentally with
four Lexan models. Results of these experiments and a finite element analysis
of one of the penetration geometries indicates that the framing has little
effect on the buckling capacity of the penetrated containment. The experiments
indicated a change in buckling capacity of less than 10 per cent and analysis
indicated a change of less than 15 per cent. The framing increased buckling
capacity for shear types of loads and decreased the loads required to buckle
the models for an axial compression load type. Extrapolation of the results

to the prototype indicates that for certain load combinations, the prototypic
material may experience considerable plastic yielding before the bifurcation
buckling loads are reached, thus causing failure through plastic collapse
rather than linear bifurcation buckling. Additional tests need to be performed j

on a model constructed using field fabrication techniques with a steel that
has material properties close to those normally used for steel containments to
determine how the results reported here relate to typical steel containment
buildings.
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PIPING RESEAsCH OVERVIEW

DAN GUZY, MSEB/DET/RES

Introduction

The USNRC Piping Review Committee was formed in 1983, at the request of the
USNRC Executive Director for Operations. Its charter was to perform a compre-
hensive review of NRC requirements in the area of nuclear power plant piping.
The Piping Review Comittee completed its mission in 1985, with the publication
of the five volumes of NUREG 1061 (References 1 through 5). These reports
present recomendations for both regulatory changes and for needed research.

The Piping Review Comittee's research recommendations are now being
implemented through a combination of projects sponsored by industry and the
NRC's Office of Nuclear Regulatory Research (RES). The division of tasks
within RES is such that those addressing pipe cracking and pipe break will be
managed by the Materials Engineering Branch and those dealing with the dynamic
load design of piping will be managed by the Mechanical / Structural Engineering
Branch. This paper will outline the research activities in the latter
category. Recommendations from Volumes 2 and 4 of NUREG 1061 form the basis
for doing the work discussed below.

Dynamic Load Capacity and Failure Modes of Piping

The Piping Review Comittee recognized the potential benefits from more realis-
tically identifying failure mechanisms and improving acceptance criteria for
the dynamic loading of piping. Inertial loadings from dynamic events such as
earthquakes are time-varying and have limited durations and energy content.
These now, however, are evaluated like gravity and other sustained piping
loads. ASME Code requirements for the oynamic load design of piping assume,

'

that plastic collapse is the dominant failure mode but, recent analytical
studies (Reference 6) indicate that some combination of ratcheting and fatigue
is more likely to occure. Limited testing has also 2hown the onset of dynamic
ratcheting in piping; however, actual failure data is so scarce that appro-
priate de;ign rule changes can not be made at this time. If it can be demon-
strated conclusively that fatigue /ratcheting is the principal dynamic failure
mode, then significant changes can be made with regards to how the ASME Code
sets limits on inertial stresses. This would dramatically change the nature of
piping system design and could in turn reduce the number of snubbers used in
nuclear power plants.

To address this issue, the NRC and EPRI are cooperating jointly in the Piping
and Fitting Reliability Research Program. The objectives of this program are
to clearly determine the likely dynamic failure modes of piping systems, to
identify procedures to predict failure (and margins), and to provide a basis
for changing ASME Code rules, if appropriate. This program consists of dynamic
capacity testing of piping at the system, component, and specimen levels, plus
analyses needed in support of test planning and the development of recommenda-
tions for criteria changes. Seismic, BWR hydrodynamic, and water hamer load-
ings will be addressed in the program.

The joint EPRI/NRC program began in the Spring of 1985, and will take
approximately 3 years to complete. General Electric of San Jose is the main
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contractor and performs the overall management, coordination and integration of
the program. General Electric is working with consultants and the testing
sub-contractors to develop test matrices, configurations, and data acquisition
procedures. EPRI and the NRC approve program planning and review results as
they develop.

A matrix of forty piping component tests is being conducted at ANC0 Engineers.
The objective is to systematically obtain dynamic failure data for components
under severe (but characteristic) seismic, hydrodynamic, and water hamer load-
ings. Elbows, tees, reducers, support connections, nozzles and lugs will be
tested. The test specimens will consist of both carbon and stainless steel 6"
NPS piping components (with various schedules) under different internal pres-
sures. The seismic and hydrodynamic test set-ups have the components attached
to shakers at one end and weights at the other end (see Figure 1). |

Three different 6" piping systems will also be tested to failure under
simulated earthquake, hydrodynamic, and water hamer loadings. These pressured i

Jsystems will use components compatible with those above and will also have
piping supports at the 4 or 5 load input points. The tests will be repeated at
least once to give two (or more) tests per load-type. Piping system testing
under the joint EPRI/NRC program will not begin until next year, but a related
NRC-sponsored test is now underway at ETEC (FIN B3052). The objectives of this
test are to tiemonstrate the feasibility of failing a representative piping
system (see Figure 2) under a high earthquake-like load, and to provide infor-
mation and insights needed in the test planning of the main EPRI/NRC program.

The basic phenomena of fatigue ratcheting will be studied at General Electric
of Schenectady using laboratory specimens. Since at the present time there is
no standard laboratory test specimen which addresses this failure behavior,
specimen designs need to be developed. Both uniaxial and bending loads will be
applied. The influence of different material and temperatures will be studied.
The outcome of this task will be the basis for evaluating ratchet effects under
dynamic fatigue for ASME Code pipe materials.

The results of the three types of tests discussed above will be analyzed and
synthesized to fann the basis of failure criteria for the combined static and
dynamic loading of nuclear piping components. These criteria will be
design-oriented and applicable for ASME Class 1, 2, and 3 piping. Analytical
studies will be made to develop and justify the alternative piping design
rules. It is intended that a strong liason be maintained with the NRC
licensing staff, the PVRC, and the ASME Section !!! Code body which ultimately
makes the rule changes.

The EPRI/NRC program outlined above is directed primarily at evaluating and
improving piping design rules. Additional work will be sponsored later by the
NRC to use the failure information obtained to validate or improve seismic risk
piping fragility models.

The piping design rules of Section III of the ASME Code do not explicitly ad-
dress pipe cracking. While the EPRI/NRC tests will not include flawed piping,
the NRC Degraded Piping Program will perform seismic tests on relatively short
pipe specimens with known crack sizes. The results of these two programs will
be studied together later. Data about the capacity of flawed piping needs to
be evaluated along with data concerning the nonlinear response behavior of
piping systems at high input levels to give an integrated assessment of failure.
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Pipe Damping

The newly developed PVRC pipe damping criteria (Fig. 3 and Ref. 7) will have
the greatest immediate impact on seismic piping design and the reduction of
snubber use. The NRC supported the PVRC effort through staff participation,
and through pipe damping research at INEL (Refs. 8 and 9) and the Stiff vs.
Flexible Piping Research Program at LLNL (Refs.10 and 11). The PVRC damping
criteria has been adopted by the ASME as Code Case N-411. This code case
should soon be formally endorsed by the NRC thrcugh Revision 24 of Regulatory
Guide 1.84.

Although being a significant departure from the pipe damping criteria of Regu-
latory Guide 1.61, the NRC's endorsement of Code Case N-411 carries some re-
strictions. Firstly, the code case provides no guidance for modal response
frequencies above the seismic range (i.e., above 33 H,). The pipe damping pro-
gram at INEL (FIN A6316) is now addressing this and should provide criteria re-
commendations next year for modal response in the hydrodynamic load range (33

base had)been evaluated, and the ongoing test program has been extended
to 100 H What high frequency pipe damping data exists in INEL's world data.

to
include high frequency input. INEL will complete testing this Fall and later
provide the conclusions from their study of parameters influencing pipe damping
values. Important initial findings are the general confirmation of the PVRC's
criteria and the identification of support configuration as a dominant factor.

Another limitation of the NRC's endorsement of Code Case N-411 is that its use
for time-history analyses has not been accepted. Since a multiple-support
input time history analysis using the code case damping criteria will
essentially be a "best-estimate" prediction of the piping response itself, it
needs to be clearly shown that some conservatisms would remain the design
process. One approach being considered would quantify the conservatisms in the
Standard Review Plan's criteria for evaluating soil and building response,
using piping response as a figure of measure. This would be similar to a
previous LLNL/SMA study (Ref.12), but the new pipe damping criteria would be
used instead of the constant 2% value assumed before. Other ways to address
the problem could account for failure margins and nonlinear effects above the
SSE response level to show that best-estimate design analysis produce adequate
overall conservatisms. Although further planning decisions need to be made, it
is hoped that an NRC research project to evaluate damping criteria for
time-history analysis will be performed within a year.

The combined use of Code Case N-411 with other proposed piping criteria changes
may need to be evaluated as the new criteria is adopted. The effect of using
the Independent Support Motion Method in conjunction with new damping criteria
is an example of this and is discussed below.

Piping Response predictions Methods

Through the Mechanical Piping Benchmark Project, BNL developed the basis for
acceptance of the Independent Support Motion (ISM) method (Ref. 13). This
method provides an alternative to enveloping spectra when more than one floor
spectra is specified for a piping system. Although the ISM method was endorsed
(with modification) by the Piping Review Comittee, the Comittee recommended
that further research be conducted to better account for structural phase
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correlation. Research addressing the treatment of closely spaced modes and
high frequency modes in spectrum methods was also recommended. |

BNL will begin research in these areas next year, following the current effort
(FIN A3287) to assess the impact of PVRC damping used in conjunction with the
ISM method. The present task involves redoing the spectra and time-history i

Ianalyses presented in Reference 13, using the new damping criteria throughout
instead of uniform damping values. Preliminary results indicate a significant
loss of relative conservatism (i.e., lower ratios of spectra method response
predictions to time-histery predictions)when the PVRC damping criteria is used
in conjunction with the ISM method.

The Piping Review Comittee recommended that studies be made to develop pseu-
do-linear estimation methods and design procedures to account for inelastic
piping response. It is hoped that the end product of this would be a method-
ology simple enough for routine design evaluations. The Nonlinear Piping
Response Prediction Project at HEDL (FIN 01611) is now assessing nonlinear
response prediction techniques having differing degrees of accuracy (and
complexity). Pretest response and failure predictions of the ETEC pipe test
mentioned previously will be made by HEDL using NONPIPE (a nonlinear piping
code) along with candidate simpler techniques such as inelastic spectra, a
" dynamic margins" approach, and seismic PRA fragility estimation methods. Post
test assessments will be made of the various results with the hope that a
simple design-oriented method could be endorsed.

The NRC Piping Review Comittee also recomended that further studies be con-
ducted to more completely assess the uncertainties in seismic piping response,
and to evaluate the feasability of improving the way Regulatory Guide 1.122 now
specifies the development of spectra used in piping design. These studies will
be performed in a two-phased project at LLNL, " Assessment and Improvement of
Spectrum-Broadening Procedures Used in Piping Design" (FIN A0453). Phase 1 is
underway and consists of the gathring and synthesis of information on response
frequency uncertainties (for both nuclear structures and piping). A state-
of-the-art summary will be made concerning what has been done to date in this
area. All related NRC-sponsored work be considered along with outside
research. An assessment of the adequacy of the +15% peak broadening range
specifled by Regulatory Guide 1.122 will be made.

Phase 2 of this LLNL project will be based to some extent on the results of
Phase 1. The objective of Phase 2 is to develop and justify a probabilisti-
cally-based procedure for " simple" in-structure spectra that realistically
account for the maximum energy a design earthquake can transmit. A goal would
be to establish the basis for " flattened and broadened" spectra that could
replace those now specified by Regulatory Guide 1.122. The extreme of this
would be a completely level spectrum that would facilitate the use of static
analyses for piping inertial loada, and thus greatly reduce the complexity of
current design practice.

Nozzle Design Guidance

The need for improved design guidance on nozzle flexibility and allowable loads
was recognized by the Piping Review Committee. This improved guidance will
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both help reduce the number of seismic supports used in current design
practice, and will provide a more realistic basis for evaluating nozzle loads
in future, more flexible, piping system designs. Both nozzle and support load
criteria become limiting in piping design as seismic restraints are removed.

;

ORNL (FIN B0474) is developing improved design guidance for vessel nozzles and |
piping branch connections in typical Class 1, 2, and 3 nuclear power plant

| piping systems. Particular attention will be given to the interaction effects
at the vessel-piping (and piping-piping) juncture, including the effects of

| nozzle flexibility on calculated bending and thrust loads under both static and
dynamic conditions. Design methods used to prevent plastic collapse and fa- ,

tigue failure will be addressed through an assessment of current primary, and
secondary load stress indices and stress limits based on recently developed

i theoretical data (shell theory and finite element solutions) and existing ex-
perimental results. Of particular importance are the recent reconsnendations

| from WRC Bulletin 297 (Ref. 14). ORNL will develop recomendated improvements
to ASME Code design rules for vessel nozzles and piping. These will be,

| reviewed by the ASME and the NRC. This project is currently underway and
| should be completed in 1986.

|

;

I
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PIPE DAMPINGl

A. G.-Were
EG8G Idaho, Inc.

Idaho National Engineering Laboratory (INEL)

Studies are being conducted at the Idaho National Engineering
Laboratory to determine whether an increase in the damping values
used in seismic structural analyses of nuclear piping systems
is justified. Increasing the allowable damping would allow fewer

| piping supports which could lead to sa fe r, more reliable, and
less costly piping systems. Test data from available literature
were examined to determine the important parameters contributing
to piping system damping, and each was investigated in separate-i

'

effects tests. From the combined results a world pipe damping
| data bank was established and multiple regression analyses performed
| to assess the relative contributions of the various parameters.
i The program is being extended to' determine damping applicable

to higher frequency (33 to 100 Hz) fluid-induced loadings. The,

! goals of the program are to establish a methodology for predicting
| piping system damping and to recommend revised guidelines for
| the damping values to be included in analyses.

|
| INTRODUCTION

|

One of the parameters which the structural analyst routinely uses in
the dynamic seismic analysis of nuclear power plant piping systems is the
structural damping. The damping values are prescribed for the analyst,

according [to1] issued by the U.S. Atomic Energy Commission (AEC), predecessor !

the pipe size and the earthquake level, in Regulatory Guide ii

i (RG) 1.61
| of- the present U.S. Nuclear Regulatory Commission (NRC). At the time of [
| issue of RG 1.61 (1973), the AEC had gathered the best available experimental

r

i data on piping system damping values and the opinions of leading experts
' in the field to establish a set of values which would be easy for the analyst

to use and which would be conservative. These values (1 to 3% of critical
damping) are generally conservative in that piping system motions are over- '

predicted so that the resulting calculated stresses are high enough to ensure
the system is adequately supported for seismic motions.

|

1 Work supported by the U.S. Nuclear Regulatory Commission Office of Nuclear
Regulatory Research, under Interagency Agreement 00E 40-550-75 with the
U.S. Department of Energy.
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Over the years since the issue of RG 1.61, nuclear power plant piping
has been designed as relatively stiff systems, employing many seismic
supports, to keep the combined stresses due to earthquakes plus other loads
below allowable values. These stiff systems are unduly restrained from
thermal growth, leading to a greater susceptibility to thermal cracking
of the pipe wall - due to fatigue. In addition, many systems are supported
by snubbers which resist sudden high acceleration seismic motions, but which<

allow slow thermal movements without resistance. These snubbers are sometimes
unreliable, are costly to purchase and install, and require a maintenance
program throughout their plant life.

It has been widely recognized that piping systems have a great deal
of design margin for dynanic loads. Therefore, a program has been developed
by EG8G Idaho, Inc. and the NRC to examine damping values and determine
the possibility of revising the present guidelines to reflect current "best
estimate" values.

A majority of tests used to establish damping values have been conducted
on actual power plant piping systems or on laboratory models of these systems.
These systems were fairly complicated and many variables were present which
could tend to mask the nature of the damping in the system. In addition,

the primary purpose of most of these tests was not to determine the system
damping; thus the values of the various parameters needed to assess the
contribution of each were not recorded. The scatter in the data is
considerable, due to a great extent to the fact that low amplitudes of-
vibration were used in the tests.

INEL PROGRAM4

,

The pipe damping study program developed at the INEL is directed towards
establishing best-estimate values for use in dynamic structural analyses.#

In order to accomplish this, the available literature on piping system damping
was reviewed, the parameters influencing damping were identified, and a
program of laboratory separate-effects tests is being carried out. Gaining
insights into the physical phenomena causing energy dissipation is a
significant step in acquiring the ability to predict damping for a particular
set of piping system parameters. This in turn will allow new guidelines
to be recommended which will have a solid tec;inical basis.

.

The INEL program began by examining the damping data available in the
j published literature [2]. The amount of test data was sparse.- there was

a great deal of scatter in the results, and significant parameters required'

to assess the factors influencing damping of ten were not reported. However,

by a qualitative evaluation of the data, the following parameters were
identified as being most highly correlated with damping [3]:

1. Supports
2. Amplitude
3. Modal Frequency
4. Insulation.

|
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Subsequently, a test program was developed to examine each of these parameters
in more detail. In addition, other potential effects such as pipe size,
geometry, pressure, type of excitation, and method of damping calculation
are being investigated. The first tests conducted at the INEL were straight
sections of 3-inch and 8-inch pipe, approximately 33 feet in length. From
these tests, important insights were obtained with respect to the influence
of pipe supports and amplitude [4]. In a follow-up test a 5-inch pipe with
four elbows is being tested to obtain additional information on the identi *ied
parameters. Cooperative testing with other organizations has also taen
undertaken [5].

The damping test results collected to date have been placed in a world-
wide data bank at the INEL. To store as much relevant information as possible
and to encourage researchers to record and report the values of parameters
which would be of interest to users of the data bank, a standardized fonn
has been developed. This form has been distributed globally to the leading
researchers in the field, and their resulting contributions are being
cataloged into the data bank. Using this data, multiple regression analyses
have been perfonned in an attempt to quantify the parametric effects. Unfor-
tunately, due primarily to the data scatter and the lack of information

,

| on several relevant parameters, only frequency was identified as highly
ccrrelated with damping. Both frequency and damping are generally reported

| for a test and thus the data for these two variables was the most extensive.
The regression analysis showed frequency was inversely proportional to

,

damping, especially below 20 Hz. When damping was removed as a variable!

and replaced by mode number, the regression analysis showed damping was
also inversely related to mode number. In addition the damping increased;

: as the piping system length to number of supports ratio decreased. Based
partially on the results of a previous regression analyses, a Task Group

! on Damping of the Pressure Vessel Research Committee (PVRC) recommended
the revised damping shown in Figure 1 as an interim position. This curve
has been adopted for ad hoc use by the NRC and has been approved as Code
Case N-411 of the ASME Boiler and Pressure Vessel Code. The INEL regression
analyses used a more extensive data base that was available at the time'

! of the original PVRC recommendations, and confirmed the results of the
original PVRC analysis.

PARAMETERS INFLUENCING DAMPING

Based on the literature survey, separate-effects tests, the regression
analyses, and intuition, the mechanisms for energy dissipation have been
evaluated and explanations for the test results have been developed. A

low damping level is inherent in any piping system due to a small material
damping and dispersion of energy (radiation damping) through the supports
to the environment. This accounts for perhaps less than 1% of critical
damping. More major contributions to energy dissipation are the interaction
of the supports with the piping through friction and impacting, through
material hysteresis damping in the pipe at higher amplitudes (and possibly
also in the supoorts), and through friction between the pipe and its
insulation. Each of these effects will be discussed individually.

|
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Supports / Modal Frequency

The regression analyses and visual inspection of the data sets showed
that in many (but not all) cases, the damping and modal frequency were
inversely proportional. Figure 2 is a curve of a typical data set with
this relation. This relation has been questioned by several piping system
experts as having no physical basis. Indeed modal frequency itself is not
a parameter which can dissipate energy such as can friction, radiation,
or impacting; but is merely a function of the geometry and material of the
piping system. It is, however, generally measured and reported with each
damping .value which accounts for its abundance in the data base. In order
to assist in resolving this question, the test results from other parameters
were examined.

From tests of various types of supports [4], two basic types of energy
dissipation are apparent. The first is friction such as between the springs

and their housings in spring hangers or in the internal mechanisms of constant
force hangers. This friction manifests itself at small strain amplitudes
as shown in Figure 3 which is indicative of Coulomb (dry) friction. At
higher strain levels the damping becomes fairly constant. The second energy
dissipation mechanism of supports is impacting such as occurs in snubbers
(both in internal gaps and in connections), rigid struts, and rod hangers.4

At low amplitudes the weight of the pipe keeps it from exercising the gap
i in the rod hanger. Once lift-off occurs impact damping takes place within

the eye of the rod. At low amplitudes the size of the gap and the relative
magnitudes of the gap and the motion within the gap affect damping. Overall,,

these effects lead to a wide variety of possibilities than can occur at
low vibration levels and can change with only a slight pertubation of
vibration amplitude. This accounts for much of the scatter in the data,
especially the very low strain level data in which hamer taps are the source
of the vibration. This makes damping almost impossible to predict at low
amplitudes and extrapolation of this data to higher amplitudes is cautioned. .

However, this does not present as much of a problem as first imagined, since ,

the designer is really looking for damping at OBE and SSE levels, not at
very small stress levels.

The INEL tests also proved the relationship of the modes and the energy
dissipating supports was an important factor in determining piping system
damping. Those modes which interact directly with a support causing

i frictional or impact energy losses result in high damping. For example,
'

for a straight section of pipe supported only at the ends, the damping was
calculated to be less than 1% of critical. When a rod hanger was added
at the center, the two lowest modes were an antisymmetric mode in which
each half of the pipe pivoted about the rod hanger, and a symmetric mode
in which both halves moved in the same direction. In the antisymmetric
mode there was minimal interaction between the pipe and the rod hanger;
however, for the symmetric mode there was considerable impacting in the
eye of the rod. Damping increased to approximately 5% of critical for the
second (symmetric) mode but remained less than 1% for the first mode. When

a large bolt was used between the pipe clamp and the eye of the rod hanger,
eliminating the clearance, the damping returned to less than 1% of critical

;
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for the symmetric mode. When the amplitude was increased, the impacting
and damping were also increased for the symmetric mode with a gap while
damping still remained unchanged for the antisymmetric mode. These phenomena
help explain the frequency effect. Now although this experiment consisted
of a contrived laboratory piping geometry where the mode / support relation
was such that the damping was smaller in the lower mode due to impacting
in the gap, this is not generally the case in nuclear plant piping systems.
In a typical geometry, the lower modes of a piping system have a greater
probability of interacting with energy dissipating supports than the higher
modes in which most of the motion occurs awly from supports. Furthermore,
the displacements are higher for the lower modes causing greater friction
and impacting losses. Thus the regression analysis finding that, in general,
damping is inversely proportional to modal frequency is really a manifestation
of pipe-support interaction. There will of course be a few cases in which
the geometry of the system is such that the lower modes' relation to the
supports does not promote' increased energy dissipation. This explains why
in some cases researchers have not observed a frequency effect.

'Amplitude

The discussion on supports / frequency above explained the variations
in damping that could occur at low strain amplitudes and why this type
behavior would be difficult to predict. However, once strain levels rise
above 100 to 200 pc, the damping trend becomes easier to characterize. From
the 100/200 pc to 800/1000 uc range the damping is fairly constant and is-
induced primarily by the supports. At the upper end of this range a threshold
is reached in which damping increases with increasing strain amplitude.
This threshold coincides approximately with the end. of the proportional,

l strain range (Hookes law applies) where the beginning of plastic action
begins. Data in the high strain plastic range is sparse since the test
usually renders the pipe unsuitable for further use. Obviously, only

| laboratory tests have been conducted at high strains. ,

Figure 4 shows the damping trend at high strain amplitudes. These
tests were all of straight piping sections with no typical supports. Thus
only material damping is present. If supports were' added, even greater
damping might be present from the impact effects and material hysteresis
in the supports themselves. An important point to note is that from above
a threshold strain, damping increases almost linearly to 10-12% of critical
at 2000 pc which is often quoted as the yield strain of a material. From
the data it appears that at large strains, the damping will increase to
a considerable value. Consequently, the forces required to make the pipe
deform further must become very large, and a resonance buildup of amplitude
is severly inhibited. It is thus doubtful that pipe failure could occur
due to inertial bending caused by seismic excitation. Now, the basic
characteristic of an ASME Boiler and Pressure Vessel Code primary stress
is that it is not sel f-l imi ti ng , whereas the increased damping at large
strain amplitudes limits the inertia bending stresses in pipe sections.
Therefore, the plastic stresses caused by low cycle seismic effects might

,

77

__



,
_ _ _ _ _ _ _ _ _ _ _ _ _ _

in this sense be considered ASME secondary stresses. Of course the stress
amplitude range and fatigue usage remain important, and line-mounted equipment
such as valves must be adequately supported.

More high strain data is needed to fill in the gaps in knowledge of
damping behavior in this region. Of particular importance is the effect
bends / elbows and/or supports would have on high strain damping. One such
test on a 5-inch system is presently being conducted at the INEL.

,

|Insulation

Insulation produces two effects on the piping system. It adds mass j

and it dissipates energy by slippage against the piping. Intuitively, the |
larger the mass of insulation, the greater the frictional force resisting '

dynamic slippage between the pipe and insulation and thus higher energy
dissipation. A few studies have been conducted in Japan and Germany which
have concluded that insulation increases damping. By far the most
comprehensive program evaluating the effect of insulation on dampin has
been by the Westinghouse Hanford Energy Development Laboratory (HEDL) gwhich
has focused on LMFBR type insulation. The typical LMFBR insulation ratio
(IR), which is the weight of the insulation divided by the total weight
of the piping system, is much larger than for light water reactor (LWR)
piping systems. The HEDL study concluded that damping increased with

dam test results for uninsulated and
A comparison ofcalcium silicate) pingincreasing (IR. conditions on a 5-inch piping systeminsulated IR=0.07

is currently being conducted at the INEL.

CONCLUSION

A program of testing and data evaluation is being carried out at the
INEL to understand the physical nature of piping system damping and to
recommend changes to current allowable values use in dynamic analyses. To
most accurately predict piping system damping would require a computer code
which would account for the piping , geometry, location and type of supports,
interaction of each mode with supports, and strain amplitude. This would
be an interactive process which would be too complicated and costly to fully
carry out at present. A simpler method is required. The PVRC curve in
Figure 1 is a first step in removing some of the conservatism in piping
analysis. The frequency effect of this curve takes into account the increased
interaction with supports at the lower modes. With the knowledge gained
to date, a better model which contains more parameters that influence piping
system damping will be able to be proposed through the INEL program. With
continued research, each subsequent iteration of the model can possibly
produce more accurate prediction methods.
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! of the United States Government. Neither the United States Government nor

any agency thereof, or any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for any third
party's use, or the results of such use, of any informa tion, apparatus,
product or process disclosed in this report, or represents that its use
by such third party would not infringe privately owned rights. The views
expressed in this paper are not necessarily those of the U.S. Nsclear
Regulatory Commission.

i

|

|

|

79



,- - _ _ . _ _ _ ____ _ _ - - _ - _ - - _ - - . _ - - - - _ - - - _ _ - . - _ - - _ . - _ - - _ -- ._ _ - - - - _ - .

6 i i i i i i i i i 1

PVRC proposal --

C 5
.9 SSE and OBE - all diameters
e
'C
O -

4 -%
O RG 1.61

SSE. D > 12 in.-
C

0 3 ---H----------- --- --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
-
0 RG 1.61 I3 \ SSE. D E 12 in. OBE, D > 12 in. I

m 2 ----A---------------------------- - - - -

C
'6, RG 1.61

E
\ OBE, D R 12 in.

. . . . . . . . . . . . . . . . . . . . . . __....A............................. . ... ....... ....... .e ;
Q SSE - Safe Shutdown Earthquake

OBE - Operating Basis Earthquake
D - Pipe Diameter

' ' ' ' ' ' ' ' ' '

O
O 3 6 9 12 15 18 21 24 27 30 33

Frequency (Hz)

Figure 1. PVRC damping.

16 i i i i i i i i i i i i e i i i i i i e i i i i i i i i i i , i i i i i i i i_

}j
_

16 -
'

8 _
~

14 -

e
,y 13 -

< :m 12 .-

O it : -

:-_
o 10

-
,

.
-

-

.
8

5 : :
a _-o _-m

e 7 .-

Sr. ;
-

,

.S
, : e. {ai .

. :-

a 4 -

$3 8 :~

O -:
2 * :I I

~''''''''''''''''''''''''''''''''''''''''0
O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 18 17 18 19 20

Frequency (Hz)

Figure 2. Typical frequency dependent data.

80



. _ _ _ _ . _ - _ . . _ . - _ . - . --_ _ _ - - _ _ _ _ _ _ _ - _ _ _ - - - _ _ - _ - _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ - _ _ _ _ - _

8 -, , , , , ,

O o
7 - -

n

ge - -

,O
. 6

0 s - -

'

'5 0 o o
O

g 4 - -

o O-

C3 3 -- -c og ,

.h 2 - g @ -

'

O
o o g g

O o0 og ,

1 - - *

' ' ' ' ' '' 0
O 10 0 200 300 400 500 600 700

Strain (10 * in./in.)
,

; Figure 3. Low strain damping trends.
i
' '

20 , , , e
/

18 - / -

| /
! e 16 - / -

e /'

| S 14 - / -

| c / ;

/ -12 - / p
i g 10 -

/ /
/ -

t

/ /cn 8 -

/ /
-

: .5 .
1 '. 7 -E 6 -

/e,
.'

O 4 _ /
' /
p

-

,

// /2 _

.......;/.......- /
..

' ' '0
'

O.0 0.1 0.2 0.3 0.4 ;

strain (%)
.

Figure 4. High strain damping trends.
,

!
i

! i

i 81 ;
i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - - _ _ _ _ _ _ _ _ __ \



- _ . _ _ _ _ - . _ _ _ - _ _ _ _ . . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _

BNL PIPING RESEARCH
.

P. Bezier, M. Subudhi, and Y.K. Wang and S. Shteyngart
Brookhaven National Laboaratory

|

Abstract

Brookhaven National Laboratory (BNL) has assisted in the devel-
opment of methods to evaluate the analysis methods used by industry
to qualify nuclear power piping. Through FY 1985 these efforts were

,

! conducted under the Mechanical Piping Benchmarks ~ project while cur-
rent and future efforts will be performed under the Combination
Procedures for Piping project. Under these projects BNL has devel-
oped analytical benchmark problems for piping systems evaluatedi

using uniform or independent support motion response spectrum meth-
1 ods, investigated the adequacy and limitations of linear piping
I analysis methods by comparison to test results and evaluated and
| developed criteria for new and alternate methods of analysis. A

summary description of the status of these efforts is provided.
|

| 1. INTRODUCTION

| The Structural Analysis Division of the Department of Nuclear Energy at
' the Brookhaven National Laboratory (BNL) has and continues to perform various

research tasks relating to piping analysis for the U.S. Nuclear Regulatory
| Commission (USNRC). Until the current period the BNL efforts were funded
I under the Mechanical Piping Benchmarks Project monitored by J. O'Brien of the
! USNRC. The current and future efforts are funded under the project entitled,
'

" Combination Procedures for Piping Response Spectra Analysis monitored by
D. Guzy of the USNRC.

! The BNL research efforts may be broadly characterized into three areas;
the development of benchmark problems and solutions suitable for the;

verification of applicant piping analysis methods, the investigation of thei

! adequacy of linear analysis methods by the comparison of analysis and test
results for piping (Physical Benchmarking) and the evaluation of new and
alternate methods for the dynamic analysis of piping systems. At present, the

| benchmarking efforts, both analytical and physical, have ceased, each having
| Satisfied the funded project goals under the Mechanical Piping Benchmarks
! project. The investigation of new and alternate analysis methods continues
! under the second project. A summary description of the three research areas
| follows.

Work performed under the auspices of the U.S. Nuclear Regulatory Commission.

|
,

|
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2. PHYSICAL BENCHMARK PROBLEMS

The benchmark problems and solutions developed to verify applicant piping i

'analysis methods are published in the Piping Benchmark Problems Report Series
[1,2]. Although it was anticipated that there would be five volumes in the
report series, only the first two volumes have been issued to date, in the
current period the second volume [2] of the series entitled, " Piping Benchmark
Problems, Dynamic Analysis, Independent Support Motion, Response Spectrum !
Method", was issued. In the report, four benchmark problems and solutions
developed for verifying the adequacy of computer programs used for the dynamic
analysis and design of elastic piping systems by the independent support
motion (ISM), response spectrum method are presented. The dynamic loading is
represented by distinct sets of support excitation spectra assumed to be
induced by non-uniform excitation in three spatial directions. Complete input
descriptions for each problem are provided and the solutions include predicted
natural frequencies, participation factors, nodal displacements and element
forces for independent support excitation and also for uniform envelope
spectrum excitation. Solutions to the associated anchor point pseudo-static
displacements are not included.

All solutions were developed using the finite element code PSAFE2 [3].
In each solution combination over group contributions wa: performed first,
followed by SRSS interspatial combination, followed by SRSS intermodal
combination without the consideration of closely spaced frequencies. For the
ISM solutions both absolute and SRS3 combination between support group
contributions were considered where a support group was defined as all
supports exhibiting the same motion. Figure 1 shows the finite element grid
for the third benchmark problem which involved 54 pipe elements and four
distinct support groups.

3. Physical Benchmarks

The basic premise of the physical benchmarking effort is that the
relative accuracy of computational methods can be gauged by the direct
comparison of physical test results to the analytical predictions of those
results. In the effort a total of six evaluations were performed involving
simple and complex laboratory tested systems and actual power plant systems
tested in situ. In all cases the evaluations were performed after the test
programs, conducted by others, were completed. Each evaluation, except one,
was performed blind with only the measured inputs provided at the time of
analysis and the measured response data made available for comparison after
the analyses were complete. After evaluation no attempts to improve the
results with refined analyses was undertaken.

A description of each of the piping systems evaluated, with a summary of
the key results, is provided in Table 1. Detailed descriptions of each
evaluation are provided in References 4-7 while examples of typical results
are shown in Figures 2-4 and Table 2.
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.

A sketch of the Main Pipeline L7] is shown in Figure 2. The system was
totally supported and excited by actuators located at positions Si through
S4. For the test simulated the actuators imposed nearly in phase, seismic
like excitation of the system in the X coordinate direction. The measured and
computed natural frequencies for the system are shown in Table 2. A review of I
this data indicates that the correspondence was good and this level of |

'agreement for frequencies was typical in the evaluations. An example of good
agreement between the predicted and measured acceleration response for an
interior point is shown in Figure 3. The figure shows predicted and measured
time history traces of the acceleration in the X coordinate direction of a
point in the vicinity of the valve. An example of poor agreement between

,

predicted and measured response is shown in Figure 4. These are the I

accelerations in the Z coordinate direction of a point located on the
uppermost horizontal run. Good agreement for responses in the direction of
excitation X direction, and poor agreement for respunses in the unexcited
directions was typical for this evaluations. The poor correspondence for the
unexcited directions was attributed to the failure to monitor and therefore
simulate in the analysis the input motions in the directions orthogonal to the
actuators.

In summary, the linear analysis methods were found to provide reasonable
estimates of system response. The estimates for system natural frequencies
were good while the estimates for displacements and accelerations ranged from
poor to good. For a near linear system and using conservative estimates for
system damping good correlation of response traces and acceptable estimates of

i

response peaks can be expected. Using realistic estimates of uniform system
damping large underestimates of peak response components were observed and
deviations of 100% or greater should be expected. ,

4. Alternate Analysis Methods

Standard practice to qualify piping for dynamic events is to perform a
response spectrum analysis of the system assuming uniform excitation of all
supports to the envelope spectrum level coupled with a conservative estiamte
of the additional responses associated with differential support point
movement [8]. For systems subjected to multiple independent support motions a ,

modified response spectrum procedure which allows the use of separate response
spectra for each support group seems more appropriate. To assist the USNRC in
its evaluation of the Independent Support Motion (ISM) response spectrum
method BNL undertook an evaluation of ISM methods and the associated
computation of anchor movement (pseudo-static) response. The evaluation was
performed under the Mechanical Piping Benchmarks project and involved a
consideration of systems exhibiting uniform damping only. An extension of the
evaluation for systems exhibiting frequency dependent (PVRC) damping is
currently being performed under the project monitored by D. Guzy.

To predict the dynamic component of response a response spectrum method
which allows the use of independent spectra sets for eacn support or group of
supports was evaluated. In this method a response parameter is predicted as a
function of each support group for each mode and each direction of excitation.

!
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To obtain the total dynamic response a combination over groups, modes and
directions must be performed. In this evaluation the square root of the sum
of the squares (SRSS) combination over directions and SRSS combination with
clustering for closely spaced modes were accepted for the combination over
directions and modes. For the combination over groups algebraic (methods 1
and 2), SRSS (Methods 3-8) and absolute (methods 9-14) combination were
considered. Further all sequences of performing these combinations were
considered. In all fourteen different combination strategies, methods 1-14
were evaluated for the computation of the dynamic component of response.

To predict the SAM component of response five procedures were evaluated.
Four of these were based on the use of absolute peak support displacement
data. These methods differed in the manner in which the supports were grouped
to account for the unknown phasing between supports. The grouping assumptions
considered were random phasing (method 2), grouping by global direction
(method 3), grouping by attachuent point (method 4) and grouping by elevation
(method 5). Within each group support effects were summed algebraically.
Between groups both SRSS and absolute summation were considered. The
remaining method evaluated (method 1) was based on sampling the support point
displacement time history records. Since in this method support point phasing
information is retained, no grouping assumptions were made.

To compute the total component of response, both SRSS and absolute
combination between the dynamic and SAM components were considered. The
response parameters computed included pipe displacements, accelerations,
support forces and resultant inoments. At each stage the predicted response
estimates were compared to response estimates developed using ISM time history
methods which were assumed to represent the true response. The relative
approach of each predicted value to the time history result was expressed as a
degree of exceedance given by Predicted-TH/TH (TH = time history).

The evaluations were performed for five different piping-structure
problems. The salient characteristics for each problem are summarized in
Table 3. To provide a statistical basis to the study the evaluations for two
of the problems, the AFW model and the RHR model, were performed for
thirty-three different seismic events. For these the time history results
were provided by an alternate NRC contractor.

All study results are summarized in tabular form. Each table lists the
time history estimate as well as the response estimate for each calculational
option and parameter studied. For the two problems involving thirty-three
seismic events the pertinent results are summarized in figure form. Figures 3
and 4 show these results for resultant moments in the RHR problem. Figure 3
corresponds to the dynamic component while Figure 4 corresponds to the SAM
component. Each figure shows the mean (data point) + one standard deviation
(line extent) for the parameter over the thirty-three seismic events. The
figures show the results only for those elements which establish the lower
bound of degree of exceedance (define the minimum level of conservatism). A
comprehensive presentation of the results is provided in Reference 9.
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i !

|
,

At the completion of the study the following recommendations were
l advanced:

f Dynamic Component of Response
i

l' The independent support motion response spectrum method should be certified as
acceptable for the evaluation of the dynamic comconent of response.

!

SRSS combination between support group contributions should be adopted in the
independent support motion response spectrum analysis,

i

| Pseudo-Static Component of Response

For displacements, pipe moments and support forces:
|

| Method 5 (grouping by elevations) with absolute combination between groups
j should be used for preliminary design.
I

! Method 4 (grouping by attachment points) with absolute combination between
groups should be used for final design.

For accelerations:-

Absolute combination between support groups should be adopted.

Combined Response

SRSS combination between the dynamic and static components of the response
should be adopted,

l As mentioned, BNL is currently extending the evaluation of ISM methods to
j consider the effect of PVRC damping. Pending tasks also include the

~

| evaluation of proposed modal combination methods accounting for closely spaced
| modes, frequency dependent effects and an investigation of the impact of
j correlation between inputs on the corbination rules recommended for the ISM.
; method.
.

!

|

:

;

I

I

|
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I

Table 1
Physical Benchmark Evaluations

System System Description Input Excitation Consents and Results

Z Bend Planar configuration of 4" Laboratory tested with Results good except in
pipe supported from and independent seismic ex- vicinity of central actuator.
excited by three hydraulic citations of each actua- Poor results here attributed
actuators tor to existence of a clearance

gap at central actuator

,

Indian Point Segment of boiler feed sys- In situ, snap back test Results poor. Correlationca
R1 1d Strut tem of shutdown Indian Pt. good for maximum responses,e 9
Configuration Unit 1 power plant. 8 in, poor everywhere else. Poor

sch 80 pipe approx.100 f t. results attributed to the ap-
long supported with rigid proximations used to model
st ruts supports

|
| HUR-URL Recirculation loop of shut- In situ explosive 5 Kg Results poor. Correlation

| Pipi ng down heissdampfreactor. blast in near field good for peak responses.
| 450 and 350 mm piping with Poor results attributed to

two pumps and four val des the use of linear analysis
methods to model a system with
strongly nonlinear support
elements

,

,

Extended Z Bend configuration Laboratory tested with Results fair. Estinates of
Z Bend redesigned to eliminate independent seismic displacements good. Estimates

all clearance gaps excitations of each of accelerations ranged from
actuator good to poor.

|
.- _- =. -- . . ,- - -. . . - - .. . _ _ __
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Table 1 (Cont'd)
Physical Benchmark Evaluations

Syst em System Description input Excitation Cocrents and Results

Main Pipeline Three-dimensional config- Laboratory tested with Results f air. Better for dis-
uration of 8" and 6" pipe independent seismic ex- placements and accelerations

supported from 4 hydraulic citations of each actua- in direction of excitation.
Peak responses underestimated.

actuators located at enas tor
Deviations attributed toand two interior points boundary element ef fects.

j$ Main Pipeline As above with two 3" lines Laboratory tested with Results fair / poor. Correla-

witn Brancnes brancned from main li..e. independent seismic ex- tion for response in direc-
Supported from 4 end point citations of each actua- tions orthogonal to excitation
and one interior point by- tor poor. Peak responses under-

esti mated. Poor correlationdraulic actuators. attributed to f ailure to moni-
tor and therefore simulate
dominant inputs.

.
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TABLE 2

Predicted and Measured Natural Frequencies for Main Pipeline.

Mode Predicted Measured
1

_ _N o . Hz Hz

1 4.45 4.62
2 7.24 7.11

'

3 9.08 9.16

| 4 11.45 11.66
! 5 13.79 13.54
| 6 18.01 17.71

7 18.77 18.53
8 20.46 23.94
9 25.21 25.87

10 26.72 28.06

i

I

i

|

|

|

1
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Table 3 Pccel Paraceters

ha. of Pipes ho. of ho. of ho. of No. of No. of ho. of
model Structure Equations Ptre Size Frequencies Suppo rt Seismic Maces F. ore nts Support Disp./A:cel .

1st, 2nd Groups Events used Forces Paraceters >

Enu Zica (30) 423 8*, 12" 3.86, d.11 9 33 la 22 15 17 x 3

AFw Zion (33) 94 5 3*, 16* 2.86, 3.76 15 33 37 23 28 21 x 3 |

($ Z-Send ASCO Test 204 4* 8.67, 17.42 3 1 10 33 16 34 x 3
(30)

EM 1 Fwa (3D) 336 2*, 6* 5.U5, 14.63 5 1 15 55 32 56 x 3 i

|

um 2 Bwt (5 tick) 336 2*, 6* 5.05, 14.63 4 1 15 55 32 55 x 3

eM 3 Test Ecactor 225 3* , 4*, 2.91, 4.33 2 1 23 37 30 38 x 3
8*

i

l

1

|
I

.|
- - _ _ . - . _
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PIPE RUPTURES IN BWR PLANTS *

G. Iloiman, T. Lo, and C. K. Chou

Lawrence Livermore National Laboratory
University of California

P. O. Box 808, Livermore, California 94550

ABSTRACT

The U. S. Nuclear Regulatory Commission is reevaluating current design
criteria for light water reactor plants that require postulation of a double-
ended guillotine break (DEGB) in reactor coolant piping. In support of this
reevaluation, the Lawrence Livermore National Laboratory has estimated
the probability of occurrence of a DEGB, and has assessed the effect that
earthquakes have on DEGB. The results of prior LLNL cvaluations
indicated that the probability of DEGB is very low in PWR reactor coolant
loop piping, suggesting that reactor coolant loop DEGB could be climinated
as a basis for plant design. This report describes a probabilistic evaluation
of recirculation, main steam, and feedwater piping in boiling water reactor
plants. As in the earlier PWR evaluations, two causes of pipe break are
considered: pipe fracture due to the growth of cracks at welded joints
(" direct" DEGB) and pipe rupture caused by the seismically-induced failure
of heavy component supports (" indirect" DEGB). The probability of direct
DEGB was estimated using a probabilistic fracture mechanics model. The
probability of indirect DEGB was estimated by convolving seismic hazard
and heavy component support fragility. Two additional factors not
applicable to PWR reactor coolant loop piping - intergranular stress
corrosion cracking and pipe support fragility - were considered in the BWR
study. The results of this study indicate that the probability of DEGB is
very low for all three piping systems, except for recirculation piping when
IGSCC is a factor in which case IGSCC dominates the probability of
failure.

1. Introduction

The Lawrence Livermore National Laboratory (LLNL), through its Nuclear Systems
Safety Program, has performed probabilistic reliability analyses of PWR and ilWR
reactor coolant piping for the NRC Office of Nuclear Regulatory Research. Specifically,
LLNL has estimated the probability of a double-ended guillotine break (DEGB) in the
reactor coolant loop piping of PWR plants, and in the main steam, feedwater, and
recirculation piping of BWR plants. For these piping systems, the results of these
investigations provide NRC with one technical basis on which to

(1) reevaluate the current general design requirement that DEGil be assumed in the
design of nuclear power plant structures, systems, and components against the
effects of postulated pipe breaks.

"This work was supported by the United States Nuclear Regulatory Commission under*

a Memorandum of Understanding with the United States Department of Energy."

.
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(2) determine if the earthquake could induce the DEGil and thus reevaluate the current
,

design requirement that pipe break loads be combined with those resulting from a
safety shutdown carthquake (SSE).

(3) make licensing decisions concerning the replacement, upgrading, or redesign of
piping systems, or addressing such issues as the need for pipe whip restraints on
reactor coolant piping.

In estimating the probability of DEGil, LLNL considers two causes of pipe break;
pipe fracture due to the growth of cracks at welded joints (" direct" DEGB) and pipe
rupture indirectly caused by the seismically-induced failure of critical supports or
equipment (" indirect" DEGB).

Although these investigations have been limited to the specific piping systems
mentioned earlier, the techniques used to assess piping reliability are suf ficiently general
that they could be conveniently applied to other piping systems with little or no
modification.

2. General Approach

Generic evaluations of reactor coolant loop piping have been completed for PWR
nuclear steam supply systems manufactured by Westinghouse, Combustion !!ngineering,
and 13abcock & Wilcox. In these evaluatiom, LLNL performed the followings

'

(1) estimated the probability of direct DEGil taking into account such contributing
factors as the initial size (depth and length) of pre-existing fabrication flaws, pipe
stresses due to normal operation and sudden extreme loads (such as carthquakes),
the crack growth characteristics of pipe materials, and the capability to detect
cracks or to detect a leak if a crack were to penetrate the pipe wall. To
accomplish this LLNL developed a probabilistic fracture mechanics model using
Monte Carlo simulation techniques, implemented in the PRAISE (tiping Ilcliability
Analysis including Seismic Events) computer code.

(2) estimated the probability of indirect DEGil by identifying critical supports or
equipment whose failure could result in pipe break, determining the scismic i
" fragility" (relationship between seismic response and probability of failure) of
each, and then combining this result with the probability that an earthquake occurs i

producing a certain level of excitation ("scismic hazard").

(3) for both causes of DEGII, performed sensitivity studies to identify key parameters
affecting the probability of pipe break.

(4) for both causes of DEGil, performed uncertainty studies to quantify how
uncertainties in input data affect the uncertainty in the final estimated probability
of pipe break.

The results of these evaluations consistently indicated that the probability of a DEGilin
| PWit reactor coolant loop piping is extremely small, about 10'7 events per reactor-year

from indirect causes, and less than 10-10 events per reactor-year from direct causes. It'

,

*
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was also found that thermal stresses dominated the probability of direct DEGH, and that
earthquakes contributed only negligibly. These results suggest that the DEGB design
requirement - and with it related design issues such as coupling of DEGil and SSR loads,
asymmetric blowdov and the need to install pipe whip restraints - warrants a
reevaluation for PWR reactor coolant loop piping. Details of these investigations have|

I been extensively documents elsewhere [1,2,3,4 and will not be disemsed hero except as '

they relate to the BWR study.,

| The objectives and approach of the llWR study have been essentially the same
;

| except that different dominant failure mechanisms were added. LLNL has so far limited I

|. Its investigation to Mark I plants, which have recirculation piping particularly susceptible
| to the effects of intergranular stress corrosion cracking (IGSCC). A detailed pilot study
; based on the Brunswick plant operated by Carolina Power & Light has been completed, |
| the results of which will be disemsed here, as well as preliminary evaluations of certain "

other Mark I plants.

3. Double-Ended Guillotine Dreak Caused by Crack Growth

The probability of " direct" DEGil in reactor coolant piping is estimated using a
probabilistic fracture mechanics model implemented in the PRAISE computer code and
its associated pre- and post-proceseing routines. Details of this model have been
presented elsewhere [5,6] and will not be repeated here, but can be summarized as
follows.

For a given weld joint in a piping system, the leak or break probability is estimated
using a Monte Carlo simulation technique. Each replication of the simulation - nnd a !

'
typical simulation may include many thousand replientions - begins with a pre-existing
flaw having initial length nnd depth randomly selected from nppropriate distributiom.

I These distributions in turn relate the prot ibility of crack existence. Fatigue crack
growth is then calculated using a Paris growth model, to which are applied stresses
associated with normal operating conditions and pontulated selsmic events. The
influence of such factors as notrdestructive examination (NDE) and lenk detection is also |
considered through the inclusion of appropriate statistical distributlom (e.g., probability -

of crack non-detection as a function of crack size). I enk occurs when a crack grows t

through the pipe wall, break when failure criteria bmed on not section stress (for
austenitic materials) or tearing modulus (for carbon stocls) are exceeded.

|

| Completing all replications for a given weld joint nnd tabulnting those cracks that
| cause failure yleids the failurn proonbility as a function of time at that weld. If only
I pre-existing cracks are considernd, then " stratified sampling" can im npplied to nssure
' that initial crack samples are selected only from those sizes that enn potentially enme

pipe break. Through this technique, very low failure probabilities (less than one in a,

| million) can be reliably estimated from only a few thousand replientions of the Monte
| Carlo simulation.

Af ter the failure probabilities at all weld joints in a piping system have been ;

estimated, a " systems analysis" combines these results with the non-conditional crack
| existence probability (a function of total volume, of weld material) and seismic hazard

(which relates the occurrence rates of earthquakes as a function of penk ground'

| acceleration) to obtain the noreconditional probabilities of leak nnd I)RGil.
f

I
I

i
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This was the basic approach followed in our evaluations of PWit reactor coolant
loop piping. Two additional factors, however, make the evaluation of DWit reactor
coolant piping, particularly recirculation loop piping, more complex. The first of these is
the potential effect that failure of " Intermediate" pipe supports and supports for light
loop components (e.g., recirculation pumps) could have on the probability of direct
DEGB. The second is intergranular stress corrosion cracking (IGSCC). IGSCC may I

affect not only the growth of pre-existing cracks but also cause new cracks to initiate I

dfter plant operation has begun, which must be considered in addition to pre-existing
fabrication flaws.

Effect of Intermediate Support Failure on DEGil Probability ,

The potential effect of intermediate support failure on estimating the probability )
of direct DEGil is two-folds

,

'

(1) support failure would redistribute applied stresses at weld joints, in turn affecting
crack growth rates as well as the failure criteria used to define when pipe break
occurs.

(2) accounting for stress redistribution would require an individual " RAISE evaluationt

| for each support failure scenario, dramatically increasing the ec .putational effort
'

I involved. For example, even if only four supports were addressed, sixteen separate
FitAISE runs would be required to cover all possible combinations and permutations

| of support failure.

Iteactor coolant loops in PWit plants typleally have smalllength-to-diameter ratios and,
because of their stif fness, are supported solely by the major loop components (reactor
pressure vessel, reacto coolant pumps, and steam generators); therefore, no additional
supports are needed. Ilowever, recirculation loop piping in llWR plants is longer and
smaller-diameter (typleally 12 to 26 inches), and requires additional support from sprint-
or comtant-load hangers. This piping may also have numerous snubbers to reduce
stresses in the event that an carthquake occurs. Each recirculation loop at lirunswick,
for 3xample, has a snubber pair each on the inlet and outlet lines, as well as n snubbert

I triptet at the top and at the bottom of the recirculation pump.

( Our evaluations of Indirect DEGil (1,0., support rollability)In PWit reactor coolant
loop piping were based on the assumption that failure of a heavy component (e.g., steam
generator) support conditionally led to pipe break. This assumption was regarded as
comervative (in reality a pipe would likely experience severe inelastic deformation i

before actually breaking) but nevertheless resulted in very low DEGil probabilities. To
'

have an3umed that failure of a snubber or a comtant-load support would similarly came a
DE0li in llWit recirculation piping would have been unreasonably conservatives therefore,
a more detailed approach had to be developed to Investigate the offeet of support failure
on the probability of direct DEGil.

We first divided the recirculation loop snubbers into four groups (Inlet line, outlet
line, top and bottom of the recirculation pump) and estimated the scismic " fragility"
(probability of failure as a function of seismic respome) of each the failure of spring or
comtant-load hangers was not considered because seismic loads on these support types
would be very low compared to those on the snubbers. We then Identified each pmmible

|
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combination of support failure, including that in which no failure at all occurred, and
performed a stress analysis for each to determine how stresses were redistributed.
Finally, using modified versions of the standard pre- and post-processing routines for '

PRAISE, we performed sensitivity calculations to determine the effect of support failure
on DEGB probability. These routines are normally used respectively to develop the
stratified sampling space used by PRAISE (see Ref. 5 for details) and to perform the
" systems analysis" described above, and execute much faster than PRAISE Itself.
Improved computational efficiency comes at the expense of accuracy in the probabilistic
resulta; however, because we were addressing only relative effects in these sensitivity
calculstions, we concluded that the simplified analyses were suf fielent for our purposes.

Using the generic scismic hazard curves that we had developed as part of our
evaluation of PWR plants ecst of the Rocky Mountains, we investigated the effect that
seismically-induced snubber failure had on the probability of direct DEGil. Our generic
hazard curves relate the probability of cecurrence of peak ground accelerations up to
five times that of the SSE at a given plant site (0.16g at llrunswick). In our sensitivity
study, we truncated these curves at maximum values of PGA ranging from one to five
times the SSE, and then estimated the probability of direct DEGil for each. The results
of these sensitivity calculations indicated the followingt

o based on the generic hazard curves, snubber failure has a negilgible effect on the,

'

probability of direct DEGB If the hazard curves are truncated at twice the SSE or
less. Above this level, the effect of snubber failure is non-negligible; however, the'

extremely low frequency of earthquakes greater than the SSE keeps the overall
I failure probability low.

.
o for this particular snubber design, " failure" occurs when a relief valve opens; i

! sr,ubber function is recovered when the load drops off. Permanent failure of the |

| snabber would occur only at much higher loads, implying that the carthquake levels
| above are conservative.
|

| From the results of this sensitivity study we concluded that failure of Intermediato
supports could be neglected in our later detailed PR AISE evaluations.l

Intergranular Stress Corrmlon Cracking

Hecirculation piping in older flWR plants, particularly those plants characterized by
the General Electric Mark I containment design, has been found in recent years to be

i susceptible to Intergranular stress corrosion cracking. Stress corrosion cracking occurs
I in stainless steel piping (in this case, Type 304) when the dual conditions of

" sensitization" - material properties cornfucive to 10SC0 that result from prolonged
exposure to high temperatures during welding - and app!!cd loads are met. 10800 is
important not only as it affects the growth of existing cracks, but more so because it
causes new cracks to initiate af ter plant operation has begun.

Earlier versions of PRAISE included the effect IGSCC on pre-existing cracks
through a sin ple relationship between growth rate and the stress intensity factor at the,

| crack fronti crack initiation was not modeled at all. This model was not appiled in our
PWR evaluations because operating experience has Indicated that lusccTs not a problem
in PWR reactor coolant loop piping.

,

r

'
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#

As part cf our BWR study w2 dev: loped cn cdvine:d IGSCC mod;1 for the PRAISE
code. Thia model is semi-empirical in nature, and is based on experimental and field data
complied from several sources. Using probabilistle techniques, the model addresses the

^

following IGSCC phenomena

o crack initiation, including the effects of environinent, applied loads, and material
type (i.e., sensitization). Crack location, timo of initiation, and velocity upon
initiation are all defined by appropriate distributions based on experimental data.

cracigrowth rate, including effects o' environment, applied loads, and materialo
3type.

o multiple cracks. Because our earlier evaluations were based on pre-existing flaws
only, each Monte Carlo replication included one crack only. Inclusion of crack
initiation requires that multiple cracks be considered during each replication.

o crack linking. Treating multiple cracks requires that their potential linkage into
larger cracks be considered. This is donc using linkage criteria specified in Section
XI of the ASME Boller and Pressure Vessel Code.

Steady-skEto pipe loads due to welding residual stresses areo residual stresses.
considered an addition to fatigue loads.

Crack growth rates and times-to-Initiation are correlated against " damage parameters"
which consolidate the separate influences of several indlyidual parameters. These
includes
o environment, specifically coolant temperature and dissolved oxygen content.

o applied loads, including both constant and variable loads to account for steady-
state operation and plant loading or unloading, respectively,

'

o material sensitization. ,

Figures I and 2 show, respectively, times-to-Initiation and crack growth rates for Type
304 stainless steel. The solid curved lines in Fig. 2 show crack growth rates predicted by
the earlier IGSCC model in Pit Alst! for oxygen concentrations of 0.2 ppm (typical during
plant operation) and 8 ppm (typical durmg startup); the relatively cime agreement
implies that the earlier model gave reasonable crack growth rates despite its much
simpler approach.

.

The damage paranketers in the current model were based on the results of both
constant-load (CI.) and comtant extension rate (Cl?llT)IUSCC tests. Many other factors
were considered during Initial model development, but were later excluded from
consideration either beenuso they were judged to be of secondary influence for 304SS, or
because suitable operating data was not avnllaulo to exercise them in n plant-speelfic
evaluation. Although the present model was developed for Type 304 stninless steel, the
correlation scheme is sufficiently generic that it can be adapted for other innterials. We
are in f act currently rieodifying the model to include Type 310NG stainless steel, in order
to compare the reliability of piping fabricated from thin IGSCC-resistant material with
that of Type 304 piping.
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Residual stresses are treated as a random variable in the Monte Carlo simulation.
Distributions of residual stress as a function of distance from the inner pipe wall were
developed from experimental data for three categories of nominal pipe diameter. For
large lines (20 to 26 inches), residual stresses took the form of a damped cosine through
the wall as based on data collected by General Electric and Argonne National Laboratory
(see Fig. 3). The nominal tensile stress at the inner pipe wall is about 40 ksi. For
intermediate-diameter (10 to 20 inches) and small-diameter (less than 10 inches) lines, a
linear distribution was assumed through the pipe wall with respective inside wall stresses
of 9.3 ksi and 24.4 ksi.

The model was benchmarked by comparing predicted leak rates under nominal IlWR
applied load conditions against actualleak and crack indication data made available to us
by the NRC Office of Nuclear Reactor llegulation (NRR). During benchmarking we
quickly ascertained that residual stress was the parameter most influencing the predicted
leak rates, and we therefore opted to " tune" the model on this basis. A variety of
schemes were considered before we settled on adjusting the stress magnitude (using a
multiplication factor) to bring the model into agreement with the field data. Figures 4
and 5, respectively, compare predicted leak rates and number of NDE indications greater
than 10 and 50 percent of wall thickness with the corresponding field data for various
adjustment factors. As these figures show, surprisingly large reduction factors had to be
applied to bring the model into line with the field data, suggesting that factors other
than residual stress may be more influential than we first concluded.

Probability of Direct DEGH

We applied this model in a pilot study to estimate probabilities of leak and DEGB
for the Brunswick BWR plant. During development of the IGSCC model, we found that,

| Its complexity greatly increased computer time requirements for its execution. Two
; factors were predominantly responsible for thist

| if only pre-existing cracks are considered (as was the case in our PWR evaluations),0

| each Monte Carlo replication tracks the growth of a single crack. Because the
IGSCC model includes crack initiation, up to 40 cracks per replication (depending;

| on pipe size) are possible.

j because multiple cracks are allowed during each replication, the possibility ofo
crack linking cannot be disregarded. Since all cracks mmt be tracked throughout|

the entire calculation, regardless of size, stratified sampling cannot be used. This
| Increases the number of replications required to generate a reliable Monte Carlo

probability.

For example, the assessment of one PWR reactor coolant loop (typically about 15 welds),
including the systems analysis, had required about one CPU hour of computer time (on a
CDC 7600 machine) based on 10,000 replications. By comparison, the current model
requires up to three hours of CPU time to generate a DEGB probability for one weld
o.a!S,

,

Hecause older recirculation loops may have up to 60 welds, it was clearly
impractical to calculate weld-by-weld DEGH probabilities. Instead, we grouped the
welds in the Brunswick recirculation piping, taking those welds with the highest applied

|
|

|

|
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. loads in each group. We then estimated the leak and DEGB probabilities at each of these
representative welds and performed a systems analysis assuming that these leak and
DEGB probabilities applied to all welds in the respective group. These weld-by-weld
probabilities and the resultant system probabilities are presented in Table I for both leak
and DEGB. - These results apply to the existing recirculation piping at Brunswick. A
replacement configuration, fabricated from TypeJ 316NG and including fewer welds
(eliminating, for example, the recirculation pump bypass piping), has been proposed for
the Brunswick plant. For purposes of comparison, Table 1 includes the number of
replacement welds in each pipe group.

'

J ,

"

Table 2 and 3 present, respectively, probabilities of DEGB and leak for both
configurations of recirculation piping without IGSCC, as well as for one feedwater and
. two main steam lines. The two main steam lines "A" and "B" dif fer slightly in length, and
.are mirror images of the "C" and "D" lines, which were not evaluated separately. These

'
s

tables show that in the absence of IGSCC, leak and break probabilities are both on the
same order as those for PWR reactoe coolant loop piping. Furthermore, if IGSCC is not a

x

factor, thermal fatigue is the primary cause of direct DEGB. As for' PWR reactor
coolant loop piping, earthquakes contribute only negligibly to the probability of direct

-DEGB.
L

4. Double-Ended Guillotine Break Indirectly Induced by Earthquakes
,

If earthquakes and DEGB are considered as purely random events, the probability of
their simultaneous occurrence is negligibly low. However, if an earthquake could cause
DEGB, then the probability of simultaneous occurrence would be significantly higher.
Our study of direct DEGB concluded that earthquakes were not a significant contributor
to this failure mode. However, another way in which DEGB could occur would be for an
earthquake to cause the failure of component supports or other equipment whose failure
in turn would cause a reactor coolant pipe to break. Evaluating the probability of
indirect DEGB involves the following four steps:

(1) identify " critical" components whose faildre could , induce a DEGB. For each
component, estimate . the conservatism and the uncertainty in the calculated
structural responses for various loading conditions, such as dead weight, thermal
expansion, pressure, and seismic loads. In our PWR evaluations, we identified as

'

critical components the reactor pressure vessel supports, the steam generator
supports, and the reactor coolant pump supports. A BWR, of course, has no steam
generators and the failure of coolant pump supports was considered as part of the
direct DEGB evaluation. Therefore, the only critical components' that we
considered in our Brunswick indirect DEGB evaluation were those making up the
reactor support structure.

(2) 'for each critical component, develop a fragility description for each failure mode. ;

The fragility of a component may be based on several factors (see Table 4). Each
fragility description relates the probability of structural failure conditioned on the
occurrence of an earthquake of given peak ground acceleration.

(3) calculate the overall " plant level" fragility to account for all significant failure
modes and the associated fragility descriptions.

s

%

>
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(4) calculate the non-conditional probability of indirect DEGB by convolving the plant
level fragility with an appropriate description of seismic hazard. Seismic hazard
relates the probability of occurrence of an earthquake exceeding a given level of
peak ground acceleration.

|

Typical descriptions of seismic hazard are shown in Fp. 5. For Brunswick, we found that
'

90th-percentile value (confidence limit) of 5x10-}0-
the probability of indirect DEGB was about 2x events per reactor year, with a

per reactor year. It was found that
the star stabilizer at the top of the RPV, which restrains the RPV against lateral motion
in the event of an earthquake, was the priraary contributor to failure.

5. Summary and Discussion

We have completed a pilot evaluation of leak and DEGB probability in the
recirculation, main steam, and feedwater piping of the Brunswick Mark I BWR plant.
Although we have followed the same general approach for BWR plants as we did for PWR
plants, two additional factors have required consideration in our direct DEGB evaluatiom

the potential failure of intermediate pipe supports and supports for light loopo
components (PWR reactor coolant loop piping is supported solely by loop
components).

o intergranular stress corrosion cracking (IGSCC) in recirculation loop piping.

'V Support Failure

Failure of intermediate pipe supports (e.g., hangers, snubbers) would redistribute
the applied stresses at weld joints and therefore change crack growth rates. We
developed a method of incorporating support fragility into the probabilistic fracture
mechanics evaluation, and used it to investigate the effect of support failure on the'

probability of direct DEGB for our reference " pilot" plant. After identifying support
failure scenarios, we calculated the pipe stresses for each. We then performed
sensitivity analyses which indicated that the prgbability of DEGB due to hanger and
snubber failure was about the same (about 10- events per reactor year) as that of
indirect DEGB due to the failure of the reactor pressure vessel support structure. We
concluded that we could neglect support failure in our subsequent direct DEGB
evaluations.

Intergranular Stress Corrosion Cracking

To evaluate the effect of intergranular stress corrosion cracking on the probability
of DEGB in BWR recirculation piping, we incorporated an advanced IGSCC model into
our PRAISE computer code. This model probabilistically simulates crack initiation
(number, time, location, velocity) and the growth of initiated and pre-existing cracks.
Unlike our earlier PWR evaluations, in which each replication of the Monte Carlo
simulation only considered a single pre-existing crack, the IGSCC evaluations allow the
simultaneous growth and potential linkage of multiple cracks. Crack growth rates and
times-to-initiation are based on experimental data correlated against " damage
parameters" which consolidate the effects of coolant environment (temperature and
dissolved oxygen content), material type (including the effect of weld sensitization on
time-to-initiation), applied loads, and residual stress. The constitutive relationships that
define the damage parameters are generic in form, but contain terms which vary

'
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according to the particular material being considered. The specific features of this
model were selected for Type 304 stainless steel. A large number of IGSCC-related
factors other than those eventually included in the model' were also considered and
excluded from consideration.

Applying this modelin ur Brunswick pilot study, we estimated the leak and DEGB4

probabilities 1n the present recirculation piping (both loops combined) to be about 0.68/py
4. and 9.0x101/py, respectively, when IGSCC is present. Note that these results imply

about one leak for each plant-year of operation. Field observations, however, indicate
that the actual occurrence rate is closer to one in every ten plant-years of operations,4

leading us to conclude that our predicted leak probabilities are between one and two>

orders of magnitude high. We cannot, of course, similarly compare our DEGB results
against field observations, but our extensive past evaluations of PWR primary coolant
piping have consistently indicated that plant-to-plant variations in DEGB probability

' follow the same general trend as those in the leak probability. Therefore, we believe :

that the DEGB probabilities estimated for the Brunswick recirculation loop piping are
similarly high when IGSCC is taken into account. |

,

In our PWR evaluations, order-of-magnitude variations in DEGB probability were ,

not of particular concern to 'us because even after extensive sensitivity and uncertainty
studies, the results were still extremely low. For example, that the best-estimate

about 10~gof direct DEGB in Westinghouse plants east of the Rocky Mountains wasprobabilit
. events per plant year, with a 90th-percentile " upper bound" about two orders

,

of magnitude higher. Despite this difference, the basic regulatory implication - that
likely event - remains unchanged. By contrast, however,

direct DEGB is an extremely y/py and a 10-5/py DEGB probability has a potentially far
,

the difference between a 10-
more serious effect on how the safety of BWR recirculation loop piping is perceived. We
therefore believe it essential to take a second look at the basic premises of our IGSCC
model to better distinguish real physical behavior from modeling conservatisms. This
work is currently in progress, with expected completion in mid-1986.

4

From our evaluations to date we can conclude that IGSCC clearly dominates the-

probability of direct DEGB in recirculation piping fabricated from Type 304 stainless
steel. Residual stresses appear to be the dominate factor influencing the number of'

cracks initiated and, to a lesser degree, their growth rates. Probabilitles of direct DEGB >

in the main steam and feedwater piping are similar to those estimated for PWR reactor<

!
coolant loop piping. Thermal stresses dominate the probability of direct DEGB;
earthquakes contribute only negligibly. In the absence of IGSCC, these results also hold .'

,

i true for recirculation piping. This result implies that if !GSCC can be satisfactorily
mitigated (for example through use of IGSCC-resistant materials), then reactor coolant

'

piping DEGB could be eliminated as a design basis for BWR plants as is currently being
done through rulemaking actions related to PWR reactor coolant loop pi tng.9

.

P
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Table 1. Probability of direct DEGB, Brunswick recirculation piping
(current loop configuration)

-

I 2 P[DEGB]2Weld Group Diameter Welds / Loop P[Leakl
(in)

Suction 26 10 (11) 5.3e-6 1.3e-6
(5.3e-3) (1.3e-5)

Discharge 26 6 (5) 9.0e-4 5.0e-5
(5.4e-3) (3.0e-4)-

Header 20 5(2) 3.2e-3 5.0e-6
(1.6e-2) (2.5e-5)

Riser 12 20 (12) 1.2 e-2 4.0e-6
(2.3e-1) (8.0e-5)

Bypass 3 10 (0) 8.9e-3 3.0e-6
(8.8e-2) (3.0e-5)

Total, both loops (with IGSCC) 102 6.8e-1/py 9.0e-4/py

Total, both loops (w/o IGSCC) 102 3.6e-7/py 7.7e-12/py

Notes:

(1) Value in parentheses is number of welds in proposed replacement configuration.

(2) Events per weld year. Value in parentheses is events per plant-year for weld grous
considered.

,
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Table 2. Probability of direct DEGB, no IGSCC (events /py)

Confidence limit
Piping System

10 % 50% 90 %

Recirculation (current) 1.3e-16 1.8e-13 2.5e-10

Recirculation (proposed) n/a 3.8e-12 n/a

Main Steam "A" 5.0e-15 2.5e-13 1.5e-10

Main Steam "B" n/a 1.6e-12 n/a

Feedwater 1.le-14 1.3e-12 1.5e-9

|

| Table 3. Probability of leak, noIGSCC (events /py)

!

| Confidence limit
Piping System

10 % 50% 90 %
!

| Recirculation (current) 1.5e-8 1.0e-6 1.0e-5

| Recirculation (proposed) n/a 1.8 e-7 n/a

Main Steam "A" 8.3e-9 8.8e-8 1. l e-5

| Main Steam "B" n/a 7.0e-8 n/a

Feedwater 4.3e-9 5.0e-7 2.5e-5

|
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Table 4. Parameters considered in developing component fragilities

Structural Response

o Ground spectrum used for design

o Structural damping

o Site characteristics (rock or soll, shear wave velocity, thicknesses of different
strata)

Fundamental frequency of internal structure if uncoupled analysis was performedo

Interface spectra for NSSS points of connection to s,tucture if uncoupled analysiso
was performed

Input ground spectra resulting from synthetic time history applied to structuralo
model

NSSS Response

Method of analysis (time history or response spectrum, etc.)o

Modeling of NSSS and structure (coupled or uncoupled)o

o NSSS system damping

o NSSS fundamental frequency or frequency range

if uncoupled analysis was performed, whether envelope or multi-support spectrao
were used

.. ..-
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DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University of
California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference herein to any specific commercial
products, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or the University of California. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for advertising or
product endorsement purposes.
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Valve Performance Testing
N. M. Jeannougin

Energy Technology Engineering Center

ABSTRACT

The Valve Performance Test Program addresses current requirements
for testing of pressure isolation valves (PIVs) in water reactors.
The program is aimed at evaluating the existing leak rato limits for
PIVs and the Section XI correlation for extrapolating leak rates
between the test and operating conditions. The use of acoustic
emission monitoring will be evaluated as an alternative method for
assessing the sealing capability of these valves. In addition,
motor operator signature testing will be evaluated as a method for
assessing gate valve operability. Currently three check valves,
ranging in size from a nominal four inch diameter to twelve inch
diameter, are being tested. No significant valve deterioration has
resulted from a program of life cycling the valves. Future efforts
will focus on loosened internals testing of the check valves and
life cycle testing of the gate valves.

PRESSURE ISOLATION VALVES: REGULATORY REQUIREMFETS

Pressure isolation valves (PIVs) isolate the high pressure primary reactor
coolant system from any connected lower pressure piping systems. PIVs must be
periodically leak tested in accordance with Section XI of the ASME Boiler &
Pressure Vessel Code. The acceptable leak rate across the PIVs is defined in
the technical specifiestion for each light water plant. Until recently, the
technical specifications for most plants set the maximum leak rate for each
PIV as one gallon per minute (gpm), with the exception of Event V valves. The
Committee to Review Generic Requirements has recently approved a change which
would allow a leakage rate of one half gpm per inch of nominal valve size, but
no more than five gpa on any valve. Leakage through PIVs is monitored and
limited for two safety reasons. First, the overall leak rate from the high
pressure system to the low pressure system must not exceed the low pressure
system's pressure relief and radiological processing capabilities. Second,
leak rates are monitored to detect imminent failure of the valves to serve as
a pressure barrier.

The monitoring of leak rate trends, as called for in the ASME Code, is
expected to provide an indication of accelerated valve deterioration.
Therefore, leak rate trends should provide an assurance of valve performance
which is at least as reliable as the flat one gpm leak rate allowance.

Modification of the allowable leak rate for individual PIVs will not effect
the plant technical specification for overall allowable leakage from the
reactor coolant system. This will ensure that the plant pressure relief and
radiological processing systems will not be overtaxed.
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The NRC had a study prepared by EGG on leak test requirements for PIV's.I As
part of this study, a survey was conducted of nine plants to obtain
information about actual in-plant experience with leak rate testing of PIVs.
It was concluded that allowable leak rate criteria, such as the criteria
described above based on nominal valve size, should be adopted. The study
also indicated that current utility practice is to conduct PIV leak tests at
reduced pressure and to extrapolate to leak rates at normal operating pressure
(2235 psig) using the correlation given in Section XI of the ASME Code. This
correlation is based on a ratio of the differential pressure across the valve
during normal operation to the differential pressure across the valve during
the leak test raised to the one half power. Analysis of the survey data
indicated that this correlation might be erroneous. In November of 1983, NRC ,

requested proposals for a Valve Performance Test Program to " validate the |
theoretical work performed during the survey of the nine utilities, to

'

evaluate the effectiveness of valve leakage as an indicator of valve
degradation, and to examine other valve parameters and their effects on valve 1

'

operability."

VALVE PERFORMANCE TEST PROGRAM

The objectives of the Valve Performance Test Program, currently being
conducted at the Energy Technology Engineering Center (ETEC) are to:

1. Provide recommendations regarding the present technical
specification allowable Icak rates, and the ASME Code
Section XI method for correlating leak rates at test and
operating pressure differentials.

2. Evaluate the use of valve leakage as an indicator of
valve degradation.

3. Evaluate motor signature monitoring as a means of
assessing valve operability, including stroke timing,
packing tightness, and torque switch settings.

4. Evaluate acoustic emission techniques for detecting,
quantifying, and trending valve leakage.

Test Articles

In order to meet these objectives, ETEC purchased six test articles--three
check valves and three gate valves. The valves are typical of those used in
LWRs for the purpose of primary system pressure isolation. All six valves
were purchased from utilities who had obtained them for nuclear units which
were cancelled subsequent to valve fabrication or from units which had surplus
valves. The majority of the valves are ASME Section III, Class 1 valves. The
Class 2 valves are of the same design as the Class 1 valves and thus are
equally representative. The Class 2 valves, however, do not have the same
quality assurance / verification documentation as Class 1 valves. A description
of the individual test articales is given below:
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1. 4-in. 1512 lb, swing check valve, buttweld ends, 316 SS body, ASME
Section III, Class 1, manufactured by Nuclear Valve Division, Borg-
Warner Corp.

2. 12-in. 1512 lb, swing check valve, buttweld ends, 316 SS body, ASME
Section III, Class 1, manufactured by Nuclear Valve Division, Borg-
Warner Corp.

3. 6-in. 1500 lb, swing check valve, buttweld ends, 304 SS body, ASME
Section III, Class 2, manufactured by Atwood & Morrill Co.

4. 4-in. 1525 lb, gate valve, buttweld ends, 316 SS body, flexible
disc, electric motor operated (Limitorque). ASME Section III, Class
2, manufactured by Westinghouse (W-EMD).

5. 10-in. 1525 lb, gate valve, buttweld ends, 316 SS body, flexible
wedge disc, electric motor operated (Limitorque). ASME Section III,
Class 1, manufactured by Westinghouse (W-EMD).

6. 4-in. 1600 lb, gate valve, buttweld ends, 316 SS body, double disc-
parallel seat, electic motor operated (Limitorque), ASME Section
III, Class 1, manufactured by ACF Industries, W-K-M Valve Division,
Model M-I-OPG POW-R-SEAL.

,
,

All valves are new and unused, and were stored, packaged, and shipped in
accordance with ANSI /ASME N45.2.2 requirements. All drawir.g. manuals, and
quality records avilable to the utilities for each valve were included as part
of the valve order.

Check Valve Testing: Original Program Plan

,

The method of degrading the test article valves to be representative of PIVs
L in LWRs is a key issue for the Valve Performance Program. A program of dry

and wet cycling of the valves to simulate the cycling, and thus the valve seat
wear, that an average PIV undergoes during its life was developed. A survey
of nine nuclear power plants was made to identify how many cycles a PIV would
see in an average plant application. Ten dry cycles and two hundred wet
cycles were determined to be reasonable. A series of leak tests were planned
to measure valve leakage prior to the start of the test program, following the
ten dry cycles, after the first fifty wet cycles, and following completion of
the wet cycling. This approach was developed to gain information on the
effectiveness of valve leakage as an indication of valve degradation. The
leak tests would be conducted at a variety of temperature and pressure
conditions, as specified in Table 1. These data would be used to evaluate the
Section XI correlation for extrapolating leak rates at test conditions to leak
ra es at nominal plant operating conditions.

Another mechanism which ans been identified as a major cause of check valve
failure is loosened internals. This condition results when the nut which
secures the disc to the clapper becomes loose, see Figure 1. This condition
could be caused by the stud impacting the valve bcdy during cycling. A
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Table 1: Leak Text Matrix

Ident Inlet T Inlet P Outlet P
No. ( F) (psig) (psig)

1 Amb 50 Atm

2 Amb 150 Atm

3 Amh 250 Atm

4 Amb 350 Atm

5 Amb 700 Atm

6 Amb 1100 Atm

7 Amb 2250 Atm

8 300 2250 2200

9 300 2250 1550

!

10 300 2250 1150

11 450 2250 2200

12 450 2250 1550

13 450 2250 1150

14 550 2250 2200

15 550 2250 1550

16 550 2250 1150

17 550 2250 1092

18 550 2250 1046

19 550 2250 1000

20 550 2250 1150
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FIGURE 1. TYPICAL CHECK VALVE INTERNALS
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portion of the program is devoted specifically to examining the effect of
loosened internals. That is, whether valve leak rate tests are effective in
detecting this form of check valve degradation. The loosened internals tests
originally were to be performed only on the four inch check valve.

Check Valve Test Results to,Dateo

The four inch check valve has been subjected to ten dry cycles, fifty wet

cycles (conducted at 250 F and 2250 psid), and one hundred and fifty
additional wet cycles. Leak tests at various temperature and pressure

conditions were conducted with the valve in the as-received condition and
following each period of valve cycling. The baseline leak tests showed very

small leak rates, on the order of 10E-5 lb/sec. Following the dry cycles the
valve exhibited no measureable leak rate, perhaps indicating that the valve ,

seating surfaces had " worn in". After wet cycling the valve leak rate was 1

again in the measureable region, but was still very low, on the oroer of 10E-5
lb/sec. At these very low leak rates, there was no meaningful correlation
between leak rate and either differential pressure or temperature. The only
discernible effect of differential pressure was seen at low differential
pressures. The leak rate was highest at these conditions indicating that the
low differential pressures did not provide enough force to properly seat the
valve.

The six inch check valve was leak tested in the as-received condition, dry
cycled ten times and again leak tested. The results were similar to the four
inch check valve tests. The six inch valve had a very small leak rate in the
as-received condition and the leak rate following the dry cycling was not

measureable.

The twelve inch check valve was not cycled, but baseline leak tests were

conducted. The leak rates for the twelve inch valve in the as-received
condition were roughly the same as they were for the four and six inch valves,
on the order of 10E-6 lb/sec. Thus, the leak rate across each of the three
valves in the as-received condition met typical technical specfications for
new PIVs.

Based on the four and six inch check valve testing described above, ETEC, with
the approval of the NRC, decided to modify the plan for check valve testing.
Life cycling of the valves was not causing significant degradation of the
valve seat. Although this is an interesting result, it was decided that the
test program objectives could be better met by investigating the- effect of
other check valve degradation mechanisms. The first mechanism which was
examined was erosion or wire drawing caused by flashing across the PIV. The
survey of utilities indicated that s7me PIVs are installed in locations where
the pressure and temperature conditions would result in flashing across the
valve for extended periods of time. Average conditions for these valves was
determined to be approximately 1500 psid at 550 F. The ETEC test facility was

then put into a hot shutdown mode and these conditions were established across
all three check valves for a two month period. The facility was not staffed

with operators during this time but periodic leak test measurements were made.
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A power loss was experienced at the facility during this time resulting in a
loss of pressure differential across the valves. After the pressure
differential was re-established, the leak rate across the four inch valve was
noted to have suddenly increased, to approximately one liter per hour (10E-3
lb/sec). Although this leak rate is orders of magnitude greater than the
previously measured leak rates, it is still much lower than the one gpm
currently allowed for most PIVs. As the increase in leak rate occur suddenly
after the valves were cycled due to the loss of the differential pressure, the
increase may be due to impurities lodged between the seating surfaces. The
leak rate across the four inch valve has been roughly constant throughout the
long term flashing test. No increase in leak rate across the six or twelve
inch check valves has been measured since the start of the long term flashing
test. This portion of the program is now being concluded.

Acoustic Emission Monitoring

Acoustic emission data was gathered during the valve cycling, during the leak
tests, and it is new being gathered on the four inch check valve during the
long term flashing test. To maximize the benefit of the acoustic emission (AE)
monitoring, AE equipment supplied by Argonne National Lab (ANL), Oak Ridge
National Lab (ORNL), and the Naval Ship Research & Development Center are
being used in addition to the ETEC equipment.

The Naval Ship Research & Development Center equipment is portable equipment
which must be manually operated, therefore it has not been used as extensively
as the other equipment. The ANL, ORNL, and ETEC equipment each consist of two
sensors, one mounted on the valve body and one mounted on the upstream piping.
These sensors are read automatically by the facility Data Acquisition System.

Future Check Valve Testing

The life cycling and erosion testing of the check valves conducted during
fiscal year 1985 has produced minimal valve damage. The seating surface
damage which would be expected to result from erosion and wear is not the type
of damage likely to produce imminent accelerated deterioration or possible
failure of the check valves. However, loosened internals could result in
possible failure of the check valve to operate or to adequately isolate the
primary coolant system; and loosened internals has been identified as a major
check valve failure mechanism. Therefore, fiscal year 1986 check valve
testing will focus on loosened internals testing. The loosened internals
portion of the Valve Performance Test Program is being enlarged to encompass
at least two of the check valve test articles rather than simply the four inch
valve.

The loosened internals testing will consist of breaking the weld between the
nut and the stud identified in Figure 1. The nut will then be backed off a
specified number of rotations and locked in place with a backing nut. If
there is inadequate room for a backing nut, the nut will be tack welded in
place. The valve will be cycled five times and leak tests will be conducted.
The process of cycling and leak testing will be repeated twice. The goal of
the additional cycles and leak tests is to determine whether a check valve
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with loosened internals seats in a repeatable manner.

The sequence of tasks described above will be done for three different
loosened conditions for each check valve. The nut will be backed off as far
as possible for the third loosened condition.

The check valves installed in many LWRs, and the check valves used in this
test program, are self-centering. It is possible that the leak rate across
these valves may not significantly increase even though the integrity of the
valve internals is compromised. Therefore, the acoustic emission equipment
will be monitored during the valve cycling as well as during the leak tests.
The AE equipment supplied by ETEC will be readjusted to monitor the signal
frequencies which occur during valve cycling. This will enable evaluation of
the feasiblity of using techniques, other than valve leak rate monitoring, to
detect valve degradation.

1

Gate Valve Testing
|

The gate valves will be tested following the completion of the check valve I

testing. The gate valve program will consist of a series of dry and wet
cycling interspersed with leak rate testing at various temperature and
pressure conditions. This program is identical to the program originally
plan::ed for the check valves. The gate valve seating surfaces should substain
more damage during cycling because their operators provide a higher seating
force. Wear damage of this type has been identified by ORNL as a major cause
of valve leakage in motor operated valves.2 As a part of their work on nuclear
power plant aging, ORNL made a study of motor-operated valve failures. This
study showed that the primary reported failure mode was a failure to change
position caused by problems with the motor operator. Most of the reported
failures of the valves themselves were failures to pass the required leak rate

foreign material on the valve seat were identified as thetests. Wear or
major causes of the leakage.

The acoustic emission equipment described for the check valve testing will
also be used during the gate valve leak rate testing. In addition, motor
operator signature tests will be conducted. ETEC is working with ORh1 in
defining the motor operator signature tests. Current plans call for the motor
operator signature tests to be conducted on a four inch gate valve and the ten
inch gate valve. The following parameters will be monitored:

1. Stem velocity
2. Stem strain
3. Vibration
4. Motor current
5. Torque switch angular position
6. Torque sutich open/close status
7. Limit switch open/close status

The instrumentation will be installed and the valves stem packing gland nuts
will be adjusted to manufacturer's specifications at the beginning of the life
cycling / leak rate testing program. Upon completion of the life cycle testinge
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the stem packing gland nuts will be loosened and later tightened specified
amounts beyond the manufacturer's specifications. The valves will be cycled
at various temperatures and differential pressures at each condition.

4

The purpose of the motor operator signature tests is to identify methods of
surveillance which are effective in detecting significant aging and service
wear effects and deterioration of valve operability prior to loss of safety
function.

Conclusions &_ Recommendations

It is too early in the program to form firm conclusions or recommendations
with regard to the objectives of the Valve Performance Program. However some
conclusions and some interesting areas which may deserve further investigation
can be discerned based on the data gathered to date.

1. The utilities should be careful to ensure that they conduct leak rate
testing at differential pressures which are adequate to ensure the valve
is seated. Leak rate testing which is conducted at very low differential
pressures will tend to give overly conservative results and may result in
the utility performing unnecessary maintenance.

2. Life cycling of check valves, in the absence of other degradation
mechanisms, did not result in significant degradation of the valve
seating surface.

3. Flashing, or wire drawing, across the check valves appears to have
resulted in damage to the four inch check valve seating surface. The
type and degree of damage will be determined during post-test visual
examination.

4. Additional testing to identify the conditions and mechanisms which cause
valve degradation would increase the understanding of what types of
surveillance or inservice testing are effective in identifying imminent
accelerated valve deterioration or possible valve failure.
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ABSTRACT
,

!

With the use of different size scale models, the Seismic Category !
'

I Structures Program has demonstrated consistent results for measured
values of stiffness at working loads. Furthermore, the values are
well below the theoretical stiffnesses calculated from an uncracked :

strength-of-materials approach. The scale model structures, which
are also models of each other, have demorstrated scalability between i,

j models. The current effort is to demonstrate that the use of micro- |
concrete and other modeling effects do not introduce significant dis- ''

tortions that could drastically change conclusions regarding proto-
i type behavior for these very stif f, shear-dominated structures. ,

Working closely with the technical review group (TRG) for this pro-<

i gram, structures have been designed and tests have been planned that
I will help to resolve issues surrounding the use of microconcrete ,

scale models. i
'

I INTRODUCTION

The Seismic Category I Structures Program is being carried out at the Los'

Alamos National Laboratory under sponsorship of the U.S. NRC, Office of Nuclear j
Regulatory Research, and has the objective of investigating the structural :
dynamic response of Seismic Category I reinforced concrete sturctures (exclu- !

| sive of containment) that are subjected to seismic loads beyond their design !
basis. )

1

Specific program objectives are as follows:
,

1. Develop experimental data for determining the sensitivity of structural4

'

behavior (acceleration, displacement, frequency, structural stiffness.
. etc.), in the elastic and inelastic ranges, of noncontainment category 1
' structures to variations in configuration and earthquake loading.

2. Identify the sensitivity of floor response spectra changes to the varia- 1

tions selected in No. 1.
''

3. Develop a way of representing damping in the inelastic range. Demonstrate i

i how this representation of damping changes when going from the elastic
through the inelastic ranges, relating the sensitivity of these changes to

: the variations selected in No. 1. i

i

i
i
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4. Develop experimental data to verify ductility factors used in conjunction
with deterministic and probabilistic analyses.

5. Develop experimental data that will enable others to validate computer
programs used to predict the behavior of noncontainment Category I struc-
tures in the elastic and inelastic ranges. )

The predominate feature of the typical structure under investigation is that |
shear rather than flexure is dominant, that is the ratio of displacement values ;
calculated f rom terms identified with shear deformation to the values contrib-
uted from bending deformation is one or greater; thus these buildings are
called " shear wall" structures.

Results from the Seismic Category I Structures Program through the end of
FY84 (September 1984) were described at this conference last year.1 This
paper will describe current program emphasis to determine the credibility of
previous
experimental work and future program direction.

STIFFNESS DIFFERENCE AND SCALABILIIY ISSUE

The experimental program plan was developed with the foreknowledge that
scale model testing of reinforced concrete structures is a somewhat controver-
sial issue in the U.S. civil engineering community, particularly when the
structures are loaded into the inelastic range. The similitude requirements
for our models were carefully considered and discussed in detail in Ref. 2.
The experimental plaa incorporated both static and seismic testing-to-failure
of scale model Category I box-like structures as well as tests on isolated
shear walls. The isolated shear wall tests were carried out first; they were
then followed by static and seismic tests on one and two-story box-like struc-
tures. To verify that the scaling relationships could be used to translate
test results to different models and prototypical structures, two 1/30-scale
and one 1/10-scale models of a two-story Diesel Generator Building structure
were seismically tested. The first 1/30-scale model structure was tested to
aid in the development of the test program for the 1/10-scale structure. After
the 1/10-scale model tests, the second 1/30-scale model was tested in a manner

similar to the 1/10-scale model.

Fig.1 compares data taken f rom tests on a 1/30-scale model Diesel Gener-
ator Building (3D-12-2) and one 1/10-scale model (CERL No. 2). When the meas-
ured first-mode f requency is normalized by the f requency scale factor, Ng,
and the peak acceleration is normalized by the acceleration scale factor, Ny,
the data can all be plotted on the same curve. In this notation, the scale
factor indicates the ratio of the prototype to the model. In addition, the
models had the appropriate added masses, and the base motion was properly fre-
quency scaled so that the 1/30-scale structure is a true 1/3-scale model of
the 1/10-scale structure while both structures are models of the assumed proto-
type. When the data are illustrated as in Fig.1, the prototype behavior is
shown directly, while the individual model data require knowledge of the scale
factors (1/30 scale: Ng = 1/11.8, Ny = 1/4.6 and 1/10 scale: Ng = 1/6.8,
Ny = 1/4.6) .
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Fig. 1. Data illustrating the first mode f requency shif t as the model
structures were progressively damaged by increasing peak seismic
base accelerations.

Clearly, the scalability of the results from seismic testing the two dif-
ferent sized models is demonstrated, but because both models are made of micro- -

concrete with simulated rebar, scalability to the prototype structure is still
I an issue. In addition, both static and dynamic tests using isolated shear

walls and box-like structures indicate that the stiffness is significantly
less than the stiffness computed assuming an uncracked concrete cross section.

!

|

|
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The louer than expected initial stif fness is further addressed in Fig. 2.
This figure illustrates the secant stiffness plotted against the concrete modu-
lus, E . The secant stiffness was taken at 50% of the ultimate load (meas-cured from experimental results) normalized by the structure's theoretical value
calculated from an uncracked cross-section strength-of-materials approach.
The concrete modulus was obtain'ed f rom the equation Eg = 57000 ff asc
recommended in ACI 349 for normal weight concrete. With the exception of a .

single point (a " wet" test in an aging study) the data consistently show that I

calculated stiffnesses are down by a factor of 3 to 4 at this load level.
Similar differences have been reported in certain papers in the literature, l

ion the other hand, values reduced by 20% or less have also been indicated in
the literature.

The point marked "Sozen" was deduced from Ref. 3 and should be explained.
The initial stiffness found from a pluck test on the model in Ref. 3 was almost
the theoretical value. The point shown on Fig. 2 is the stiffness of the
structure as found after subjecting it to a 1/4-g seismic excitation. The
point marked "Unemura" was taken from the figures of Ref. 4 using the same
method we have used on our data.

Early in the life of this program, a Technical Review Group (TRG) consist-
ing of nationally recognized seismic and concrete experts on nuclear civil
structures was established to both review the progress and make recommendations
regarding the technical directions of the program. The recommiendations of
this group have been evaluated in light of the needs of the USNRC and, where
possible, have been carefully integrated into the program.
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! During their review of the data through FY84, the TR6 pointed out the fol-
loving:

1. Design of prototype nuclear plant structures is normally based on an
uncracked cross-section strength-of-materials approach that may or may

i not use a " stiffness reduction factor" for the concrete; however if
one is used, it is never as large as 4.

2. - Although the structures themselves appear to have adequate reserve
margin (even if the stiffness is only 25% of the theoretical), any
piping and attached equipment will have been designed using incorrect
floor response spectra..

~3. Given that a nuclear plant structure designed to have a natural fre-

| quency of about 30 Hz really has a natural f requency of 15 Hz (cor-
! responding to a reduction in stiffness of 4), and allowing further
! that the natural frequency will decrease because of degrading stiff-

| ness, the natural frequency of the structure may shift well down into
the frequency range for which an earthquake's energy content is the'

largest. This will result in increased amplification in the floor
response spectra at lower frequencies, and this fact potentially has
significant impact on the equipment and piping d* sign response spectra

| and equipment and piping margins of safety.

Note that all three points are related to the difference between measured
and calculated stif fnesses of these structures.

Having made these observations, several questions now arise. Does our
! previous experimental data taken on microconcrete models represent data that

would be observed on prototype structures? What is the appropriate value of
the stiffness that should be used in design and for component response spectra
computations in these structures? Should it be a function of load level?
Have the equipment and piping in existing buildings been designed to incorrect
response spectra?

Thus, the primary program emphasis at this time is to assure credibility
of previous experimental work by beginning to resolve the " stiffness
difference" issue. The Technical Review Group (TRG) for this program believes
that this important issue must be addressed before the program object'ves can
be accomplished.

To address these stiffness-related concerns, it was agreed that a series
of credibility experiments will be carried out using both large and saull-
scale structures. For the large-scale structure, the TAG set limitations on
the design parameters. Their recosumended " ideal" structural characteristics,
in order of decreasing priority, are as follows:

1. provide a maximum predicted bending and shear-mode natural frequency
$ 30 Hz

2 use a wall thickness A 4 in,

l 131
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3. use a height-to-depth ratio of shear wall s 1

4. use actual No. 3 rebar for reinforcing

5. use realistic material for aggregate

6. use 0.1 to 1% steel (0.3% each f ace, each direction ideally)

7. use water-blasted construction joints to assure good aggregate fric-
tional interlock.

It was further agreed that the best plan would be to build two of these
structures as nearly identical as possible. To compare the results from these I
tests with previously obtained data, one model should be tested quasistatically i
and cyclically to failure, and the second model should be test dynamically. |

1

Following these recommendations and other TRG suggestions, and after
analyzing a number of potential designs, the structure shown in Fig. 3 was
proposed
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to both the TRG and NRC as being a test structure f'ulfilling the design
- requirements. Table I gives some of the details of this structure. After. ,s',
resolving a number of questions relating to the details and the potential
response (dealing with out of plane bending of walls, torsion. etc.r) of the -

structure, the decision was made to construct and test this particular
configuration and its models.

TABLE I
COMPUTED CHARACTERISTICS OF THE TRG MODEL S1RUC10RE

,

~

6l ncracked transformed section 2.06-x'10 in.Iu =

. 379 'in.2A-effective shear =

1288iin.2 -Area total =

2.5 x 107 lb/in.Total uncracked bending stiffness =

5.3 x 106 lb/in.Shear stif fness =

4.2 x 106 lb/in.Total stiffness =

Max dead weight normal stress 42 psi=

Max shear stress in flange at 5 g due
to assumed 55 torsion (approx.) 35 psi=

Total concrete 6 cubic yards
Total added weight 37,000 lb.
Total weight 61,000 lb.

.

Treating the TRG structure of Fig. 3 as the " prototype," the plan was to
first construct 1/4-scale Case-I type models f rom microconcrete, in a Case 1
model, the sess is scaled by the length scale cubed. All gravitational effects
are distorted (they are too low) by a factor of the length scale. For.
example, normal dead weight stresses are 10 psi in a 1/4-scale model instead ,

of 40 psi, but both values are small compared to the cracking strength of the
conc rete. Overturning moment due to gravity is low by 4, but the overturning
moment due to the inertia force is scaled correctly (and is usually orders of
magnitude larger than that due to gravity alone.) In general, for this model
as with the other models used in this program, the magnitude of the distortions
and their effects are understood and are deemed to be acceptable. The major
exception is the scaling effects associated with the use of microconcrete.

~

THE ONE-QUARTER-SCALE MODELS -

The purpose of the 1/4-scale models is as follows: first, by applying the
same principles of analysis and design and construction practices as have been
applied in our previous work, we will attempt to demonstrate the scalsbility
of the results to the prototype TRG model. Second, ' conclusions (based on cal-

'

'

culations) concerning the model and prototype torsional response, individual
well frequencies, out-of-plane bending, and other features that affect the
response of the large TRG structure can be confirmed on an inexpensive test
structure. Third, instrumentation and other data acquisition requirements can
be worked out in advance of the larger scale tests. As an example, a good
analytical model may have to treat the shear stif fness before and af ter crack-
ing quite differently, and instrumentation to separate overall shear dis- ,

tortion f rom overall bending distortion on the large model in the static load-
ing case has been proposed. This instrumentation has been designed and checked

.

fM
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on the small model. Also, low load-level testing (modal and static) is a new
feature for this program, which in the past has been concerned with working
load levels. Methods and details for this type of testing have been worked
out using the small models.

The two 1/4-scale models have been completed, and testing of the second
model is in progress with testing of the first being complete.

The 1/4-scale models were constructed of microconcrete using our previous
construction experience. A double row of 1/4-inch hail screen reinforcing
simulating 0.565 steel in each direction was placed on the centerline of each
eed wall and the shear wall. The top and bottom slabs were heavily reinforced
with No. 3 bars. Properties of the first model's reinforcing and the micro-
concrete are given in Table 11.

TABLE II
MATERIAL PROPERTIES FOR TRG MODEL I

Concrete

6 psj(measured at o - e origin) = 3.18 x 10E =

(compressive strength) = 3769 psif'c =

(split tensile test strength) = 513 psift
=

57000 /f 5 = 3.5 x 106 psjE'c =

Steel - Bilinear Properties - 0.6% Both Directions

25.6 x 106 psiE =

42.7 KSIYield Strength =

53.1 KSIUltimate Strength =

0.04Elongation at Failure =

0.042 in.Diameter =

TESTING PROGRAM

The testing program for this model consisted of a series of very low load-
level modal and static tests followed by increasingly severe random and simu-
lated seismic testing to failure. The low load-level testing were all " bare"
model tests (no added mass), and the random and seismic tests were conducted
with 575 lb. of added weight as is appropriate for a 1/4-scale model of the
large 30-Hz TRG structure.
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DETERMINATION OF INITIAL STIFFNESS

The primary purpose of all low-level tests was to compare the so-called
" undamaged" stiffness or virgin model stiffness to the theoretical values. A
model shear-bending stiffness was deduced from all modal and low-level static

? tests, and these values are given below in Table III. The consistency of the
values between the static (direct measurement) and dynamic (indirect
measurement) methods is obviously good.

Table IV presents the results of all calculated values using both the
strength-of-materials approach and a finite element calculation, and the three ,[

various estimates for the concrete modulus, Ec = 3 x 106 psi (design,

106 ps)i (c = 3.18 x 106 psi (strain-gage measured value), and E
] value , E c = 3.5 x

ACI Method, Ec = 57000 /f'c). Clearly, the measured values ofg ,

the stiffness at low levels are within 70-90% of theoretical values.
*

WORKING LDAD LEVEL TESTS

Following the low-load level testing, the model was subjected to a random
and seismic load test plan similar to the test plan used to test all previous
models. First, bare model tests were carried out with 0.5-g random base exci-
tation followed by a seismic input that varied f rom 0.5-g nominal to 1-g nomi-

. nal. These bare model tests were used to characterize the " undamaged" stif f-
'

ness at a higher load level than those used in the modal and low-level static

tests. These tests indicated a reduction in stiffness over the low-load level
value of about 24%. Next, weights (575 lb) were added to the model to fulfill
similitude requirements for a 1/4-scale model of the large TRG structure. The
initial tests in this configuration were used to calculated the working load
stiffness as in previous models and indicated a stiffness of 441200 lb/in,
approximately 38% of the value that would be calculated by an uncracked
strength-of-materials approach. This value is consistent with values reported
in all of our previous tests on the 3-D structures. Figure 4 illustrates this
point which shows the normalized measured stiffness reported from previous
tests and this current model test structure, when it was subjected to the same
testing procedure as in the previous tests on the 3-D test structures.

:

TABLE III
MEASURED VALUES OF INITIAL STIFFNESS

Stiffness
Static or Direct Measurements x 106 lb/in ,

Dial gage data 0.915
Noncontact gage data 0.695
All static data 0.752

Dynamic or Indirect Neasurements,

; Free-f ree modal Test 1 0.775
: Free-free modal Test 2 0.707

Fixed-free modal test 0,802
Average value from all data 0.774

<
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')

;

1.

TABLE IV -]
CALCULATED VALUES OF STIFFNESS ;

1

Stiffness
Method and Assumptions x 106 psj

~

Strength-of-Materials Approach

3.00 x 106 psj 1,09h Ec =
,

3.18 x 106 psi 1.15Ec =

3.50 x 106 psi 1.27
Ec =

Finite Element Method

3.00 x 106 psi 0.860Ec =

3.18 x 106 psi 0.910E =
c

3.50 x 106 psi 1.00'

Ec
=

. . .
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Fig. 4. Normalized stif fnesses versus concrete modulus f rom this program
,

i and others, and showing the 1/4 scale TRG model after being
subjected to 1/2 g seismic test.

To date, we believe the TRG series of tests will be valuable in resolving
the modeling and reduced stiffness issue. The most important tests in this
regard will be the tests of the large models, which are scheduled to begin in
November and December,
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FUTURE EXPERIMENTS

Following the resolution of the stiffness difference issue, a limited num-
ber of tests will be carried out to meet program objectives and aid in bench-
marking the analytical model development. If settlement of the scalability
and stiffness difference issues allows, these tests will be carried out on one-
inch-thick wall concrete models. A statistician, knowledgeable in experimental
design, will be used to comment on the test configurations recommended and to
assure that the controlled variables (i.e., number of floors, wall arrangement,
etc.) and uncontrolled variables (i.e., concrete strength) are incorporated
into a cost-effective test matrix to meet program objectives.

One further effort will be investigated and possibly initiated. The pro-
gram management has noted instances in the shock and vibration literature of
researchers measuring and reporting natural f requencies and mode shapes of
very large reinforced concrete structures. This developing technology will be
investigated and the possibility of performing such a test on a full-scale
Category I shear wall structure evaluated. If a suitable structure can be
found, such a test combined with analytical modeling could be used as a final
confirmation of the as-built stiffness of prototype structures.
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Component Fragilities - Data Collection, Analysis and Interpretation

K.K. Bandyopadhyay and C.H. Hofmayer
Brookhaven National Laboratory

Upton, New York 11973
.

Abstract

As part of the component fragility research program sponsored
by the U.S. Nuclear Regulatory Commission, BNL is involved in estab-
lishing seismic fragility l=vels for various nuclear power plant
equipment with emphasis a electrical equipment, by identifying,
collecting and analyzing existing test data from various sources.
With cooperation from utilities, major reactor suppliers, testing
laboratories, A/E firms and equipment manuf acturers, to date, BNL
has reviewed approximately seventy test reports to collect fragility
or high level test data for switchgears, motor control centers and
similar electrical cabinets, valve actuators and numerous electrical
and control devices, e.g., switches, transmitters, potentiometers,
indicators, relays, etc., of various manufacturers and models.
Through a cooperative agreement, BNL has also obtained test data
from EPRI/ANCO. An analysis of the collected data reveals that fra-
gility levels can best be described by a group of curves correspond-
ing to various failure modes. The lower bound curve indicates the
initiation of malfunctioning or structural damage, whereas the upper
bound curve corresponds to overall failure of the equipment based on
known failure modes occurring separately or interactively. For some
components, the upper and lower bound fragility levels are observed
to vary appreciably depending upon the manufacturers and models.
For some devices, testing even at the shake table vibration limit
does not exhibit any failure. Failure of a relay is observed to be

| a frequent cause of failure of an electrical panel nr a system. An
extensive amount of additional fragility or high level test data
exists. If completely collected and properly analyzed, the entire
data bank.is expected to greatly reduce the need for additional
testing to establish fragility levels for most equipment.

1. INTRODUCTION

Safety related electrical and mechanical equipment for nuclear pcwer
plants is seismically qualified by proof testing or analysis whereby the
equipment function is demonstrated for a plant specific earthquake excitation
level or for an excitation level which envelops the requirements of multiple
plants. Although this qualification approach meets the requirements of a
plant or a group of plants, it has an innerent limitation in that the

Work performed under the auspices of the U.S. Nuclear Regulatory Commission.

139



_____ _ __________

qualification data may not reveal the equipment capacity level and failure
modes. In the United States, this limitation has never been felt so acutely
as in recent years primarily due to two reasons.

First, the possibility of earthquakes greater than the design basis 1,
being considered for many nuclear plants, especially for eastern U.S. plants.
This would require reassessment of the existing qualification results in the
light of a higher excitation level. However, extrapolation of proof or gener-
ic qualification data to new requirements often raises additional concerns
rather than resolving the original problems.

The second reason stems from the Probabilistic Risk Assessments (PRAs)
being performed on new and existing plants to evaluate their overall safety.
PRA's have indicated that seismic events are a non-trivial contributor to
overall plant-induced risk to the public and that the seismic behavior of
safety related equipment plays an important role in the risk assessment. In
order to include in a realistic manner the behavior of equipment in the PRA
studies, the seismic fragility levels of such equipment are needed. To this
end, usually a qualitative estimate of fragility levels is made based primari-
ly upon engineering judgment and extrapolation of qualification data. Never-
theless, the existing proof or generic qualification results again fail to
satisfactorily meet this need.

Although the emphasis in the past has been on proof or generic qualifica-
tion, numerous tests have been performed at very high seismic levels which ap-
proach the capacity of the tested equipment. Some fragility testing has also
been conducted in the process of development and evolution of the product.
Such testing has been performed by a wide variety of organizations utilizing
various methods and vibration inputs; but little has been done to present the
results in a systematic fashion to meet current needs as mentioned above.

To meet these needs, the United States Nuclear Regulatory Comission
(USNRC) has embarked on a research program to define the seismic fragility
levels of safety related electrical and mechanical equipment. Obviously,
testing all equipment under this program is not practical from a financial
point of view. However, as indicated earlier, it has also been recognized
that a certain amount of high level test results exists in various names and
forms, that can clearly be utilized to establish seismic fragility of such
equipment. Therefore, it has been judged that prior to undertaking an expen-
sive fragility test program, the availability of existing fragility data will
be explored. This approach will either outright eliminate the necessity of
testing some equipment for which adequate fragility test data exist already,
or minimize the testing expense by reducing the gap between the real fragility
level and the starting vibration input for a new fragility test.

As part of this component fragility research program sponsored by the
USNRC, Brookhaven National Laboratory (BNL) is involved in establishing sels-
mic fragility levels for various equipment by identifying, collecting and sub-
sequently analyzing capacity and fragility test data from various sources.
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2. BNL's RESEARCH SCOPE

The scope of BNL's research program includes the following activities:

e initiate cooperation with domestic and foreign institutions to:
(a) establish lines of communication with vendors, owners and testing
laboratories to determine availability of already existing component fra-
gility data; (b) negotiate the transfer of existing component fragility
data to BNL and (c) host a workshop on component fragility.

9 Assemble, analyze and interpret available fragility data for mechanical
and electrical equipment important to safety.

O Compare results with component fragilities used in current PRA and sels-
mic margin studies and recommend improvements where possible.

This program is being coordinated with Lawrence Livennore National
Laboratory (LLNL) which is developing a scheme for prioritizing components for
fragility testing and demonstrating by test a procedure for performing
component fragility tests.

The combined efforts of BNL and LLNL represent Phase 1 of the NRC Compon-
ent Fragility Program. Phase 11 of the program may be devoted to the plan-
ning, performance and evaluation of comprehensive component fragility tests
and supporting analyses, or alternatively may include significantly greater
data collection activities. Phase I will provide assurance that any testing
performed during Phase 11 will not duplicate any already existing and useable
data. Obviously, the more useable data that is uncovered during Phase I will
minimize the need for a large testing program during Phase 11.

3. SUMMARY OF ACTIVITIES

As part of the research program, BNL has contacted various equipment man-
ufacturers, testing laboratories, utilities, reactor suppliers and Architect-
Engineer ( A/E) firms to obtain information on existing component capacity data
to establish fragility levels for generic classes of equipment. In the proc-
ess of developing and/or qualifying their product, these organizations some-
times have capacity level test results of some equipment. Many of these
organizations have responded favorably to support BNL's program and provided
fragility level or related test data of some equipment. This year the effort
has concentrated primarily on electrical equipment since according to present
views these are the dominant risk contributors. To date, more than seventy
different test reports have been reviewed to collect fragility or high level
test data for switchgears, motor control centers and similar electrical cabin-
ets, and numerous electrical and control devices, e.g., switches, transmit-
ters, potentiometers, indicators, relays, etc., of various manufacturers and
model s . A summary of the collected test data is provided in Table 1. Some of
the collected test data indicate testing to the capacity of the shake table
with little or no structural damage or malfunction of the equipment. A
summary of the collected data is being stored in a computer data base, a
sample copy of which is shown in Table 2.
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Through a cooperative agreement, BNL is also acquiring data from an
industry-based seismic qualification data collection program sponsored by the
Electric Power Research Institute and conducted by ANC0 Engineers, Inc.
The data format shown in Table 2 was originally developed for this program and
has been adapted for use in the BNL program to facilitate the exchange of
information.

In June 1985, BNL hosted a Workshop on Seismic and Dynamic Fragility of
Nuclear Power Plant Components. The workshop participants included represen-
tatives of nuclear power plant utilities, major reactor suppliers, USNRC, A/E I

firms, testing laboratories, equipment manufacturers and suppliers, and seis- '

mic consultants. The workshop provided a forum for exchanging concepts,
information and experiences on the fragility of electrical, control and
mechanical equipment used in nuclear power plants when subjected to seismic
and other dynamic environments. The exchange was partly in the form of con-
tributed papers and partly through discussions by the participants. The

importance of establishing seismic fragility levels of safety related equip-
ment was upheld in the workshop and the participants expressed their willing-
ness to support the fragility research program by sharing their experience and
information. The workshop identified many past and present fragility testing
programs and methods to canpile, analyze and use fragility data. It high-

lighted the fact that there are considerable existing data within the industry
which if compiled and evaluated could yield better estimates as to how well
nuclear power plant components will operate in the event of an earthquake.
Twenty-two oral presentations were made during the six workshop sessions. The
written contributions that correspond to each presentation were published in
August 1985 in NUREG-CP-0700, " Proceedings of the Workshop on Seismic and
Dynamic Fragility of Nuclear Power Plant Components".

Current efforts are concentrating on documenting and evaluating the data
already collected. The approach used in the evaluation and examples of the
findings are described in Section 4. The results of all studies to date will
be fully discussed in BNL's Phase ! report, expected to be published by
December 1985.

4. EVALUATION OF COLLECTED DATA

The data from various sources for an equipment family are assembled
together in order to assess its seismic behavior. Test response spectra are
used to compare and evaluate the performance of an equipment. As expected,
with the increase in the response spectra level, the equipment is observed to
exhibit various malfunctions or structural damage. Thus, from testing of one
specimen with gradual increase in the test input, a number of response spectra
curves are obtained corresponding to various failure modes. Depending upon
the use of the equipment some types of malfunctioning or partial structural
damage may not be considered to incapacitate the equipnent. Consequently, the
response spectra level corresponding to such malfunction or damage cannot be
termed as the fragility level for that particular application. Therefore,
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instead of assigning one curve as the fragility level, a number of curves are
presented identifying the associated anomalies observed for each response
spectra level so that the user can select the appropriate fragility level of
the component by considering its specific application. Thus, the fragility of
an equipment is described by a group of response spectra curves corresponding
to various failure modes. The lower bound curve indicates initiation of mal-
functioning or structural damage; whereas, the upper bound curve corresponds
to overall failure of the equipment occurring separately or interactively.

Once the fragility of a component is thus established by a set of curves
for one particular model of a manufacturer, another set of such response spec-
tra curves is prepared for a second model of the same manufacturer and com-
pared with the first. This way fragility of an equipment produced by one ven-
dor is defined for all their models. Fragility of the same generic equipment
manufactured by other companies is similarly obtained. At this point, the
relative fragility levels of the products from various manufacturers arc com-
pared. if the levels are comparable, all the curves are assembled into one
set and designated as the fragility level, or more precisely, the fragility
region, of the particular generic equipment. In case appreciable differences
in the fragility levels are observed for products of one or more manuf actur-
ers, fragility levels of such products are separately presented.

The upper and lower fragility curves discussed above are based upon the
data so far collected for the equipment. For some equipment, a wide spectrum

| of products manufactured in this country is included in the analysis. The
; fragility curves presented for such equipment are believed to properly

represent their generic capacity levels. For other equipment, this year it
| was not possible to collect data from all major manufacturers for all their

models. Consequently, the fragility region is presented based upon these
limited data and is subject to revision, either increase or decrease in the
level, pendirj further data acquisition. The extent of the data collected
this year cocpared to that needed to cover the entire spectrum of a component

! and the extent to which the presented fragility curves reflect the generic be-
| havior of the component are discussed in the BNL Phase I report for individual

equipment. The extent of further data needed for an equipment is also
described in the Phase I report with specific reference of numbers of manu.

,

I facturers and/or models covered in this year's program.

It has been observed that some components were tested to high levels,
of ten to the capacity level of the shake table, but exhibited little or no
structural damage or malfunction. Test response spectra levels of such equip.
ment are expected to be used mainly in two different ways depending on the
nature of the equipment and its support. If the equipment is generically
mounted on a floor slab or a seismically rigid support, then the test response
presented in the BNL analysis might be high enough for all practical purposes
so that the real fragility levels of this type of equipment need not be estab-
lished. Consequently, they can be excluded from any future fragility test
program. On the other hand, if the component is usually mounted on a flexible

.
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support (e.g., an electrical device in a motor control center) and the
component when tested individually withstood vibration input to the shake
table limit without exhibiting any anomalies, then the fragility data should

,

be sought in the test data of the assembly (e.g., motor control center). IfI

fragility testing is required for such components, the possibility of undue.

f atigue failure by shaking at lower levels as well as the testing cost can be
substantially reduced by starting with the high level test response presented
in the BNL analysis.

Following the guidelines discussed above, the test data collected fron
various sources are analyzed, and presented by equipment family basis, e.g.,
switchgear, motor control center, etc. A description of the equipment,

I typical mounting conditions and failure modes is also included in each
section. Fragility data of some devices (e.g., relays) are presented
separately although such devices might have been contained in an assembly test

|
presented separately by the assembly name (e.g., a motor control center).

|
Analysis of one such equipment, namely, switchgear is included in this paper

! as an example of fragility test data. Test results for terminal boards are
also included in this paper to illustrate high level test data. Other

, components are analyzed following an identical procedure. The results will be
( incorporated in the BNL Phase I report.

! 4.1 Switchgear (Example of Fragility Test Data)

Equipment Description:

The switchgear is an electrical equipment. A Class IE switchgear is used
! to provide and control the power supply to various safety-relateJ equipment in
| a plant. A switchgear unit, called a vertical section or a line-up, is

enclosed on all sides and top with (steel) sheet metal except for ventilation;

openings and inspection windows. A typical unit contains primary circuiti

switching or interrupting devices, or both, with buses, connecticns and'

auxiliary devices, e.g., relays, transducers, current transformers, potential
transformers, etc. The heavy power breakers are typically mounted on guide

i

I rails at the base. Access to the interior of the switchgear enclosure is
provided by doors or removeable covers. In application, a number (2-12) of
such vertical sections are installed side-by-side to fonn a switchgear
assembly.

A switchgear could be metal-clad (i.e., cables are segregated from the
bus) or could be metal-enclosed (i.e., cables are not segregated). Depending
on the need, it could supply a low voltage (e.g., 600V) or a medium voltage
(e.g., SKV. 15KV). The power breaker can carry as high as 3000 amp and the

j rating could be as high as 1000 MVA.

| In the field, a switchgear assembly could either be bolted or welded to
| the floor. The size and weight of the equipmerit vary with the breaker size
| and capacity (MVA) rating. One typical vertical section of a 15KV. 500MVA
! switchgear assembly measures about 91" deep x 36" wide x 90" high and weighs

about 2700 lbs.

|
!

|
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Test Description:

For qualification and fragility purposes, the manufacturers and users
have traditionally tested a switchgear assembly comprising of one, two or
three vertical sections with related control and protective devices in them.
The test results are extended to multiple line-ups by analysis. Some manufac-
turers have used dynamic analysis method and validated the mathematical model
by test results. Devices are sometimes separately tested and input response
is compared to the vibration level at the device locations.

Test data have been collected for switchgear manufactured by four major
companies. The data cover both the low voltage and medium voltage switchgears
and several models of each kind. For most tests random multifrequency biaxial
vibration inputs were used. One manufacturer used single frequency sine heat
testing. The test specimens were either welded or bolted to the test table.
At least on one occasion, the same specimen was first tested with bolts and
then with welds. Of the mounting configurations, the bolted one exhibited
higher response amplication.

Test Results:

Test results are presented in the form of test response spectra (TRS)
corresponding to various failure modes as mentioned earlier. The shake table

; TRS are the response of the table at the equipment base. They indicate the
'

severity of the vibrating input. The response curves are plotted for a damp-
ing value of 2% of the critical damping. Although the BNL Phase I report will

; address responses in all three orthogonal directions, in this paper only the
response in the front-back (FB) direction is presented. The results are dis-l

cussed in the following paragraphs.

Figure 1 shows the TRS curves for a medium voltage switchgear specimen as
; the vibration input was gradually increased during the tests. The specimen
| was welded to the shake table and subjected to 30-second duration blaxial

multi-frequency random motion in each test. Two simultaneous, but indepen-
dent, random signals were used as the excitation to produce phase-incoherent
horizontal and vertical motions. The resulting table motion was analyzed by a
response spectrum analyzer by the testing laboratory. Some of these TRS
curves are presented in Fig. 1.

The test specimen is a three-frame medium-voltage metal-clad switchgear
and exhibited the first natural frequency in the range of 8-10 Hz. A total of
forty-five electrical devices was contained in the specimen assembly.
Electrical channels were used to ascertain electrical continuity, current /
voltage levels, spurious operation, contact chatter, timing of relay opera-
tion, etc. before, during and after the seismic excitation. The oscillograph
recorders contained galvanometers capable of detecting a discontinuity of 0.5
millisecond or greater. The specimen was tested for both electrical condi-
tions, namely, static operation (breakers closed) and dynamic operation
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(breakers closed-tripped-closed). A syncronous check relay, an auxiliary
relay and a power breaker were observed chattering (>0.5 ms) all through the
tests. A ground overcurrent relay indicated change-of-state in almost all
tests in FB direction.

Curve 1A shows the TRS level corresponding to the electrical static
,

condition for a ZPA value of 2.19 and peak of 5.79 at 16-20 Hz. Two auxiliary
irelays, two overcurrent relays, an under voltage relay, a synchronous check
1relay, a distance relay and a power breaker indicated chattering (>0.5 ms).

Chattering of the power breaker at the very low test voltage should not pose
any problem for use in medium voltage.

Curve 1B is the next test with a slight increase in the ZPA level (ZPA =
i

2.3 g) although the curve dips below 1A at some frequencies. This test is i

also for static breaker condition. Two overcurrent relays were observed to
undergo' change-of-state in addition to the similar chattering occurred for
curve 1A.

The next random test was performed almost with the same vibration input
(the TRS plot is not shown in Fig. 1). At this point, corners of a " distance
relay" were torn. In order to increase the natural frequency of door panels
where many devices were mounted, the door frame was stiffened with horizontal
angle stiffeners. The frequency shif ted from 8 to 11 Hz at these locations.

-

Curve 1C in Fig. I coraesponds to the level with the minimum electrical
disturbance for static breaker condition. Addition of the stiffeners limitedj

the chattering to five devices only (compared to eight for curve 1A). This
test did not indicate any change-of-state problem as observed in earlier
tests. This curve shows a ZPA of 2.3g with a peak of 7.49 at 25 Hz and
another peak of 6.59 at 12.5 Hz.

: At almost the same input level, as in curve IC, the breaker was tested
for the electrical dynamic condition. An overcurrent relay was observed not
to operate.

i The vibration input was further increased to produce curve 10 with a ZPA
; value of 3.4g and a peak of about 8.99 at 20 Hz. For most frequency range the

response exceeded 7.09 For the breaker closed position, seven devices were
detected to chatter and the same grour.d overcurrent relay changed state.
Tests were repeated at the same vibration input level with dynamic breaker

; conditions. In one test, momentary short circuit was noticed and in another
test, the same overcurrent relays was observed not to operate.

The last two FB/V tests were performed with the door stiffeners removed,

to produce TRS comparable to the levels of curves 1A and 18 and keeping the
breaker in the electrically dynamic condition. A number of relays were
observed to malfunction (e.g., shorted or did not operate),

i

i
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A total of nineteen random vibration tests were performed in the FB/V
direction at various levels not all of which are shown in Fig.1. Twenty-one i

additional tests were performed in the SS/V direction during which the '

mounting weld was observed broken and a circuit breaker position rod slipped |
behind the switch operating lever. The corresponding curves are not shown in
Fig. 1.

!

Thus, Fig. I depicts various malfunction levels for one specimen of a
particular manufacturer. The same model was tested in a different test
program with some variations of the devices especially with one heavier
breaker. Two TRS, one for static and another for dynamic condition of the ;

breaker, are presented in Fig. 2.
|
,

Curve 2A in Fig. 2 corresponds to the static breaker position. It shows
a ZPA of 2.65g with a peak of about 8.39 at 20 Hz and another peak of 7.49 at
6.3 Hz. The breaker slipped during the run, nine devices chattered and two
other devices (switch and relay) experienced change-of-state.

|

The ZPA level was further increased to 3.59 for the same specimen as
[ shown in curve 2B corresponding to dynamic breaker condition. The specimen

was first bolted and then welded. The bolted configuration exhibited higher
amplification. The mounting weld broke and the specimen became loose on the
shake table. Numerous electrical malfunctions followed indicating an
upper-bound fragility for this specimen. [

,

Curve 2C in Fig. 2 was also for the same model of the same manufacturer !

but with further heavier units. The three-frame assembly contained fif ty-five
devices and was welded to the shake table. In the total of twenty-one random ,

tests, out of which twelve were in the FB/V direction, the specimen experi-
enced various damages and/or malfunction with increase in vibration inputs,
e.g., the fuse blocks came out, position indicator light broke, shutter arm
roller came off, breaker did not trip and under voltage relay did not reset

,

until fuse blocks were installed, etc.

l

| Curve 20 in Fig. 2 is the same curve as 10 in Fig. I and is repeated for
! comparison.
|

! Curve 2E in Fig. 2 shows the TRS of another medium-voltage switchgear
i model manufactured by the same company. This FB curve corresponds to the
; breaker dynamic condition and shows a ZPA level of 3.0g with a peak of about i

6.99 at 12.5 Hz. This model has a lower MVA rating and weighs and measures
appreciably less than the previous one. . The fundamental frequency is in the
range of 8-10 Hz. The three-frame specimen was welded on the shaker table.
Chattering of four devices including two switches was observed during the
tests. A total of sixty-one tests were performed on the specimen including
thirty-one in the FB/V direction.

t

! l

f
,

i
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Fig. 3 represents the TRS from three major manufacturers for their
various models. Curves 3A and 3AA show the respective lower and upper bound
enveloping curves for one manufacturer obtained from Fig.1 and Fig. 2. Curve
3B represents the lower bound of a second manufacturer. Curve 3CC is the
upper bound reported by a third manufacturer. The curves presented in this
figure are incomplete and may be revised upon analysis of additional test
data.

Failure Modes:
I

The malfunction and damage observed during the above described switchgesr
tests can be sunnarized as follows:

a) Chattering of relays and switches
b) Change-of-state of switches and relays
c) Tearing of device enclosure plate at connection
d) Inoperability of relays and switches
e) Damage of indicating lights
f) Tearing of switchgear enclosure plate
g) Tripping of power circuit breakers
h) Failure of breakers to respond to remote control
i) Sliding of fuse blocks
j) Crack of switchgear mounting weld

4.2 Terminal Board (Example of High Level Test Data)

Six different models from five major manufacturers were mounted on a
rigid text fixture and shaken to the capacity of a triaxial table. The
specimens were vibrationally aged with 50%, 60%, 70%, 80% and 90% of the
capacity input prior to the full capacity level test. Electrical continuity
was monitored. No malfunction or damage was reported. Figure 4 shows the TRS
plot enveloping both horizontal components analyzed at 2% damping.

5. OBSERVATIONS, EXPERIENCE AND PROBLENS

As a result of the efforts to date, it has been found that a large amount
of fragility level data exists in the industry, especially with the manufact-
urers who conducted tests in the process of developing and improving their
equipment. This information, if it can be made completely available, will
greatly enhance the fragility data base and dramatically reduce the need and
cost of future fragility testing. However, most of these data are confiden-
tial and proprietary in nature. This type of information may only be obtained
with proper assurance to the data source not to disclose any proprietary test
data. BNL has demonstrated their ability to provide such assurance, and vart-
ous source organizations have expressed their willingness to participate in
the fragility program.
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For some equipment, there are a number of manufacturers and a large num-
ber of models of each manafacturer. Again, different models might have been

,

tested by different test laboratories using different test methods and vibra- t

tion inputs. Thus, one has to be extremely cautious in establishing a fragil-
ity level for a generic family of equipment from a wide spectrum of component
and test information.

It has been observed that some of the devices that exhibited malfunction |
'and/or da. mage were separately tested to high vibration levels by their manu-

| facturers or different organizations although no malfunction was reported in
such separate tests. Analysis of the test data indicates that individual de-
vice tests did not simulate the proper frequency content and/or amplitude that
the device would otherwise experience when installed in an assembly cabinet.

BNL's study increasingly indicates that for most electrical equipment the
i seismic capacity of an equipment is limited by the functional capability of

relays and sometimes switches. Similar studies by the Seismic Qualification;

i Utility Group and the Electric Power Research Instittte also reveal that the
| malfunction of relays is the major factor in determination of seismic rugged-
; ness of an electrical equipment. An identical view was repeatedly expressed
| during the Component Fragility Workshop, namely, that the study of relays
j should receive the top priority in a component fragility research program.

However, a complete understanding of relays is not easily gained due to
its large family size, varied design patterns, inherent behavioral complexity

| when subject to seismic vibration and, above all, its interaction with the
| system it is located in. The study of relays is complex, and deserves special

attention before its seismic fragility can be fully understood. Unfortunately,
it would be enormously expensive to conduct a new test program enveloping the
wide spectrum of models and parameters 'in order to achieve modest and r.ieaning-
ful fragility information. Fortunately, a vast amount of relay fragility test
results are available that could effectively reduce the scope of the test

j program necessary to resolve this issue.

6. CONCLUSIONS

It has been found that many organizations hold component fragility infor-
mation. This information is difficult to obtain due to proprietary con-
straints; however, some organizations are willing to release these data pro-
vided they are properly protected and utilized as part of a generic data base.

The efforts to date have been successful in obtaining useful fragility
data and it is expected that these efforts will minimize any testing that may
be needed in the future. An extensive amount of data is still available which
should be collected and fully assessed before further consideration is given
to implementing a large testing program. Special attention should be given to
collecting and fully evaluating all available data concerning relays.

I
>
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An understanoing of the equipment along with its operation and failure
modes plays an important role in fragility determination. Fragility is

basically a complex phenomenun controlled by numerous parameters attributable
to both the equipment and the environment. The idealization of an equipnent
by a *.impler unit or transforming it to a simplified structural model may
underestimate the role of some fragility parameters, especially in the case of
complex electrical and control equipment. Fragility should be understood in
its proper perspective accepting the equipment as an entity. For example,
test results of devices should be used with caution when not tested with the
assembly. In summary, a proper analysis of the collected data is extremely
important in derivation of reliable fragility curves.
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TABLE 1
Summary of Collected Test Data

Number of Number of
Equipment Manufacturers Reports

Switchgear 4 11

Motor Control Center 4 6

Other Electrical and 4 12
Control Panels

Transformer (small) 6 6

Relay 4 10

Switch and Contactor 4 11

Electrical Penetration and 1 5
Conductor Seal Assemblies

|

Other Electrical and Control 3 15
Devices, e.g., Transmitter,
Potentiometer, Indicators, etc.

I Me:hanical Equipment and 3 4
Accessories, e.g., Operator

:

I
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i

TABLE 2

| NRC/BNL - EPRI/ANC0 Equipment Data Base

- Equipment Descriptor File

FORM ID: BNL.SWGR001
GENERIC CLASS: Switchgea"
SPECIFIC EQUIP TYPE: Medium voltage metal-clad 3-frame cabinet
MANUFACT STANDARDS: Not available
MANUFACTURER /MODEL: *

| SIZE LxWxH (INCHES): 108x93(D)x90
'

WEIGHT (LBS): 11,500
i CG (INCHES): Not available
| SOURCE OF INF0: BNL

| TEST ORGANIZATION: *

| TEST PLAN: * ;

| TEST REPORT: *

ENVIRON QUAL: Not available .

TEST DATE: 8-25-77 |
| INPUT DIRECTION: Independent bi-axial
| EQUIP TEST ORIEN: FB.SS
'

TEST TYPE: Random multi-frequency, 45 sec duration.
| more than 5-0BE and 3-SSE
| FUNCTION MONITORED: Electrical continuity, current / voltage
| levels, spurious operation, contact chatter
! timing of relay operation, etc. before,
j during and after tests in three electrical

conditions: a) static operation - breakert

| closed, b) static operation - breaker open
and c) dynamic operation.!

| ACCEPT CRITERIA: No electrical malfunction, no gross struc-
tural failure. Record relay chatter.

EXCEPTIONS: Fuse blocks came out, position
f indicator lights broke, shutter
i ann roller came off, breaker did not trip

and under voltage relay did not reset until
i

| fuse blocks were reinstalled, lockout relays
were in tripped condition during 2 SSE tests

RESONANT SEARCH: FB 7.5 hz, SS 12 hz, V 60 h2
TEST MOUNTING. Cabinet on shake table

| BOLT DESCRIP: Not applicable
t WELD DESCRIP: 1/2 inch long fillet weld - 10 places

BASE / FRAME DAMAGE 3 base welds broke, base frame buckled
APPENO SIMULATED: Not available

| NO. OF SUBCOMP: 55
! NO. OF TRS: 3
i COMMENTS: Breaker-retaining brackets 3-inch long

2x2x3/16 angle were added to alleviate
inadequate racking roller engagement. This f

| design change was implemented in 1977.
!

I * Concealed information.
|

|
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1

I

TABLE 2 (Cont'd) |

NRC/BNL - EPRI/ANC0 Equipment Data Base

Subcomponent Descriptor File

FORM ID: BNL.SWG001
NO. SUBCOMPONENTS: 55
GENERAL SUBCOMP TYPE: Electrical devices
SPECIF SUBCOMF TYPE: Relay, Power Breaker, Switch Transducer
MANUFACT STANDARDS: Not available
MANUFACTURER /MODEL: *

SIZE LxWxH (INCHES): Not available
WEIGHT (LBS): Not available
LOCATION (ELEV-INCHES):Various
MOUNTING TYPE: Screws, details not available

TRS File

FORM ID: BNL.SWGR001
TRS TYPE: SSE SSE SSE
TRS DIRECTION: FB SS V
TRS LOCATION: Base Base Base
TRS DAMPING: 2% 2% 2%
1.0 HZ: 0.79 0.79 0.5g
2.0 HZ: 2.49 2.39 1.99
3.2 HZ: 4.29 4.29 4.09

! 4.0 HZ: 6.09 5.99 5.59
5.0 HZ: 6.89 5.69 6.99
6.3 HZ: 6.49 5.69 6.49
8.0 HZ: 6.0g 5.69 6.89

10.0 HZ: 6.29 6.09 5.89
12.5 HZ: 7.0g 6.59 6.09

i 16.0 HZ: 6.59 8.09 6.49
20.0 HZ: 7.59 9.59 7.6g
31.5 HZ: 4.09 4.0g 6.09
"v1/HZ: 7.59 0 20.0 9.5g 0 20.0 8.59 0 25.0
t42/HZ: 7.09 0 12.5 5.99 0 4.0 6.99 0 5.0

ZPA: 2.39 2.69 2.89

* Concealed information.
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Heisadampfreaktor Phase II Vibration Tests

Lothar Helcher, Kernforschungszentrum Karlsruhe,

HOR Project, FRG

Helmut Steinhilber, Fraunhofer Institut for Betriebs-

festigkeit (LBF). Darmstadt, FRG

Chris Kot, Argonne National Laboratory

Argonne, Illinois, USA

1. INTRODUCTION

In the second phase of the earthquake investigations at the

Heissdampfreaktor (HOR), FRG, high level shaker tests will be

performed in June 1986. The purpose of these tests, supported

by the German and U.S. Governments, is to investigate full

scale structural response involving significant concrete and

soil strains as well as strong indirect excitation of vessels,

pipes and other mechanical equipment.

The vibrator, designed by ANCO Engineers, is a " coast- down"

shaker, whose two eccentric masses of up to 40 tone, each on a

common shaft, are brought up to speed in balanced condition.

Unhalancing will take place after decoupling from the drive

system and the shaker will then coast down through the buil-

ding's resonances. Acceleations of 4 5 m/s and corresponding-

displacements of 1 7 cm are expected in the fundamental rocking

mode of the HOR huilding at 1 1.4 Hz.-

In designing the shaker, extensive computer simulations of the

dynamic behavior of the enupled shaker / HOR building system as

well as safety calculations were carried out to evaluate the
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load carrying capacity of the HDR building. This has resulted

in a number of new findings over and above those contained in

the presentation given at the 12th WRSRIM in October 1984,

which will be covered in this report.

2. FINAL DESIGN OF THE SHAKER

2.1 Shaker Frame

The design of the frame has been thoroughly changed over the

original shaker design (cf. Fig. 1). This modification of the

frame was necessitated by the problem of local load introduc-

tion and anchorage In the original design. the load was to be

introduced into the HOR working platform through four buttres-

ses. As a consequence of the softness of the frame, the global

overturning moment of the rotating unbalanced masses would have

resulted in a local instantaneous load on the floor in the

region of the buttresses, which could not have been accommo-

dated by that part of the structure. As a consequence, the

shaker frame had to be stiffened in such a way that no such

local moments can occur.

This resulted in the design shown in Fig. 2. with a square

frame stiffened by diagonal ties. This frame is attached to

anchor plates 4 cm thick which, in turn, are bolted to the

floor by some 200 dowels for transmission of the horizontal

forces (Fig. 3). krostressed tie rods (" suspenders") at the

four corners of the frame serve to introduce the tensile forces

resulting from the global overturning moment into the load bee-

ring walls approximately two meters below the floor (Fig. 4).

2.2 Eccentric Masses

Fig. 5 shows the design of the unbalance masses of the shaker.

The total eccentricity of the shaker can be varied between 4000

160
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I
|

and 145.200 kgm by a total of two sets of nine plates each of

I100 and 180 mm thickness respectively, which are attached to

the base plates of the shaker arms (see Fig. 4). Each steel .

plate is 1.70 m high. Its width has been dimensioned so that
!

jthe two unbalance masses will just contact each other at an

angle of S0' between the shaker arms.
|
t

i

2.3 Central Shaft, Shaker Arms. Drive {
l

i
The two shaker arms are positioned on a shaft supported in the L

i
top and the bottom of the frame, one arm being permanently con- !

nected to the shaft, while the other arm is hinged to the shaft

by means of an eccentric support. In the balanced condition. ;

! the movable shaker arm is immobilized in its position by fixing |

device (explosive bolt) to allow the desired starting frequency
|

to be reached easily. When this frequency has been reached, the

bolt is blown out and the driving system is decoupled. The I,

! !

energy of rotation of the movable shaker arm hinged to the |

eccentric support is used to bring the two shaker arms together

and in this way produce the desired unbalance condition of the

shaker arms.
|

| r

Fig. 7 shows a schematic model of this setup as used in the'

simulation calculations, and a plan view of the design. The
f
!centrifugal force acting on the unbalance mass of the movable

arm produces a moment in the position sketched here, which
'

| accelerates this mass in the direction towards the driven arm
!

as soon as the explosive bolt in place during startup is blown

i|| out when the test starting frequency has been reached.

t

When the two shaker arms meet, the coupling mechanism must f

accomodate the collision impulse resulting from the difference [
l

in velocities of the two shaker arms. The collision impact is ;t

reduced by additional spring elements with progressive charac-

teristics.

!l

|
r
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i

|
The shaker unit is driven by hydraulic motors supplied from a

I hydraulic system. Two electric motors of 220 kW each are used I

to drive the hydraulic pumps. (

!
I

,

'

i

I

| 3. TEST PLAN

The SHAG test group will be carried ou in two stepst

|

Step one will be devoted to trials of the experimental setup in

| order to demonstrate its functioning capability and safety. !

'

This step will be ca13ed functio.ial tests below and is planned

! for January 1988.
:

|

In these functional tests, the shaker will be operated in the j

unbalanced and balanced conditions, cf. Fig. 4. The trial runs

in the kalanced condition mainly serve for the verification of

estimated parameters of traveling resistances ,,

I I

I
i air drag,-

1

hearing friction,-

L

,

inertia of the system.-

I I
,

In the functional demonstration tests conducted in the unhalan-

And condition, the HOR will be loaded in the same way as in the

main test, but at a lower load level. Obviously, the response
,

! behavior of the reactor during the functional tests will be
|

logged by the central data acquisition system and these measu-

red data will be used to verify the safety calculations and

| will serve as a basis of extrapolation for the main tests,
'

,

i

( In Fig. 9 the force and frequency range of the unbalanced
, .

|
functional tests are compared to the force and frequency range !

of the main tests.

i

!

!
,
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~
1

|
,

During these main tests it is intended to retich the highest
#possible loading without global structural failure,of the buil-

~

ding. Protest calculations using linear and non-1inear methods

are performed not only for the maximum load case but for all '

test load cases. Selected acceleration and strain measurements
serve to compare predictions and reality after each test to

continuously update the remaining safety margin for the next

test run. Fig. 10 + 11 show the actual test matrix for the main

tests.

An important part of these tests is dedicated to a comparison

of the behavior of stiff versus flexible piping systems. One

! selected piping, the VKL-System (Fig. 12), will be tested with
three different support systems under equal loading conditions

|

l and at two different temperature and pressure levels.

1

Furthermore. NRC is planning to install a valve into the VKL-
piping to perform operability testa during strong vibrations

(cf. Fig. 12).

| 4. MEASURING SETUP
t

|
'

The measurements are to allow the load produced by the shaker
to be traced up to the individual components selected in the

| HDR reactor building, the operations and processing building,

and in the adjacent VAK plant. For this purpose.

forces-

accelerations.-

velocities,-

dAsplacements.-

| strains,-

will be measured for the duration of the owperiment at specific
points of the

i
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i
1

1test setup,-

reactor building (internal structures, steel containment,
-

outer containment).

pipes and vessels inside the containment-

safety related points outside the HDR (see above).-

These data will be recorded and output by the Central Data

Acquisition System (ZMA). The measuring points are selected in

such a way that both the excitation quantities and the vibra-

tion responses, stresses and boundary conditions of the struct-

ures under investigation will be considered.

Fig. 13 presents a rough overview of the type and scope of in-

struments to be used in the main tests.

For the functional tests, a selectico of 85 of these measuring

transducers will be instrumented.

| The selection was made in the light of the following aspects:

|

Better data should be made available on the air drag, bea--

ring friction and other parameters dependent on the shaker,

which are of importance in precalculating the experimente.

Hessurement of the vibration responses inside the HDR, in-

the office building, in the adjacent VAK power plant, and

of strains at highly stressed points in the steel contain-

ment and the foundation is to allow a preliminary evals

ation and calibration to be made of the safety calcula-

tions.

5. STATUS OF TEST PREPARATIONS. TIME SCHEDULE

The central shaker unit (shaft with the shaker arms) and the

hydraulic driving system have already been delivered to the HDR

plant. The shaker frame is under construction in Germany and

will be delivered in November. The unbalance masses have been
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1

fabricated and their weights set. The anchor plates will'be in-

stalled in November. Installation of the shaker in the HDR

plant will begin on January, 1986. The functional tests will be
|

carried out in late Jannuary 1986. The main experiments will be I

i
conducted-as scheduled, in June 1986.

'

,

I.,

! 1

i

k

N

<

\
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Steel Moses No. I 2 3 4 5 6 7 8 9

Thickness e, in == 100 180 180 180 180 180 100 100 180

Lg,h I, in I 408 1 523 1 731 1 939 2 147 2 354 2 562 ? "'70 1 411

Me. $ n6g I 879 3 65e 4 158 4 658 5 157 5 655 6 154 3 654 3 389i

Rediva r; in n n 1 269 1 409 1 589 1 769 1 949 2 129 2 309 2 489 2 469

Ece.nericity Contribw ien of boa Arne in kom*Ie 4 200 8 600 11 000 14 200 IS 000 18 000 23 800 33 200 10 200

Toral Eccentricity of both Ar== in kom*} 8 200 16 800 27 800 42 000 60 000 78 000 101 800 135 000 145 200

Att Steel Plo+e widas 1700 mm

*I ANCO - Telen 12.7.1985W

)

OVERVIEW ON SHAKER ECCENTRICITIES FIG. 6

|
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Shaw Startingmax.
Test Run No. Sha w Shaker Force M Eccentricity Frequency Remarks

Configuratinn
Totd RM in kom in HzinkN

in kg

T 40.01 botanced - 8 070 only Arms 4 000*' 8,0

T 40.02 unbalanced 3 198 8 070 only Arms 4 000 4,5

T 40.03 balanced - 19 144 ~ .+2. Steel Plates 16 800*I 4,0

T 40.04 unbolonced 2 149 19 144 1.+2. Steel Plates 16 800 1,8

T 40.05 bolenced - 90 794 1.-9. Steel Pf otes 145 200*' 0,2 / 0,5 max. Moss

C
*' Shaer Eccentricity Corresponding to Unbalanced Shder Configuration"

TEST MATRIX FUNCTIONALITY TESTS FIG. 8

___
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Run System Conditions Shaker Eccentricity Starting Frequency Max. Force

4b. Conf.+}Temp.

11 20' 1 4 000 6.0 5700

12 4 000 8.0 10 100

13 8 200 5.6 10 150

14 16 800 4.0 10 600
_

15 20' 1 27 800 2.1 4 840
_

16 20* 1 60 000 2.1 10 450

17 101 800 1.6 10 300
_

18 20' I 27 800 3.1 10 550

19 285' I 8 200 5.6 10 150
'

20 16 800 4.0 10 600

+) Configuration 1 : Germon Design of Supports

i

I

TEST MATRIX MAIN TESTS (PART1) FIG.10
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Run System Conditions Shaker Eccentricity Storting Frequency Max. Force

Temp. Conf.+}

21 20' 2 8 200 5.6 10 150

22 16 800 4.0 10 600

23 285* 2 8 200 5.6 10 150

24 16 800 4.0 10 600

31 20' 3 8 200 5.6 10 150

32 16 800 4.0 10 600

33 285* 3 8 200 5.6 10 150

34 16 800 4.0 10 600

*I Configuration 2 : NRC - Design of Supports

J: Weak Supports

TEST MATRIX MAIN TESTS (PART2) FIG.11

176



_ - - _ . -. - -- -. - __-_ --- - _ - - - -- _. -__ . - - .

j:--

_=.)
Q i['r D_

l.-4 m
N. , - ._. -<
N. - gg_.

~~

-1ig
< s c

-.ax
"

5 & 1/ EE@MS-

N- k ^ f. _.,-

.-- r-A'

bw.

OPTION "22, xx,

X.._.._.i N

\#
_

_

VKL SYSTEM WITH USNRC VALVE Fig 12

|
;
I

__

_ _ _ _ _ _ _



. _ - _ _ _ _ - - - - . .. _

_.

~

m m
0 5

TRANSDUCER y y y {,

5 E 5. O E"
U 3: or 4 $w

STRUCTUFE d y E O 3 e -
m

$ $ ! N
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! ALL OTHER COMPONENTS 20 10 20 - - - 50

6 2NEAR FIELD 12 - - -

FAR FIELD 16 - - - - -

HDR OFFICE BUILDING 12 - - - - - 12

VAK AND OTHER
O ~ ~ ~ ~ ~ ~

NEIGHBOUR FACIL.

ALL STRUCTURES 146 61 140 42 6 2 397

OVERVIEW ON INSTRUMENTATION EFFORT FIG.13

_. ..



BWR RISK ASSESSMENT * |

by

T. Y. Chuang, D. L. Bernreuter, J. C. Chen
G. E. Cummings, D. A. Lappa, J. J. Johnson, J. E. Wells

Lawrence Livermore National Laboratory

Abstract

De simplified seismic risk methodology developed in the U. S. NRC
Seismic Safety Margins Research Program (SSMRP) was demonstrated by
its application to the Zion nuclear power plant, a pressurized water reactor
(PWR). A detailed model of Zion, including systems analysis models
(initiating events, event trees, and fault trees), SSI and structure models,
and piping models, was developed and used in assessing the seismic risk of
the Zion nuclear power plant, a PWR. '!he simplified seismic risk
methodology is being applied to the LaSalle County Station nuclear power
plant, a boiling water reactor (BWR), in order to further demonstrate its
applicability, and to provide a basis for comparing the seismic risk from
PWRs and BWRs.

1. Introduction

De Seismic Safet$ Margins Research Program (SSMRP) (1) was a multi-year
program conducted by the Lawrence Livermore National Laboratory (LLNL) and funded
by the U. S. Nuclear Regulatory Commission (NRC). Its goal was to develop a complete,
fully coupled analysis procedure (including methods and computer codes) for estimating
the risk of a seismically induced radioactive release from a commercial nuclear power
plant. The analysis procedure is based upon a state-of-the-art evaluation of the current
seismic analysis and design process and explicitly accounts for uncertainties inherent in
such a process.

De seismic risk methodology developed in the SSMRP was demonstrated by its
application to the Zion nuclear power plant (2), a pressurized water reactor (PWR). A
detailed model of Zion, including systems analysis models (initiating events, event trees,
and fault trees), SSI and structure models, and piping models, was developed and
analyzed. At the request of the U. S. NRC, LLNL has developed a simplified seismic risk
assessment methodology (3). De purpose of this methodology is to reduce cost while
adequately assessing the seismic risk from a nuclear power plant. De simplified
methodology was used to assess the seismic risk from the Zion nuclear power plant.
Dese results were then compared with the results from the detailed analysis. It was
found that the simplified method generally provides more conservative results than the
detailed one. To demonstrate its applicability, and to provide a basis of comparison of
seismic risk between a PWR and a BWR when analyzed with comparable methodology and
assumptions, a seismic risk analysis is being performed on the LaSalle County Station.

*This work was supported by the U. S. Nuclear Regulatory Commission under a
Memorandum of Understanding with the U. S. Department of Energy.
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i

A brief methodology overview of seismic risk analysis is presented in Section 2.
; Section 3 describes the LaSalle County Station. The development of the seismic input

for the LaSalle site is described in Section 4. It briefly delineates the methodology used
: to develop the hazard curves as well as the results, the LaSalle hazard curves. Section 5

discusses the seismic responses of structures and components. Three aspects of seismic
tesponses are discussed: median level response, variability of response and correlation of
response. The structure and component fragilities are described in Section 6. Fragilities

,

;

| were developed for .all structural elements in the critical structures. Component
fragilities were treated in two ways: LaSalle specific fragilities were derived for major'

components (e.g., reactor pressure vessel, pumps and etc.) and generic fragilities were
used for other components. Section 7 presents a limited investigation of the effects of
hydrodynamic loads on the seismic risk. The plant logic models are described in
Section 8. Two sets of fault trees were generated. One is a simple set of fault trees
while the other is more detailed and complete. Comparison of the results using these

,

! two sets will be made. Section 9 delineates the seismic risk quantification. Finally,
conclusions of this study are presented in Section 10. ;4

i

! 2. Methodology Overview
I
; Seismic risk analysis can be considered in five steps: seismic hazard
! characterization (seismic hazard curve, frequency characteristics of the motion); seismic
j response of structures and components; structure and component failure descriptions;
! plant legic models (fault trees an:1 event trees); and probabilistic failure and release
j calculations.
1

i Key elements of the LaSalle simplified seismic risk analysis are to:
'

Develop the systems models (e.g., event and fault trees)*

|
Benchmark best estimate seismic response of structures, components, and |*

piping systems with design values for the purposes of specifying median :1
I

| responses in the seismic risk calculations
Develop the seismic hazard at the LaSalle site incluonng the effect of local!

*

site conditions
Develop building and component fragilities for important structures and*

components
Investigate the effects of hydrodynamic loads on seismic risk*

Estimate the seismically induced core melt frequency.*

;
' 3. LaSalle County Station

i LaSalle County Station is located in the agricultural area of Brookfield Township,
: LaSalle County, Elinois, it is approximately 55 direct-line miles southwest of Chicago i

and 20 miles west of Dresden power station. De station utilizes two single-cycle '

'

forced-circulation boiling water reactors, each rated at 3293 MWt and designed for 3434 ,

1 MW t. The gross electric output of each unit is 1122 MWeg the net output is 1078 MWe

|
from each General Electric (GE) turbine-generator. De nuclear steam supply system i

; (NSSS) supplier was GE (Nuclear Energy Division).
.

[ The containment design employs the BWR Mark 11 concept of over-under pressure
suppression with multiple downcomers connecting the reactor drywell to the water-filled4

pressure suppression chamber. The primary containment is a steel-lined, post-tensioned,j

i
i ;

!

!
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concrete enclosure, housing the reactor and the suppression pool. His primary
containment is entirely enclosed in the reinforced concrete reactor building which is the
secondary containment structure. De power generation complex includes several
contiguous buildings-two reactor buildings, an auxiliary building (housing the control
room), the turbine building, diesel-generator buildings, the radwaste building, the service

|building, and the off-gas building.

4. Seismic input

De methodology used to develop the hazard curves (the probability of exceeding
any given level of peak ground acceleration, PG A) is based on the methodology and data
given in (4). Dcacriptions of the zonation, seismicity and choice of ground motion model
are based on the sinions of eleven seismicity experts and five ground motion experts.
Wese expert opinions were used to supplement the available data. One of the important
features of the methodology is to identify and assess the uncertainty in all the
parameters of the analysis, and propagate that uncertainty using a Monte Carlo i

simulation approach. De parameters used in the simulations are described by probability ,

distributions. %e zonation maps and the ground motion models have discrete probability '

distributions. All other variables have continuous probability distributions.

De one major departure from the methodology described in (4) was in the way
local site conditions were taken into account. In (4), three types of approaches are used
to incorporate the local site effect. He first approach is to make no correction for site
type. De second approach is to use only a simple soil or rock classification for a site
and apply a simple constant correction factor for each site category. De third approach
is to apply a set of generic site correction factors to the category of a site. We generic
site correction factors were obtained with 1-D wave propc.7stion analysis. Eight site
categories were developed based on the available site parame'.;rs of eastern U.S. power
plant sites. De ground motion panel experts then provided weights for the three

,approaches.
|

In this study the time histories of motion used in the structural analysis for the
LaSalle structures were developed in the following manner. First, hazard curves were
developed at a hypothetical rock outcrop at the LaSalle site using the approach discussed
above and based on the models given in (4). Secondly, strictly speaking, a set of event
specific spectra (2), should have been developed for the LaSalle site. However, in
keeping with the simplified methods approach, we used the two sets of rock outcrop time
histories developed for the Zion site based on the argument that the LaSalle site is
reasonably close to the Zion site, thus the distribution of earthquakes contributing to the
hazard would be similar for the two sites. Finally, to correct for the local soil
conditions, these rock outcrop time histories are then propagated through the LaSalle soil
column as discussed below in Section 5 to get the time histories used in the SSI analysis.
It should be noted that these time histories have the appropriate duration for distribution
of earthquakes occurring near the LaSalle site. %e duration of the earthquake varies
from 5 to 18 seconds.

;

De hazard curves developed for the LaSalle site are for a hypothetical rock
outcrop at the site. A Monte Carlo numerical simulation techniques were applied to
account for uncertainty. A total of 2750 simulations were used. Each simulation gives
one hazard curve. Figure 1 shows the resultant 15th,50th and 85th constant percentile
hazard curves based on the 2750 simulated hazard curves, it also shows the median and

I
,
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!-

r nge of th3 tetual camputzd valuis of ths PG A ct th3 ttp cf the soil column et the;
1aSalle site at the 0.2g and 0.6g rock outcrop PGA levels.1he site specific values for:

the LaSalle site generally show a deamplification at the 0.6g PGA rock outcrop level.'

This is because the soil column at the 1,aSalle site is very soft and exhibits a large
nonlinear effect at the higher PGA levels leading to a deamplification of the computed
PG A.

5. Seismic Response of Structures and Components,

;

| For each level of earthquake described by the seismic hazard curve, three aspects
: of seismic response are necessary to perform the seismic risk analysis median level (or
i best estimate) response, variability of response, and correlation of responses. Seismic

responses are reouired for all structures and components contained in the plant logic
;
- models. Dese responses together with fragilities allow for the calculation of seismically
I. induced failure probabilities. De three aspects of seismic response are discussed:

! o Median level responses the median level response given an earthquake
occurrence is needed. In general, this median level response differs from the'

! design values because, in the latter case, design analysis procedures, |

parameter selection, and qualification procedures are conservatively biased. i

;

Io Variability of responses variability in seismic response resulting from
variations in the earthquake excitation, the physical properties of the'

soll/ structure / piping system, and our ability to model them must be
j acknowledged and included in the seismic risk analysis to permit calculation of
:

probability of component failure and coce melt frequency.
|
.

! o Correlation of responses tendency for pairs of responses to have
'

simultaneously high or low values iesults from two sources - the level of the;

earthquake and the dynamic characteristics of the system. The level of the
: earthquake affects correlation since a large earthquake Qarge peak
I acceleration) may cause all response to be large, whereas, a small earthquake

produces the opposite effect. De second source of correlation is due to ,
,

| system response itself. For example, floors within a structure may all
experience high values of response simultaneously due to the dynamic

| characteristics of the structure itself.
! .

Dree approaches to developing median level responses are possible: re-calculation using ;

! best-estimate methods and parameters such as was done in the SSMRP; scaling of design '

( responses to account for conservatisms introduced in their development; and a
combination of the two preceding approaches, i.e., a limited amount of re-calculation of

j
the response using best-estimate methods and parameters and a use of scale factors ;

I applied to the design responses. The latter case is being applied to the LaSalle seismic
| risk assessment.

De basic strategy for developing median level responses was to perform selected ,

probabilistic response analyses of the LaSalle structures for two ranges of earthquakes- i

a lower level earthquake and a higher level earthquake henceforth called Acceleration
Range 1 and 2, respectively. Results of the analyses gave probability distributions on
two types of response - in-structure forces and moments to be used in the fragility
evaluation of the structures themselves; and in-etructure response spectra at equipment

-
,
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and component locations for their fragility evaluation. Two acceleration levels were
considered to permit interpolation for other earthquakes of different peak
accelerations. Each element of the probabilistic response analysis is discussed:

o Seismic hazard. The seismic hazard for the LaSalle site is specified on a rock
outcrop due to the presence of a shallow soil layer (approximately 170 ft.)
overlying the stiff bedrock. Local site amplification was taken into account |

| explicitly as described below. Specifying the seismic hazard for the purpose of ;

the seismic risk assessment entailed specifying the hazard curve - the
'

probability of occurrence of an earthquake of given peak ground acceleration,
and the frequency characteristics of the motion - an ensemble of acceleration
time histories (three components per earthquake simulation) on the rock ;
outcrop. |

o Local site amplification. Using equivalent linear viscoelastic soll properties
developed as a function of earthquake excitation level and the assumption of
vertically propagating waves, earthquake motions on the soll surface were
developed for response prediction. This representation of local site

i amplification is a source of modeling uncertainty. Mean response spectra on
! the soll free surface for Acceleration Range 1 are shown in Fig. 2.

o Soll-structure interaction (SSI) parameters. 'Ihe soll configuration and low
strain soll properties were established based on the boring logs and soll reports
for the LaSalle site. Nominal soll properties as a function of excitation level

! were estimated from a series of SHAKE analyses (5) using rock outcrop motloa i

'as input and material property variations vs. strain relations developed by the4

1 geotechnical engineer for the utility. SSI parameters (foundation impedances
and scattering matrices) were developed for the important LaSalle buildings

,

and the CLASSI programs (6). The LaSalle structure analyzed in detail is a'

single complex structure which contains the reactor building, the auxiliary
building, the turbir.e building, the off-gas filter building, the service building,

i and the diesel generator buildings. An average embedment of approximately
i 51 ft. was treated in developing the SSI parameters.

) o Structure model. Structure models developed by the utility and used in the
design seismic analysis were used in the probabilistic response analyser.
Fixed-base eigensystems for the horizontal and vertical models were developed
by the utility for use in the analyses. The SMACS methodology (7) of the
SSMRP was used here. SSlis treated by the substructure approach.

'
.

o Response analyses. SM ACS analyses were performed on the LaSalle structure
complex including the effects of SSI. SM ACS links together seismic input, SSI,
structure response, and piping system and component response. All aspects
except piping system responses which were calibrated by using design>

values (3), were calculated - component response was determined from in-
structure response spectra. Variability is treated in SM ACE. For the LaSalle
SM ACS analyses, variability due to randomness only was treated. 48 in-

! structure response spectra were calculated for equipment and component
! failure assessment. 145 structure forces and moments were calculated for
,

structure failure assessment.
1

i

,
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l

2

4

Meditn r:spons:s mro calculstsd dirsetly fcr tha two tectl rati:n ranges cr
scaled from the design results based on scale factors developed here or in previous
studies. Variability and correlation of responses were assigned based on previous studies

,

4 and recorded data.
,

Median in-structure response spectra provided the response input for the
i probabilistic failure calculations of components, in some instances, the LaSalle SSE
! design responso spectra were overplotted with these in-structure spectra for comparison

purposes. One difficulty in interpreting the comparisons of median response spectra of
Acceleration Range 1 and 2 and the design spectra is a lack of correlation of the design
free-field ground motion and that of Acceleration Range 1 and/or 2. We LaSalle seismic
design criteria specify the design ground motion at foundation level (44 feet below the
surface) and no free surface response spectra are available. %c LaSalle seismic hazard
for this study was defined on a hypothetical rock outcrop and local site amplification was
treated explicitly. Hence, no direct comparison of free-field ground motion can easily be

| made. De median peak ground acceleration (PG A) of Acceleration Ranges 1 and 2 are
approximately 0.2g and 0.35g, respectively. Neither of these correspond to the design4

PG A of 0.2g at foundation level. Frequency content of the free surface motion for this
study and the design are likely to be quite different. Recognizing the difficulty in
comparing the results, one still observes that the design spectra are generally.

conservative compared to median response spectra for Acceleration Range 1 and, in
,

some frequency ranges, notably above 2 Hz., very conservative. Comparing the design
spectra with those of Acceleration Range 2, the latter frequently exceeds the former at
low frequencies but the design spectra are generally very conservative in the high: '

' frequency range. Figure 3 shows a typleal comparison.
I

6. Structure and Component Fragilities

%e development of structure fragilities proceeded as follows. A review of the !

seismic design analysis results and development of a preliminary set of structure element
capacities initiated the task. Simultaneously, a preliminary SMACS analysis was
performed for a single earthquake simulation at near the SSE level to provide a basis of
comparison with the design results. Having reviewed the design analysis results and;

structure model, changes in the structure model to better capture the expected behavior'

of the structure were recommended and incorporated into the SM ACS analysis.
.' Additional preliminary SMACS analyses were performed, loads generated, and an
i assessment of the model modification made. De initial model changes led to limited

load redistribution and motivated a second set of model changes which were incorporated i

into the SM ACS model and again evaluated. The result was the best-estimate structure i
'

model. 145 structure forces and moments at two excitation levels were obtained from';
the SMACS analyses and used in the fragility development. A comparison of the
capacities of the structural elements with the SM ACS generated median loads shows very
large ratios for Acceleration Ranges 1 and 2 which makes it highly unlikely that
structural failure will occur for any excitation level considered in the hazard curve,i.e.,

,

i

structural element failure will have very low probabilities of occurrence.

| Component fragilities were developed for major LaSalle components identified as
important in terms of systems behavior and risk. Examples are items such as: reactor

| pressure vessel, reactor internals, recirculation pump, diesel generators, pumps (HPCS,
;

RCIC, RHR, RHR, SW), batteries, switchgear, SBLC pump & tank, suction strainer<

(HPCS, RCIC, LPCS, RHR), and etc. LaSalle specific design reports and equipment'

I l

>
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qualification data were used as the principal basis for fragility assessment. Median level
responses were used in the fragility assessment as generated from the SM ACS analyses.
A comparison of median response for Acceleration Ranges 1 and 2 with the capacities of
components considered here shows large margins and that the failure probabilities of
these components due to seismic events willlikely be quite small

7. Hydrodynamic Loads

In a seismic risk analysis of a BWR, it is necessarf to et,nsider the combined effects
of seismic loads and one or more hydrodynamic load since seismic events can potentially
induce hydrodynamic events (safety relief valve (SRV) discharge, pool swell, condensation
oscillation, and chugging). For LaSalle, we evaluated which of these losds were likely to
occur simultaneously with an earthquake and developed a probabilistic approach for
combination of the seismic and hy&odynamic responses. De approach was applied to
the combination of seismic and SRV discharge responses. Based on the results of several
case studies, simple combination rules for obtaining the median and the logarithmic
standard deviation of the combined responses from the median and logarithmic standard
deviation of the individual responses were developed. De seismic risk analysis is
performed for the combined seismic and SRV events.

De need for combining hy&odynamic load responses with seismic response depends
on the relative magnitudes of the individual responses, the time-phasing of the loads, and
the conditional probability of the hydrodynamic load being induced by earthquakes.
Based on the screening criteria developed for this study, only certain SRV load responses
and, possibly, condensation oscillation load responses need be combined with seismic
responses.

De SRV loading was considered in detail. Note, the SRV-allis the dominant case
for vertical response and SRV-asymmetric is dominant for horizontal response. Our
efforts focused on the effect of the hydrodynamic loads on equipment function rather
than stress related failures of ductile components and structures, it was judged that the
high frequency nature of the loads would have negligible effect on stress to failure of
ductile components. Hence, we focused on equipment response as characterized by in-
structure response spectra. Two sets of information formed the basis for estimating
median SRV responses - the in-structure design response spectra and the results of
limited in-plant tests. From the in-plant test results, in-structure design response
spectra were reduced to an estimated median response level. The logarithmic standard
deviation of the SRV loadingt was estimated to be 0.3.

The median combined response (seismic and SRV) may be obtained approximately
by the SRSS combination of the median maximum responses of the individual values.
This rule was evaluated for a number of cases using the time history response due to
seismic and that due to SRV. De logarithmic standard deviation of the combined
response is expressed as a function of the median and logarithmic standard deviations of
the individual maximum responses. Dese rules were used to combine the seismic
responses for each acceleration level of the seismic hazard curve with the SRV responses
for the seismic risk analysis. Qualitatively, the effect of SRV loading on the combined
seismic and SRV response was small for the components of interest.
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.I

S. Plant Logie Models

The accident sequences in the LaSalle analysis were identified using event
;

trees (8). Two sets of event trees were used. One set was developed by the Risk
Methodology Integration Evaluation Program (RMIEP) (9). The other set is .iore simple:

and was developed at LLNL.i

Fault tree analysis (10) was used to define the failure paths in the accident
sequences. For LaSalle two sets of fault trees were also generated. One is a simple set
(9 systems) while the other is more detailed and complete (23 systems). De simple set1

of fault trees were developed by LLNL Independently from the detailed set of fault trees
generated by the RMIEP. Two sets of fault trees were generated so that a comparison
between them could be made. His comparison will indicate whether or not highly,

,

i
detailed fault trees are warranted for a simplified seismic risk analysis.

>

RMIEP fault trees were generated for all the major safety systems at LaSalle andj
. included the support systems, such as electric power and component cooling water,

i
,

Consequently, the trees are quite large, involving thousands of gates and events. To I1

make the problem manageable, the fault trees were probabilistically culled to obtain the
minimal cut sets.

; De system fault tree minimal cut sets were combined according to the event tree
logic to give Boolean expressions for each accident sequence. Each accident sequence
was culled so that it contained no more than 5000 minimal cut sets. This was done to'

accommodate the risk quantification process.

j The initiating event definitions are the remaining elements of the plant logic
model. Because of pipe and component failures, the probability of an initiating event;

occurring during a seismic event is increased over that of an event containing only!

j random failures. All the initiating events developed by the RMIEP were studied and their
' relationship to the seismic problem assessed. Based on that study, the appropriate pipe
! and component failures were used to define initiating event minimal cut sets.

9. Seismic Risk Quantification
1

| De quantification of seismically induced failure probabilities and core melt
i frequency are accomplished in the computer program SEISIM (11). SEISIM computes the

failure probabilities taking into account the dependence between basic events. SEISIM
does this by computing the multi-normal integral whose integrand is specified by the
means, standard deviations, and correlations of responses and fragilities.i

| In addition to computing core melt frequency, SEISIM also performs an importance
I analysis whose objective is to find the initiating events, components, accident sequences,

etc., that most influence the results. Results from the importance analysis are used to'

focus attention on key contributors to seismic risk.
,

|
:

:

!

!
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10. Conclusion

A seismic risk assessment using the simplified methodology developed in the
SSMRP is being conducted on the LaSalle County Station, a BWR. Both simple and
detailed plant logic models will be evaluated. So far, our results indicate low seismic

i

responses of plant structures and components. This is at least partly due to the soft soll !

at the LaSalle site which attenuates the earthquake motion. These low responses coupled
with seismic capacities of structural elements and components suggest low probabilities
of seismically induced failure.

!
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THIS PRESENTATION WILL COVER SIX TOPICS

PROJECT OBJECTIVES-

METHODOLOGY-

SEISMIC HAZARD-

STRUCTURE AND COMPONENT RESPONSES-

STRUCTURE AND COMPONENT FRAGILITIES-

PROBABILISTIC FAILURE AND RELEASE CALCULATIONS-
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THERE ARE NO MAJOR OBJECTIVES FOR THE BWR SEISMIC RISK ASSESSMENT PROJECT

PERFORM A BENCHMARKING SEISMit RISK ANALYSIS OF A BWR (LASALLE) USING*

SIMPLIFIED METHODS BASED ON RESULTS FROM THE SEISMIC SAFETY MARGINS RESEARCH

PROGRAM (SSMRP)'

IDENTIFY ANY MAJOR GENERIC DIFFERENCES IN SEISMIC RISK BENEEN A PWR AND A-

BWR

|DSSP g
S85-135

THERE ARE FIVE STEPS IN A SEISMIC RISK ASSESSMENT

1. SEISMIC HAZARD CHARACTER 12AT10N
(SEISMIC HAZARD CURVE, FREQUENCY CHARACTERISTICS OF MOTION)

2. SEISMIC RESPONSE OF STRUCTURES AND COMPONENTS
(8EST ESTIMATES OR MEDIA 15, VARIABILITY, CORRELATION)

3. STRUCTURE AND COMPONEhT FAILURE DESCRIPTIONS

4. PLANT LOGIC MODELS
(Faut.T TREES, EVENT TREES)

5. PROBABILISTIC FAILURE AND RELEASE CALCULATIONS
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THE FIVE STEPS MAY BE SHOWN SCHEMATICALLY
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THE SEISMIC HAZARD FOR THE LASALLE SITE WAS COMPUTED

USING CURRENT METHODS DEVELOPED FOR NRC-

ZONATION AND SEISMICITY MODELS DEVELOPED FROM INPUT FROM ELEVEN EXPERTS-

GROUND MOTION MODELS SELECTED BY A PANEL OF FIVE GROUND MOTION EXPERTS-

A COMPLETE UNCERTAINTY ANALYSIS PERFORMED USING A MONTE CARLO $!MULATION-

APPROACH

TWO SETS OF TIME HISTORIES (0.2G AND 0,6G) WERE DEVELOPED WITH THE+

APPROPRIATE DISTRIBUTION OF MAGNITUDES, DISTANCES AND DURATIONS

TIME HISTORIES CORRECTED FOR THE LOCAL SOIL C01.UMN-
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WE HAVE DEVELOPED CONSTANT PERCENTILE HAZARD CURVES
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LASALLE
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bY
THE OBJECTIVE OF THE RESPONSE STEP IS TO DETERMINE
THE SEISMIC RESPONSE OF STRUCTURES AND COMPONENTS

l RESPONSES MUST BE CALCULATED FOR
ALL BASIC EVENTS INCLUDED IN FAULT TREE EVALUATION (PUMP FAILS, PIPE*

RUPTURES, VALVE FAILS TO OPEN, ...)
INITIATING EVENT PROBABILITY CALCULATIONS'

THE RESPONSES MUST BE

COMPATIBLE WITH FRAGILITY DESCRIPTIONS*

ESilMATED FOR THE RANGE OF EARTHQUAKES AT THE SITE*
;

BEST ESTIMATE CALCULATIONS
J

-

|
|
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CALCULATIONS WERE PERFORMED ON THE LASALLE STRUCTURES TO ESilMATE MEDIAN LEVEL

RESPONSES AT TWO EARTHQUAKE I.EVELS USING THE SSMRP COMPUTER CODE SMACS

SEISMIC HAZARD CURVE IS DEFINED ON THE HYPOTHETICAL ROCK OUTCROP AND-

DISCRETIZED FOR INTEGRATION PURPOSES

hhh'

LASALLE S0!L'IAS
i

Nl
N

.

PGA

TWO DISCRETIZATION INTERVALS WERE TREATED EXPLICITLY-

0.18 - 0.27G AND 0.58 - 0.73G

Anal _ m
CALCULATIONS WERE PERFORMED ON THE LASALLE STRUCTURES TO ESTIMATE MEDIAN LEVEL

RESPONSES AT TWO EARTHQUAKE LEVELS USING THE SSMRP EOMPUTER CON EM#s (r0NTINMn)

SMACS ANALYSES WERE PERFORMED-

EARTHQUAKE ACCELERATION TIME HISTORIES DEFINED ON ROCK OUTCROP--

-- LOCAL SITE AMPLIFICATION MODELED

STRUCTURE MODELS WERE THE LASALLE DESIGN MODELS--

PROBABILISTIC RESPONSES WERE CALCULATED--

STRUCTURE ELEMENT FORCES AND MOMENTS FOR FRAGILITY ASSESSMENT OF-

STRUCTURAL MEMBERS

IN-STRUCTURE RESPONSE SPECTRA FOR FRAGILITY ASSESSMENT OF LASALLE-

COMPONENTS

MEDIAN LEVEL RESPONSES FOR EARTHQUAKES OUTSIDE THE TWO RANGES WERE
*

EXTRAPOLATED FROM THE CALCULATED VALUES

EEST ESTIMATE SAFETY REllEF VALVE DISCHARGE RESPONSES WERE COMBINED WITH
*

SEISMIC TO YlELD TOTAL RESPONSE

PIPING AND VALVE MEDIAN LEVEL RESPONSES WERE CAllBRATED BY USING DESIGN*

VALUES
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LA SALLE STRUCTURAL MODELS WERE USED IN THE SMACS ANALYSES
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DESIGN RESPONSE SPECTRA GENERM.LY SHOW SIGNIFILMT CONSERVATISM WHEN

COMPARED TO MEDIM RESPONSE SPECTRA FOR ACCELERATION RANGES I MD 2
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,

:

THIS CONSERVATISM IS DUE TO:

SITE SPECIFIC SEISMIC INPUT VS. VALUES USED IN DESIGN.

DEGRADATION OF $0ll PROPERTIES WITH EXCITATION LEVEL WHICH SHIFTS.

FREQUENCIES TO LOWER VALUES

Ansst_ u.

$85-135

ISTEP 31

STRUCTURE FRAGILITIES WERE DEVELOPED FOR ALL STRUCTURAL ELEMENTS

ASSESS OVERALL STRUCTURAL FAILURE.

ASSESS LOCAL FAILURE OF STRUCTURAL MEMBERS CAUSING EQUIPMENT FAILURE
-

FRAGILITY DESCRIPTIONS WERE IN TERMS OF CALCULATED LOCAL RESPONSE (SHEARS
.

AND M0MENTS)

EFFECTS OF THE MAGNITUDE OF EARTHQUAKES AND NO.'iLINEAR BEHAY10R BEFORE
.

FAILURE WERE TAKEN INTO ACCOUNT
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FRAGILITIES WERE DEVELOPED FOR ALL STRUCIURAL

ELEMENTS IN THE CRITICAL LASALLE STRUCTURES
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COMPONENT FRAGILITIES WERE TREATED IN TWO WAYS

LASALLE SPECIFIC FRAGILITIES WERE DERIVED FOR MAJOR COMPONENTS (27)-

BASED ON LASALLE DESIGN AND QUALIFICATION DATA-

E.G., PUMPS (RECIRC, HPCS, RCIC, LPCS, ETC.), REACTOR VESSEL. ETC.

GENERIC FRAGILITIES WERE USED FOR OTHER COMPONENTS (31 CATEGORIES)
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[ STEP 41 |

TWO SETS OF FAULT TREES WERE GENERATED

*StMPtE' 'DETAltiD'

BASIC EVENTS 853 3378

NUMBER OF SYSTEMS 9 23

|nS5P Q
$85-152

SIMPLIFIED SEISMIC RISK METHODOLOGY IS BEING USED

MEDIAN RESPONSES USED-

RANDOM UNCERTAINTIES ONLY+

CORRELATIONS BASED ON ZION ANALYSIS
-
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an
THE SSNtP COMPUTER CODE SEISIM IS KING USED TO COMPUTE CORE MELT
AND RELEASE PROBABILITIES

HMDLES CORRECTLY THE DEPENDENCE BETWEEN BASIC EVENTS IN A CUT SET*

PERFORMS IMPORTMCE MD SENSITIVITY MALYSES.

ALLOWS FOR MUt.TIPLE RISK WElGHTING SCHEMES |.

Aase__ u
S85-Di

CONCLUSION

* A SEISMIC RISK ASSESSMENT USING THE SSMRP SIMPLIFIED METHOD IS KING
CONDUCTED ON A BWR (LASALLE)

BOTH SIMPLE MD DETAILED PLANT LOGIC MODELS ARE BEthG EVALUATED*

MALYSIS WILL BE COMPLETED DURING THE NEXT YEAR'

S0 FAR OUR RESULTS INDICATE A LOW SEISMit RESPONSE AT LEAST PARTLY BECAUSE*

OF THE SOFT Soll AT THE LASALLE SITE

!
|
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Progress on Qualification Testing Methodology Study
of Electric Cables

S.Okada. Y.Kusama. M.Ito. T.Ya91. M.Yoshikawa, K.Yoshida.
N.Tamura. W.Kawakami
Japan Atomic Energy Research Institute (JAERI). Takasaki
Radiation Chemistry Research Establishment

ABSTRACT

Degradation behavior of mechanical and electrical
properties of cable materials such as ethylene-
Propylene rubbers (EPR) and chloro-sulfonated
polyethylenes(ilypalon) was investigated in various
LOCA-simulating environments. The LOCA exposures in
combined environments of radiation and steam / chemical
spray 1.e. simultaneous tests were performed for four
cases: short term (about I week) exposures at a high
dose rate (about 10 kGy/h) up to 1.5MGy in air-free and
air-containing steam, and long term (about 3 months)
exposures at a low dose rate (0.GkGy/h) up to 1.4MGy in'

air-free and air-containing steam. Sequential
exposures i.e. Irradiations followed by steam / chemical
spray exposures were also carried out. In the
sequential tests, the irradiations were performed under
such various conditions as at a high dose rate (about
10kGy/h) and a low dose rate (about ikGy/h) at room
temperature in air; at an intermediate dose rate
(SkGy/h) at 70*C in air; at an intermediate dose rate
(4.2kGy/h) at room temperature in pressurized oxygen
(0.5MPa). The effects of the steam temperature (120
to 160*C) and the air partial pressure (0 to 0.5MPa) in
the steam / chemical spray exposure after the irradiation
were investigated as well. Comparison between the
degraddtions in the simultaneous and the sequential
tests showed that the various cases of the simultaneous
LOCA exposures will be well simulated by the sequential
tests in which the conditions of the irradiation and
the steam are selected suitably to cause the same
extent of the degradations as in the simultaneous
environments.

l. INTRODUCTION

Safety-related electric cables in nuclear power plants are
required to function even if they should be subjected to a
postulated design basis event such as a loss-of-coolant accident
(LOCA) at the end of their intended service life. In a LOCA the
cables are assumed to be exposed to combined stresses of
radiation. high temperature steam, spray and, under certain
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circumstances. Tir. The condition of the stresses, such as the
exposure time or lose rate. is expected to depend upon the plant
type and the acccident scale. In almost cases of the electric
cable qualification in Japanese plants, however, the cables are
tested by such a method as irradiation followed by steam / spray

exposure i.e. SC9utDilal BeibOd in short term (about one week for
each of the irradiation and the steam / spray exposure) tests.
Therefore, it has been one of the most important subjects in the
testing methodology study to assure the validity of the short
term sequential test by finding adequate conditions to simulate
the long or short term combined stresses.

We performed short term (about I week) and long term (about
3 months) tests of electric cable materials such as ethylene-
propylene rubber (EPR) and chloro-sulfonated polyethylene
(Hypaloni in combined environments of the irradiation and the

steam / chemical spray exposure i.e. the tests by sinullancQua
actbod for both cases of containing and not containing air in the
steam. The test conditions are assumed to correspond to various
types of LOCA. Mechanical and electrical property degradations
in the simultaneous tests were compared with those in the
sequential tests in which the conditions of the trradiation and
the steam exposure were systematically altered in order to find

suitable conditions to cause the same extent of the degradations
as in the simultaneous environments.

2. EXPERIMENTAL

2-1. Materials

Sheet samples of ethylene-propylene rubbers (EPR's) and
chloro-sulfonated polyethylenes (Hypalons) were investigated.
The thickness of the samples was about ime. The dumbbell-shaped
samples and the sheets of 8cmX8cm were used for a tensile test

and electrical property measurements, respectively. They

include materials formulated for cables of general use and for
fire-retardant safety-related cables used in nuclear power plants
as listed below.

SAMPLE NAME SPECIFICATION

HYPALON-A S T A N D A R D (BASE POLYPER: HPALON 40)
HYPALON-B S T A N D A R D (BASE POLY!ER: NYPALON 40)

HYPALON-C U N S P E C 1 F I E D (for reactor use)
HYPALON-D UN S P E C I F I E D (for reactor use)

EPR-A S T A N D A R D (BASF POLY!ER: N00EL 1040)
EPR-B UN S P B C I F I E D (for reactor use)
EPR-C UN S P E C I F I E D (for reactor use)
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2-2.LOCA Simulation

2-2-1. Simultaneous Method

The LOCA exposures in combined environments of radiation and
steam / chemical spray were performed for four cases (Sin-A.B.C.D)
shown in TABLE-1 by using a LOCA-simulating test chamber SEAMATE-
11[1-43. They are assumed to correspond to the following
various cases of LOCA: short term accident where most of the
radiation energy is deposited in the earlier stage and the
removal of heat and radiation sources from a primary containment
vessel 'Is effective in the post-accident staget long term
accident where the radiation sources and heat reside for a long
time; a case where air in the containment vessel is substituted
in normal operation or is almost entirely purged at the accident;
another case where the air is not entirely purged.

Quantity and formation of the chemical spray were according
to IEEE Std.323[53. The spray was introduced during all the
Period of the tests. The time versus temperature profile used
in the experiments is shown in FIG.-1, which has been applied to
Japanese PWR plant qualification based on IEEE Std.323 appendix.
Not only the exposures according to the profile but also those at
constant temperature of 120'C were carried out. The temperature
conditions of the former and the latter will be described such as
"(Profile)" and "(120'C)" respectively hereafter all through this
paper. Although the temperature 120*C may be too high in the
long term cases (Sim-B and Sin-D) compared with a practical
assumption on long duration accidents, it was adopted for
comparison between the short and the long term cases from the
viewpoint of dose rate effects. Therefore..the cases Sin-B and
Sim-D may be considered to be extreme cases.

In cases Sim-C and Sin-D, air was introduced into the steam
so that the pressure in the test chamber was 0.05MPa higher than
the saturated steam pressure at the temperature tested, which
will be described as 0.05MPa air partial pressure hereafter.The quantity of the air corresponds to an oxygen content of about
5% in the containment atmosphere during LOCA at 120*C.

2-2-2. Sequential Method

The LOCA-simulating sequential exposures i.e. trradiation,
which will be called pre-irradiation hereafter, followed by
steam / chemical spray were carried out for four cases (Seq-
a,b c d) listed in TABLE-2 by using the same apparatus as the
simultaneous exposures. In cases Seq-a and Seg-b the samples
were irradiated at a high dose rate (about 10kGy/h) 1.e. under a
condition where oxygen supply into the sample is assumed to be
not enough to catch up with radical formation by the irradiation,
whereas in cases Seq-c and Seq-d the irradiations were performed
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under such conditions as the oxygen is expected to be supplied
sufficiently to oxidize almost throughout the samples. In cases

Seg-a .and Seg-c the steam in the steam / chemical spray exposure,

'

I after the pre-trradiation did not contain air, which is called
saturated or air-free steam hereafter, while in cases Seg-b and
Seg-d the steam contained air. Effect of the air content on thei

degradations was examined in case Seq-b in the range of the air

partial pressure from 0.05 to 0.5MPa. On the other hand, the

steam / spray exposure was performed for only one case of the air

partial pressure of 0.05MPa in case Seg-d. The steam / spray'

exposures according to the PWR LOCA profile, which are indicated
by "P" in TABLE-2 as well as those at constant temperatures were

carried out in cases Seq-a and Seq-b. where the temperature

dependence of the degradations was investigated in the range from-

120 to 160*C. The conditions of the temperature profile and the
spray were the same as in the simultaneous exposures. The pre-

irradiations and the steam / spray exposures in case Seg-c and Seq-
i d are partly undergoing at the present stage of the experiment. ,

i The samples pre-conditioned under such a condition as,

'

aging at 121 C for 7 days followed by 0.5MGy irradiation8' thermal
at about 10kGy/h were also exposed to the above simultaneous and
sequential LOCA-simulating environments. Hcwever, these results ,

t

are not referred in this paper in order to simplify the
j explanation. No important difference by the pre-conditioning,

was found'in comparisons either between the simultaneous and the
i

sequential methods or among Sim-A.B.C.D and among Seg-a.b (The
Pre-conditioning has not been examined in Seg-c.d.).!

2-3. Measurement
i

Tensile stren9th (Tb) and elongation (Eb) at break were
measured by using an Instron tension tester (type 1130) with a

;

crosshead speed of 500mm/ min. Volume resistivity at I minute*

after the start of the 500V D.C. impression was measured by a
;

high resistance meter and a resistivity cell (Yokogawa-Hewlet-

a Packard 4329A and 16008A). Dielectric properties such as ,

j dielectric loss factor were measured by an Ando Electric TR-IC
wide range dielectric loss measurement system. All the

;
' measurements were performed at room temperature 2 weeks or more

after the LOCA exposures. when the properties were expected to be
|

stable. The purpose of the measurements was to compare the
'

influences of the various LOCA-simulating environments on the
material property changes. Practical safety-related aspects
i.e. results of electrical resistance measurement during the LOCA

| simulations and voltage-endurance tests in water immediately,

|
after the exposures were partly referred in the previous work [6] I

i and will be reported in the future.
!

!

!
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3.RESULTS AND DISCUSSION

i 3-1. Simultaneous LOCA Simulation

3-1-1.Hypalon: Mechanical Property

In FIG.-2 is shown a typical degradation behavior of
mechanical properties of the Hypalons, where Eb. Tb Ebo and Tbo

. are elongation at break (%), tensile strength at break (WPa), and
| their original values, respectively. Degradation levels at

1.5MGy for cases Sin-A and Sin-C and those at 1.4WGy for cases
Sin-B and Sin-D are determined as drawn in the figure.

[ Comparison between Sin-A.B(alr-free) and Sin-C.D(air-containing)]
In the air-free environments, the elongation degrades as a

hyperbolic function, whereas it degrades exponentially in the
air-containing exposures. By using a numerical analysis the
authors have found that the order of decay, n. In the following
equation is near 2 for the former and near i for the latter:

-deb /dt = KEb".

Where t is time or dose, and K is the decay constant of the
elongation degradation in the combined environments of radiation
and steam. The difference is supposed to be due to the
predominant chemical reactions i.e. cross-linking predominates in
the air-free exposure while oxidation scission is a predominant
reaction in the air-containing environment [71.

Therefore, the elongation degradation in the air-containing
,

| environment is smaller than in the air-free one at the earlier
[ stage of the exposure whereas it degrades more in the former than

in the latter at the end ultimately as shown between Sim-A and
Sin-C. The tensile strength also degrades more in the air-
containing cases, as is obvious from comparison between Sin-A and
Sin-C and that between Sin-B and Sin-D.

| [ Comparison between Sin-A.C(short term) and Sim-B.D(long term))
The mechanical propertler degrade more in the long tern

| exposure (Si$a-B) than in the short term one (Sim-Al even where
| the steam does not contain air. The difference is assumed to be

due to additional thermal degradation independent of radiation-'

induced reactions because, as mentioned afterwards, little
difference is found between these two cases in the EPR's which
are generally considered to be more resistant against heat than
Hypalons. Such a thermal effect of the Hypalons may be called
"long term effect" although it could be one of " dose rate
effects" in a wide sense of the word.

There is a remarkable difference between the long term (Sin-
| D) and the short term (Sim-C) exposures in case of the air-
| containing steam. This may be interpreted by other aspects of
!

l
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the dose rate effect in addition to the above thermal effect.
At higher dose rates oxygen supply diffusing from the surface of
the sample does not catch up with radiation-induced radical
formation, which causes an oxidation concentration gradient i

inside the sample i.e. the oxidation scission occurs i

'

predominantly near the surface whereas the cross-linking

Predominates in the vicinity of the inside center [8-ill.
Moreover. even if the oxygen supply is sufficient due to high
temperature, the radical formation is too fast at higher dose
rates to provide enough time with the consequent oxidation
reactions, resulting in one of the dose rate effects [121,

3-1-2.EPR: Mechanical and Electrical Property

Typical examples of the degradation behavior in the
mechanical properties and electrical resistance (volume
resistivity so; original value /4 ) are shown in FIG.-3 and
FIG.-4 respectively.

[ Comparison between Sin-A.B(air-free) and Sin-C.D(air-containing)]
The mechanical behavior of the EPR's is entirely siellar to

the Hypalons in comparison between the air-free and the air-
containing environments. It should be noted that the air
remarkably affects the electrical property.

[ Comparison between Sin-A.C(short term) and Sin-B.D(long terml]
In the air-free environments, there exists no difference

between the short term (Sin-A) and the long term (Sin-B)
exposures in the elongation degradation. Though there is a

little difference in the strength and also in the electrical
property, which was observed in the other samples (EPR-A and EPR-
C) than this example, the long term effect is not so remarkable
as the mechanical properties of the Hypalons.

In the air-containing environments, on the contrary, the
degradation in the long term exposure (Sim-D) is notable both in
the mechanical and the electrical properties compared with the
short term one (Sin-C) as well as the other exposures. It is

suggested that the remarkable degradation is associated with the
dose rate effects on the oxidation described in the previous

subsection.

3-1-3. Summary on the Simultaneous LOCA Simulation

A summary on the order of the degradation, the predominant

reactions and the long term or the dose rate effect in the
simultaneous exposures is shown in TABLE-3.

208



, - ._- _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3-2. Sequential LOCA Simulation

3-2-1. Integrity Phase

There may be different phases or grades required for the
safety of the electric cables at the accident, which will be
determined by the property concerned. We define the phases,
which will be called integrity phases hereafter, as below, and
discuss sequential LOCA simulations which are expected to be
applicable to cause the same extent of the degradation as the
four cases of the simultaneous LOCA-simulating environments for
each integrity phase.

EH&SE:115hcaib Wechanical Ecoettir
only mechanical properties of sheath (Jacketing) materials

are required to keep the integrity. This point of view is based
upon an experimental experience that the insulation resistance
was satisfactory to apply the rated voltage and current on the
cable during each simultaneous LOCA test due to a protection
effect of the sheath material on the insulator [6] as far as the
sheath was not broken.

EUASE:21 Core Elecitical Ecoectir
Only electrical properties of core (insulation) materials

are required to maintain the integrity. Here it is considered
that the cable could operate safely only if the electrical
insulation is sufficient even when the sheath was broken.

EHASE:31 Cote Eiccitical and Mechanical Ecoect11cs
Wechanical as well as electrical properties of core

materials are required to keep the integrity. In this point of
view is taken into account a Possibility of cracking of the
insulator by such a mechanical shock as seismic which would break
the electrical insulation.

EH&SE:41 Sheath Mechanical and Cote Eiccitical and Mechanical
Ecoettilta

Not only electrical and mechanical properties of core
materials but also mechanical ones of sheath materials are
required to maintain the integrity. This includes a concept of
multiple protection.

3-2-2. Simulation of Sin-A(short term, air-free) by Sequential
Method

CPHASE-11
in FIG.-5 is shown a typical example of the mechanical

Property degradation behavior during the pre-irradiation at about
10kGy/h at room temperature in air on the left hand and during
the consequent steam / chemical spray exposures of Seq-a (Profile &
120*C) and Seq-b (Profile & 120*C: air partial pressure 0.05MPa)
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1
,

on the right hand. The degradation levels of the simultaneous i*

exposure at 1.5WGy are also drawn in the figures with the
standard deviation. It is obvious that the mechanical'

Properties of the Hypalon are degraded by both Seq-a and Seg-b
exposures to the same extent as or much more than Sim-A.
Although the Seg-a exposure is preferable for the simulation of

f Sin-A because .there exists little effect of oxygen in the pre-
trradiation due to the high dose rate and no additional oxidation'

in the steam exposure, the Seq-b exposure could be also
,

: applicable from a phenomenalistic viewpoint.

[ PHASE-2]
FIG.-6 shows a typical electric resistance change of the

EPR's by Seq-a and Seq-b. It should be noted that the Seg-a~

exposure at 120'C does not cause any degradation. The authorsr

have found that the. insulation degradation of EPR's is caused by
,

i introduced and retained water molecules inside the material by

some radio-chemical reactions in such a simultaneous environment
as Sin-A, which results in increase of the dielectric loss at the

: lower frequency range as shown in FIG.-7[131. The lower
dielectric loss of the Seq-a at the lower frequency range

i

i suggests that the water molecules are not so much introduced as
i the simultaneous one. When the steam contains air in the

sequential exposure (Seg-b), on the contrary, the oxygen in the
steam may take part in the introducing of water molecules, which
causes increase of the dielectric loss at the lower frequency1

range and decrease of the insulation resistance as shown in FIG.-.

;_ 7 and FIG.-6. Therefore, the Seq-b exposure is preferable for
i the simulation of Sim-A in spite of a difference that oxygen does
: not concern the degradation in Sin-A but does affect the

{
insulation in Seq-b.

! [ PHASE-3]
The mechanical degradation behavior of the EPR's is similar

i to the Hypalons as shown in FIG.-8. Taking the electrical

i property degradation into account, the Seg-b exposure is

j considered to be suitable for the simulation of Sim-A.
I

[ PHASE-41
The above discussions indicate that the Seq-b exposure is

;.

j appilcable to satisfy the conditions required for all the
' properties.
:

l

: 3-2-3. Simulation of Sin-B(long term, air-free) by Sequential

) Method

,
[ PHASE-il

i As already mentioned in the previous section, the Hypalons
show a long term effect even in the air-free environments i.e.,

i the mechanical degradation is greater in Sin-B (long term) than
in Sin-A (short ters), which is assumed to be due to additional
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thermal degradation. The additional degradation can be provided
by elevating the steam temperature instead of prolonging the
exposure time in the Seq-a exposure as shown in FIG.-9.

[ PHASE-21
There is only a little long term effect on the electrical

degradation of the EPR's in the air-free environments.
Therefore the Seg-b exposure is available iur ine simulation of
Sin-B as well as Sin-A. However, the Seq-a exposure is also
applicable only if the steam temperature is elevated because the
insulation resistance decreases by the Seg-a exposure at 140 *C
and 160 *C to the same extent as or much more than in Sin-B as

i shown in FIG.-10. It is remarkable that the resistance degrades
i so much at the elevated temperature in spite of no decrease

observed at 120*C. It is assumed that the higher temperature
may activate water molecule motion penetrating into the material.

The higher temperature Seg-a exposure is preferable compared
with Seq-b from the viewpoint that oxygen is not or less
concerned with the degradation both in Sim-B and Seg-a.

| [ PHASE-31
l' FIG.-Il shows that the Seg-a exposure at 120*C brings about
i enough degradation to simulate Sin-B. as far as only the
l mechanical properties of the EPR's are concerned, because of
I little long term effect in the air-free environments. However,

the higher temperature Seg-a exposure is preferable for the
simulation of Sim-B taking the electrical property into account,
although the Seq-b exposure is also available by the same reasons
as pointed out in PHASE-2.

[ PHASE-41
The higher temperature Seq-a exposure is most appilcable for

the simulation of Sim-B.

| 3-2-4. Simulation of Sin-C(short term, air-containing) by
i Sequential Method

[ PHASE-11
l As mentioned before, oxidation scission predominates in Sim-
| C. To simulate the environment, therefore, it is necessary to

Perform the sequential test under an oxidation condition both in
the pre-trradiation and the consequent steam exposure or in,

| either of the two. In FIG.-12 are shown typical mechanical
degradations of the Hypalons in the Seg-b exposures. where the
steam contains oxygen instead of less oxidation in the pre-
irradiation due to the higher dose rate, at various temperatures.;

'

'Though the mechanical properties are not degrade sufficiently to
simulate Sin-C by the Seq-b exposure at 120 * C, the higher
temperature causes enough degradation. It was also found that

i the degradation is stimulated to the same extent as or much more
|
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than in Sin-C by increasing the air partial pressure up to 0.5MPa 1

instead of elevating the temperature. I

[ PHASE-2]
The Seq-b exposure brings about sufficient electrical

degradation even at 120*C or the profiled temperature in the
EPR's formulated for reactor use (EPR-B and EPR-C) as shown in

FIG.-13. As regards EPR-A for general use, however, such a
sufficient degradation was not observed even at elevated
temperature up to 160*C. These results may be interpreted by

whether the material contains frame-retardant additives or not.
Therefore, the Seq-b exposure (120 *C & Profile) could be
applicable for the simulation of Sin-C as far as EPR's for
reactor use are concerned.

[ PHASE-3]
As shown in FIG.-14, the tensile strength degradation of

EPR-B in the Seq-b exposure approaches to the level of Sim-C
retaining a little difference at the higher temperature while the
elongation degrades at within 120*C to 160*C sufficiently for the
simulation of Sin-C. In this way, it was observed that either
of the elongation or the strength of EPR-A and EPR-B is not
degraded completely to the sufficient level even by the higher
temperature Seg-b exposure whereas both of the two properties of
EPR-C are degraded to the same extent as Sim-C.

On the other hand, the mechanical properties of all the
EPR's were found to degrade remarkably when the air partial
pressure in the steam was increased up to 0.5MPa in the Seg-b
exposure. However, the increased air content does not always
cause the sufficient electrical resistance decrease, as shown in
FIG.-15. In this example the resistance degradation is smaller
at larger air partial pressure if more than 0.05MPa. The result
is unexpected. Although it is assumed that excess oxygen
molecules may take part in some additional oxidation
decomposition resulting in the remarkable mechanical degradation
on one hand and in the suppression of the resistance decrease by
removing electrically sensitive species on the other hand, a
further investigation will be expected for the details.
Therefore, the Seq-b exposure with increased air partial pressure
in the steam may not be recommended at the present stage of the
investigation.

From the above results, it is supposed that the Seg-b
exposure at the elevated temperature is approximately applicable
for the simulation of Sin-C. For a strict simulation, however,
other sequential methods such as Seq-c or Seg-d will be referred.

[ PHASE-43
The conclusion is the same as PHASE-3.
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| 3-2-5. Simulation of Sin-D(long term, air-containing) by
| Sequential Method

[ PHASE-11
The elongation of the Hypalons is degraded by the Seq-b

i exposure at 160*C to a sufficient level for the simulation of
Sin-D whereas the tensile strength is not degraded sufficiently
as shown in FIG.-16. As already mentioned, the oxidationi

! , degradation is remarkable in Sin-D due to the long term or dose
rate effects compared with Sin-C. Therefore, it is suggested

| that sufficient oxygen supply is necessary not only in the steam
j exposure as Seq-b but also in the Precedin9 Pre-trradiation.
I FIG.-16 also shows the degradation in Seq-c exposures at 120 *C

after the pre-irradiations at a low dose rate (about ikGy/h) at
room temperature in air and at a higher dose rate (5kGy/h) but at
70 *C in air as well as in a Seg-d exposure at 120*C after pre-
irradiation of the same condition as the former of the above two.
These irradiations were performed for the materials to be
sufficiently oxidized already at the stage of the pre-
Irradiation. Experiments on the pre-irradiation in pressurized
oxygen.which is also supposed to cause the sufficient oxidation.
and the Seg-c and Seq-d exposures at elevated temperature after
these sufficiently oxidative irradiations are now in progress or
are planned to carry out. Since the Seg-b exposure at 160 * C
causes a considerable degradation in spite of the high dose rate
pre-trradiation. the Seg-d exposure which combines the
sufficiently oxidative pre-irradiation with the air-containing
steam exposure at elevated temperature is expected to be
promising for the simulation of Sin-D.

[ PHASE-21
FIG.-17 shows a typical degradation behavior of the

electrical resistance of the EPR's in the same exposures as
described above. It is notable that the resistance decreases,

considerably already at the stage of the pre-trradiation in cases
of the sufficiently oxidative irradiations and that, especially
in the air-free steam exposure at 120 'C following the pre-
irradiation at 70*C, it degrades much more approaching to the,

! level of Sim-D in spite of lower temperature and no oxygen in the
! steam. This suggests that the Seq-d exposure at elevated

temperattire after such a pre-irradiation may cause the same or
further extent of the degradation compared with Sin-D.

I [ PHASE-31
| As regards the mechanical properties of the EPR's, the same
: possibility as pointed out for the electrical property may be
| suggested by FIG.-18.

[ PHASE-41
The sufficiently oxidative pre-trradiation followed by the

i air-containing steam exposure at elevated temperature (Seq-d) is
| possibly expected to be applicable for the simulation of Sin-D.
|
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Especially the pre-irradiation at 70*C is promising from the
viewpoint of the electrical degradation behavior and because of

short time and simple device required. Practically the steam
temperature of the sequential exposure might be not necessarily

elevated so high because Sin-D is an extreme case adopted for
comparisons as mentioned earlier in this paper. The condition
will be determined by more realistic postulate on a long tern |

accident in an air-containing environment.
|'

4. CONCLUSION

The' various cases of the simultaneous LOCA exposures will
be well simulated by the sequential tests in which the conditions
of the irradiation and the steam are selected suitably to cause
the same extent of the degradations as in the simultaneous
environments, as indicated in TABLE-4.
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i [T A B L E- 1] Test conditions of simultaneous LOCA
|

exposures
i

l
CASE TEST DOSE RATE DOSE AIR PARTIAL PRESSURE

. PERIOD (k G y/ h) (MG y) IN STFAM Ora)
i ,.

10 up to 1. 5 .0| Sim-A ~1 Week ~

Sim-B ~ 3 Mo n t h s 0. 6 up to 1. 4 0

| Sim-C ~1 Week ~ 10 up to 1. 5 0. 05

Sim-D ~ 3 Mo n t h s 0. 6 up to 1. 4 0. 05
!

| TEMPERATURE PROFILE : IHR LOCA PROFILE & 120t CONSTANT

|
.

:

i

| 215
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[T A B L E- 2] Test conditions of sequential LOCA
exposures

i

CASE PRE-IRRADIATION STEAM / SPRAY EXPOSURE

Seq-a Saturated Steam (P 120t 140t 160t)
Hish Dose Rate (~10 kCy/h)

at room temperature Air-containing Steae
Seq-b in air (air 0.05Fa: P.120t.140t. 160t)

(air 0.13MPa.120t 0.25MPa.120t 0.5MPa.P & 120t)

Los Dose Rate (~1.0 kCy/h)
Seq-e at roce temperature in air Saturated Steam (120t)

Intermediate Dose Rate (5.0
kGy/h) at 70t in air
Intermediate Dose Rate (4.2

Seq-d kGy/h) at room temperature Air-containing Steam (120t. air 0.05&a)
la pressurized oxysen (0.5MPa)

DOSE: up to 1.5MGy P: PWR LOCA temperature profile

[T A B L E- 3] Summary of degradation behavlor in
various simultaneous LOCA exposures

CASE Predominant Reaction OXIDAfl0N LONG TERM EFFECT (DOSE RATE EFFECT)

SIm-A CROSS-LINNING NO -----------

HYPALON:Y E S (Additional Thereal Degradation)

S1m-B CROSS-LINNING NO
EPR:NO

Sim-C SCISSION YES -----------

HYPALON & EPR:Y E S(Addltional Thereal Degra-

S1m-D SCISSION Y E S (Remarkable) dation & SuffIclent Oxyaen Supply + SuffI-
cient flee for Oxidation Reactions)

-DEORADATION-
SIm-D>SIm-B>S1m-C>SIm-A (NYPALON MECHANICAL)

SIm-D>>S1m-C>-SIm-B>-SIm-A (EPR MECHANICAL and ELECTRICAL)
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[T A B L B- 4 ] Integrity phases of cables and corre-
sponding applicable sequential LOCA
simulations for various accident cases.

ACC I DENT C ASE APPLICABLE SIMULATION (SEQUENTIAL)

(SIMULTANEOUS) P II A S E - 1 PilASE-2 Pil A S E - 3 P il A S E - 4
Sheath Mech.(SM) Core Elec.(CE) CE+CoreMech. (CM) SM + CE + CM

Sim-A Seg-a Seq-b Seq-b Seg-b
(Short ters. Air-free)

Sim-B Seq-a Seq-a Seq-a Seq-a
(Long ters. Air-containing) (elevated temp.) (elevated temp.) (elevated temp.) (elevated temp.)

Sim-C Seg-b S e q - b (e) S e q - b (e) S e q - b (e)
(Short ters. Alr-containing) (elevated temp.) (elevated temp.) (elevated temp.) (elevated temp.)

S1m-D S e q - d (e ) S e q - d (**) S e q - d (e.) S e q - d (**)
Cons ters. Air-containing) (elevated temp.) (elevated temp.) (elevated temp.) (elevated teep.)

* : a little different from Sle-C
** I proelsins (The experleents are in progress.)

[FIC.-1] flee versus temperature profile for sleuttaneous and sequential LOCA
slaulations. (X: total exposure time)

iso'c iso'c

140*c.

W j ! j !| 'k 120*c
e : : : : : : i
8 : '. i : i :
W : : : : :

. :.a . . . .. .
| | : : : .- .
. * . : : : :

| | | : : :
: : | : : :
| | so'c |j j j jj j ,,39,.9,,

. .?.?=. . : : i | | : : i :
,

Temp. | | . . . : | |.
! ! ! : ! ! ! ! !

0 : 3 5 : 8 i 15 i
X

d to h d io h h isf*a- $15 M is ~
see sec ein. ein, sin.

EXPOSURE TIME (hours)

217



1

1
!

i

(FIG.-2] A typical degradation behavior of mechanical properties of the
flypalons in various simultaneous LOCA-simulating exposures
and the ultimato degradation levels (lly pa l o n- C) . ,

0: Sin-A, A : Sin-B, 0:Sim-C. 0 : Sin-D {
open mark: 120t . closed mark: Profile
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[PIL.-3] A typical degradation behavior of eechanical properties of the
8PR's in various slaultaneous LOCA-simulating exposures
and the ultimate degradation levels (EPR-C).

(The symbols are the same as in FIG.-2.)
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[ FIG.-4] A typical degradation behavior of electrical resistance of the
EPR's in various simultaneous LOCA-simulating exposures
and the ultimate degradation levels (EPR-B).

(The symbols are the same as in FIG.-2.)
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(FIG.-5) A typical degradation behavior of mechanical properties of the
Hypalons during the pre-trradiation at about 10kGy/h in air at room
temperature and the consequent steam / chemical spray exposures of |
Seg-a (O :120t . 9: Profile) and Seq-b (0 :120t . 5 : Profile sair ,l

partial pressure 0.05MPa). together with the degradation level of ')
Sin-A for comparison (Hypalon-A). '
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[ FIG.-6] A typical degradation behavior of electrical resistance of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steas/ chemical spray exposures of
Seg-a (0:120t . 9 : Profile) and Seg-b (0 :120t . E : Profile sair
partial pressure 0.05)!Pa). together with the degradation level of
Sin-A for comparison (EPR-B).
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(PIG.-8] A typical degradation behavior of mechanical properties of the
EPR's during the pre-irradiation at about 10kGy/h in air at room i

temperature and the consequent steam / chemical spray exposures of
Seg-a (O: 120t. 9: Profile) and Seg-b (0:120t . E : Profile sair
partial pressure 0.05MPa), together with the degradation level of
Sin-A for comparison (EPR-B).
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[ FIG.-9] A typical degradation behavior of mechanical properties of the
Hypalons during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam / chemical spray exposures of
Seg-a (0 : 120t , 6:140t. O :160 t ) , together with the degradation
level of Sin-B for comparison (Hypalon-D).
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[ FIG.-10] A typical degradation behavior of electrical resistance of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam / chemical spray exposures of
Seg-a (0 :120t , A :140t . O :160t ), together with the degradation
level of Sin-B for comparison (EPR-B).
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[ FIG.-11] A typical destadation behavior of sechanical properties of the
EPR's during the pre-irradiation at about IIkCy/h in air at room
temperature and the consequent stene/ chemical spray exposures of
Seg-a (0 :120t . A :148t . O :168t ) . tosether eith the desradation
level of Sin-B for comparison (EPR-B).
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[ FIG.-12] A typical degradation behavior of mechanical properties of the
Hypalons during the pre-trradiation at about 10kGy/h ir. air at room
temperature and the consequent steam / chemical spray exposures of
Seg-b (9 : Profile. 3 :120t . A :140t . [E :160t sair partial
pressure O.05MPa), together with the degradation level of Sin-C
for comparison (Hypalon-C).
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[ PIG.-13] A typical degradation behavior of electrical resistance of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam / chemical spray exposures of |

Seq-b (9 : Profile G : 120t . A :140 t . [E : 160 t ; air partial |
pressure 0.05MPa). together with the degradation level of Sin-C i

for comparison (EPR-B).
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[ FIG.-14] A typical degradation behavior of mechanical properties of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam / chemical spray exposures of
Seg-b (G : Profile. G :120t . A :140 t . [E :160 t ; air partial
pressure 0.05MPa). together with the degradation level of Sin-C
for comparison (EPR-B).
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[ FIG.-15] Degradation behavior of electrical resistance of EPR-B during the
pre-irradiation at about 10kGy/h in air at room temperature and the
consequent steam / chemical spray exposures at 120t with various
air partial pressures in the steam, together with the degradation
level of Sin-C for comparison .
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[ PIG.-16] A typical degradation behavior of mechanical properties of the
Hypalons during a high dose rate pre-irradia tion and suf ficiently
oxidative ones and during the consequent steam / chemical spray
exposures, together with the degradation level of Sim-D for com-
parison (Hypalon-C).
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4

[ FIG.-17] A typical degradation behavior of electrical resistance of the |

EPR's during a high dose rate pre-irradiation and suf ficiently |
oxidative ones and during the consequent steam / chemical spray 4

exposures, together with the degradation level of Sin-D for com- !

parison (EPR-C) .
(The symbols are the same as in FIG.-16.)
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[ FIG.-18] A typical degradation behavior of mechanical properties of the
EPR's during a high dose rate pre-irradiation and sufficiently
oxidative ones and during the consequent steam / chemical spray
exposures, together with the degradation level of Sin-D for com-
parison (EPR-C) .
(The symbols are the same as in FIG.-16.)
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EQUIPMENT QUALIFICATION AND SURVIVABILITY RESEARCH !

AT SANDIA NATIONAL LABORATORIES *

Lloyd L. Bonzon
Sandia National Laboratories, Albuquerque

Abstract

Since its inception in 1975, the Qualification Testing Evaluation
(QTE) Program has been concerned with several broad issues in
safety-related equipment qualification. These concerns encompass
both aging simulation methods as well as accident simulation
methods. Much of the effort is concerned with combined environments,
especially radiation in combination with other environments
including oxygen, temperature, mechanical stress, and accident
thermodynamic environments like pressure / temperature / chemical
spray. The Electrical Penetrations Assemblies (EPA) Program is
specifically concerned with the survival (i.e., leak-rate integrity).
of such assemblies under severe accident conditions. A brief
discussion of several current and planned projects illustrate the
scope of these NRC-sponsored efforts.

EPA Program

Introduction

The goal of this Program 1 is to evaluate the leak-rate integrity of
electrical penetration assemblies, under severe accident conditions (i.e. ,
beyond design basis accidents); the program supports the overall containment
integrity evaluation efforts sponsored by the NRC. Based on a previous
study,2 EPAs representing the three remaining it.S. manufacturers have been,
or will be, subjected to three representative severo accident profiles.

The EPAs and test profiles selected were based on plant usage and potential
for leakage (shown in Table 1).

The EPA plant and profile matches were finally selected as:

- D. G. O'Brien EPA (modular) in a FWR environment

* This paper was supported by the U.S. Nuclear Regulatory Commission, Office
of Reactor Safety Research, as part of the Qualification Testing Evaluation
(QTE) Program (FIN #A-1051) and the Electrical Penetration Assemblies (EPA)
Program (FIN #A-1364) being conducted by Sandia National Laboratoeles, under
Interagency Agreement DOE-40-550-75.
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Westinghouse EPA (modular) in a MK III'BWR environment-

- Conax EPAs (canister and modular) in a MK I BWR environment

All purchases were made for the most severe environment for which the EPA was
qualified and in accordance with applicable standards (e.g., IEEE 317-1976 and
323-1974). But, it must be emphasized that these are not qualification tests;
these severe accident environments are generally more severe than qualifica-
tion tests. Moreover, our emphasis is leak integrity with only a secondary
interest in electrical functionability.

TABLE 1 |

Potential for Leakane I

D. C. O'Brien Westinahouse Conax

Organic seals and gaskets I I

Elastomer 0-rings on header plates I I I

Designs for low pressure capability I

D. B. O'Brien EPA Test

The first test has recently been completed.3 A p, c, o.Brien EPA was
subjected to a simulated (large-PWR) severe accident with peak pressure of

0155 psia at 361 F (saturated steam); radiation and thermal aging was a part
of the test program (200 Mead and 135*C for 168 hours). The steam test
included a slow camp to full pressure over a 12-hour period, then held for 9
1/2 days, with a slow (12-hour) camp down to check for contraction leakage.
These are significant overtests to obtain engineering data.

Although evaluations continue, there were no detectable leaks through the ZPA
during the steen pressurized portions, including none through the header plate
0-ring seals. As a significant secondary issue, the electrical properties of
the EPA descaded over the first 2 days to the point that all modules measured
less than 106 ohns to ground at 50 volts, and 5 out of the 8 circuits allowed
(at least) 1/2 amp leskage currents to ground after 10 days. Figures 1 and 2
show representative results. ,

Future Tests

Tests of a Westinghouse EPA are currently under way. It will be subjected to
a simulated (Mark III, BWR) severe accident with a peak pressure of 75 psia

'

at 400 F (superheated steam). Planning is under way for the third test in0

this series that will involve a Conax EPA subjected to a simulated (Mark I,

,
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,

WWE) severe' accident with the most extreme environments, 135 pois and 700 F j0

(superheated steam), j'
,

OTg Prostram

4This overall Program effort has 'four major objectives:

to_obtain data needed for. confirmation of the suitability of current) -

i standards and regulatory guides for class 1E safety-related equipment

to obtain data that will provide improved technical bases for.

modifications of these standards and guides Where appropriate i

to establish data-baced and standardized test methodologies for. equipment.

j- qualification programs.
'

to support the NRC licensing process with qualification expertise andi .

test capabilities

i: The Program is issues oriented covering the major areas of: (1) methods for
j. simulating aging conditions, (2) methods for simulating accident' conditions, i

and (3) special topics. Table 2 summarizes these issues. To illustrate
recent developments, several selected activities will be described in the !

,

following section, covering the broad areas of aging and accident methods
4 research. It is essential that the interested reader refer to the References

to get the details of the experimental method and results; it is not possible'

i to provide that detail here.
J

4 Amina-Research Materials Dearadation. Modelina and Techniques ,

'

sandia researchers have published numerous reports 5-9 on material
i
' degradation as a function of dose, dose-rate, combined (radiation plus ;

thermal) environments, sequential and simultaneous aging. More recent;
' activities have concentrated on modeling techniques for dose-rate effects so 1

'
that the extrapolation from accelerated-aging can be made to actual use.

conditions.10 This is an excellent example of applications-oriented ,
t

NRC-sponsored research and is illustrated in Figures 3 and 4.'

.o

) Figure 3 shows a seeming miscellaneous collection of dose-rate at various
!temperatures data leading to a specific Dose to Equivalent Damsgo (DED), here

chosen as a 60% change in elongation. Using the models developed in
'

j Reference 10, the data shift smoothly as shown in Figure 4 and now
extrapolations to use conditions can be made. This "peedictive" capability '

- is a major advance in the state-of-the art of accelerated aging.

! Another benefit of this work has been the development of several, simple
techniques.to determine the uniformity of material degradation.9 These ,

!.

i techniques include the use of density gradient columns, microhardness
j profiling, and metallographic polishing.6,11,12 In particular, density
{ profiling is a simple technique trat can quickly identify degradation (

heterogenetties that may be an artifact of the choice of accelerated aging!

parameters. Figure 5 shows an example, with time and temperature as
:

I

1
|

l

|
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TABLE 2

Technical Issues Related to Methods for Simulating Azinz Conditions

Realistic Ambient Environments*

Validity of Arrhenius Method+

Dose Rate Effects=

Simultaneous / Sequential Exposures=

Mechanical Stress Effects*

Oxygen Effects+

Humidity Effects*

Analytical and Experimental Techniques for Correlation*

Comparison of Artificially and Naturally Aged Equipment*

Technical Issues Related to Methods for Simulating Accident Conditions

Simultaneous / Sequential Exposures*

Superheated/ Saturated Steam Effects-

Thermal Shock and Steam Impingement*

Dose-Rate Effects*

Beta / Gamma Radiation Effects*

0xygen Effects*

Chemical Sycay Effects*

Acceleration of Postaccident Environments*

Sensitivity of Accident Simulations to Aging Methods*

Hydrogen Burn Influence on Accident Simulation Methods*

Submergence Simulation*

Special Topics Related to Equipment Qualification

Statistical /Fragilit/ Concepts Versus Margin+

TMI-2 Experienceo*

Evaluation of Qualification Procedures for Specific Equipment Types+

BG 1.97 Requirements*

Fiberoptics Radiation and Qualification Issues*

Realistic Accident Radiation Environments and Calculational Models+

Criteria for Selecting Simulation Methods+

Review of Standards and Culdes*

Battery Aging Methods*

Radiation Damage Thresholds*

,
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parameters; it clearly shows that oxygen cannot diffuse to the interior
(middle) of the sample rapidly enough to compensate for the high temperatures
used and hence the material density increases at the exposed surfaces.

Some new work has been initiated in the area of combined dose (dose-rate),
temperature, and mechanical stress on seals and gaskets. Also, based on an
eactier study of electronics aging,13 electronic pieceparts are being
studied by varying several parameters: component type, dose, dose-rate,
temperature, and voltage bias.

Atina Research: Batteries

A project involving the seismic-fragility of nuclear station batteries has
ceveral objectives:

To determine actual failure modes and thresholds, primarily using+

naturally-aged cells.

To select the dominant aging mechanism (s) through this testing*

experience, other test experience, and expert evaluations.

To compare / correlate the response of naturally-aged cells and cells aged*

by the accelerated methods described in IEEE Std. 535-1979 and compare
dominant failure modes in both cases.

132 132

150' C 130' C'
L30 L30 -

7 days 28 days
128 - 'u L28 -

4 sg -

L26 L26 -

t,
-

. y
*m

L24 - 2 days 124 -

]dovs
122 -gg. . . . . . .. . . . . . t22 -

- - .

bnoged t

' ' ' ' ' ' ' '120 L20
O 20 40 60 80 10 0 0 20 40 60 80 10 0

P (% of width)

Figure 5: Density profiles for the nitrile rubber material heat aged in
air. A: aging at 150*C. B: aging at 130*C.
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To determine appropriate aging methodologies for the dominant*

mechanism (s).

.To demonstrate the methodologies by a specific demonstration test program..

To make final recommen.lations of the appropriate accelerated-aging+

methodology (ies) for naclear station batteries.
.

We were fortunate in obtaining naturally-aged batteries from several nuclear
power' stations which repeesented all three major manufacturers: Could
McE-2250, 12-years service; Exide FHC-19, 10-years service; C&D LCU-13,
10-years service. In addition, 27-year old Exide EMP-13 cells were available

Seismic-fragility tests have been conducted on these and,

fromshipgnggoet.
reported It must be emphasized, however, that these tests were done-

'

to severe acceleration levels involving repeated severe motion; they are not
directly comparable to qualification tests. In one case, the cells were

destroyed because of complete breakage at the positive bus bar and terminal'

post interface. There was also loss of electrical discharge capacity
capability in many cells. A detailed age-degradation report is being
prepared which includes teardown evaluations. Some preliminary conclusions
include:

1. The batteries, in general, were very durable considering the repeated,
high-level seismic fragility tests imposed. (These are not qualification

testst)

2. Embrittlement and/or cracking of positive buses was aided by corrosion
4 along large grain boundaries in all cell types tested. Fine grained

material remained ductile.

3. Formation of brittle bus material is a significant aging effect which can
lead to abrupt failure during a seismic event or reduced capacity after
the event.

4. Excessive ruiphation leading to plate hardening and expansion is also an
aging effect of significance, but of less importance than the formation
of brittle materials, as it reduces postseismic discharge capacity and
increases self-discharge.

S. There is evidence that overcharging is a significant aging mechanism.
,

t

New cells, of the same type, were also obtained. Baseline seismic-fragility
tests were run on some cells for comparisons, and detailed evaluations are'

being conducted.1

Some new cells were also aged using the IEEE-535 suggested methods.
Seismic-fragility te=ts were run on these in mid-September 1985. The failure
modes were very different than for the naturally-aged cells. Besides jar
cracking (in some cases, total destruction), first looks at the

! (accelerated-aged) plates showed them to be in very bad condition, see Figure
6. Analyses and reporting continues. The results from these two aging

!

|
'
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Figure 6: Results of seismic-fragility tests of an artificially-aged
(12-years per IEEE-535) NCI-2250 cell.

methods will be evaluated in order to establish the relevance and
applicability of accelerated aging methods.

Accident Research: Adequacy of Radiation Simulators

In evaluating the adequacy of radiation simulators, the concern is for the
accident situation: high dose rates, large total doses, gamma and beta
radiations, and combined accident environments. Particularly, the presence
of beta radiation complicates the testing of mateeial and equipment
specimens. Electron-irradiation charge-breakdown experiments were previously
done on rubber insulation materials;18 charge breakdown was not apparent
using "real" conditions (but was observed during experiments in vacuum).

'

Currently the simulator-adequacy evaluation activity involves comparison of
beta and gamma effects on material degradations to determine a
gamma-equivalent test approach; this work is being done jointly with French
researchers.

In the joint U.S./ French project we are attempting to determine the photon
dose required to import damage equivalent to that resulting from beta
radiation on selected organic materials; this is being done in three phases,
(1) dosimetry and faellity normalization, (2) gamma and beta materials
irradiations, and (3) synergistic effects of mixed radiation fields. Phase 1

243
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has just been completed and the Phase-2 Screening tests are just being
initiated; these include several test parameters:

Specimens - 1-am and 2-mm thick EPR
Exposures - beta and Co-60 gamma

- 0, 15, and 50 Mead
0.3, 1, and 2 Mead /hr i-

'

Beta energies - 0.S, 1.0 Mev

Accident Research: LOCA Tests

combined-environments accident testing has been done, and continues. The
importance of oxygen during accident simulations has been observed and
reported.19 Enhanced degradation of materials in simultaneous (radiation
plus accident thermodynamic) profiles has also been observed and
reported.20 The " sensitivity" of material degradation to the choice of
aging and accident simulation methods has just been completed and
reported.21

This latter effort is especially interesting because it provides the start
for a data base from which a generic test sequence that is " conservative" for
all materials can be selected. Eighteen U.S. and French materials were
exposed to a wide variety of aging and accident simulation techniques:

- Accident simulations were performed both sequentially and simultaneously.

- Accident steam exposures were performed both with and without air.

- Irradiations were performed both at 28'C (R28) and 70*C (R70).

,

- Sequential aging exposures were performed using two sequences:
T+R and R+T.

Table 3 shows the qualitative conclusion for each material type. In summary,
we were able to conclude that:

4

- R+T aging was generally more conservative than T*R aging.

Material classification and chemical composition had an important-

influence on test results.

- LOCA(air) exposures were generally more degrading than LOCA(nitrogen)
exposures, but not universally so.

For all of the materials of our data base, the following qualitative
conclusion applies:

A E70+T aging simulation followed by a R70+LOCA(air) accident
simulation would be appropelate.

! 244
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TABLE 3

Qualitative Conclusions for Each Class of Material
Joint U.S./ French Program

Material Class Appropriate Sequential Qualification Procedures

Cross-linked Polyolefins

.XLPO 1 Any sequential simulation

XLPO-2 Any sequential simulation

PRC (82II). Any aging sequence followed by R70 + LOCA(air)
accident simulation

Ethylene Propylene Rubbers

EPDM (82I2) A R + T aging sequence followed by
i any accident simulation

EPDM(82I9) A R + T aging sequence followed by
a R70+LOCA(air) accident simulation

EPR (82H4) Any sequential simulation

EPR 1 A R + T aging sequence followed by a
| R70 + LOCA(air) accident simulation
| EPR 2 A R70 + T, or T + R70 aging sequence
| followed by R70 + LOCA(air) accident simulation

TEF2EL-
L

TEF2EL 1- Elevated temperature irradiations for sequential
aging and accident exposures

i

TEFZEL 2 R70 + T aging sequence followed by an
accident simulation

!

| Ch lo rosu lf onated
i Polyethylene

hfPALON (82G10) Any sequential simulation

CSPE' R70 + T aging sequence followed by an
; accident simulation

0-Ring Materials Any sequential simulation

Connector Materials

PPS (82H6) Any sequential simulation

' Polydially1phtalate Any aging samulation followed by the
(82H5) R28 + LOCA(air) or R70 + LOCA(air)

accident simulations,

|

|
VAMAC Any sequential simulation

!

| CPE R70 + T aging technique followed by any
accident simulation

!

!
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Very recently,22 tests of cables in superheated-steam conditions was
20 og gpg; completed. The impetus for the effort was to repeat earlier tests

cables which were done in saturated-steam (consequently at higher pressure).

j Figure 7 shows the response of the most severely degradad cable. But as shown
in Figure 8, the response of EPR cables in superheated-steam closely paral-'

1eled the previous saturated-steam test results. The preliminary results are:

1. ~ Single conductors and multiconductors behaved difforently for aged EPR D
' lot I cables. This suggests that qualifying single conductors may not be'

appropriate to qualify multiconductors.

2. Since the same results were found using superheated-steam as were found
using saturated-steam conditions, the superheat parameter appears to have
little effect. ,It only delays the failure of the cables slightly.

3. EPR D lot I was certified to 1.OCA requirements, but failed the test. EPR
D lot 2, although not certified, passed the test. Two possible i

explanations for this result are (1) some change in material and/or i

processing occurred between lot 1 and lot 2 and/or (2) there was
insufficLent quality control.

4. Since only one product (aged multiconductor EPR D lot 1 cable) had low IR'

values and large leakage currents, the differences between the electrical
degradation of single and multiconductor cables does not appear to be<

generic to all cables,
4

i i

Maior Planned Activities
i

68e expect a major test emphasis in FY-86, and numerous tests and test1

planning are currently und6eway. To provide an overview, Table 4 is a'

summary of these plans. Of course, test results and sponsor needs will
affect the activities actually accomplished.

Susewer

! The USMRC concerns for data-based equipment qualification methods and
equipment integrity information are being addrested in t'te QTE and EPAa

Programs. The results presented in this paper illustrate the most recent, :

i and planned, activities. In summary: ;

-
,

Significant research has been conducted and documented.-

!

Results have impacted the regulation and licensing process.-

Several new areas of investigation are underway or planned.-

' - The program represents a coordinated issues-oriented effort.
.

Issues resolutions are well underway.-

1

!
,
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Figure 7: Posttest photo showing the responsen of EPRD, Lot 1 multiconductor
.,

cable, after a simultaneous superheated-steam test.
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| cable, after a simultaneous saturated-steam test.
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TABLE 4 1

Ma3or Planned Activities
'

f

Azina Research

General materials evaluations*

Seals / gaskets, including mechanical stress+

Thermal-Arrhenius validity+

U.S./ Japan oxygen overpressure research+

Battery aging methods t+
, , _ _ .

Acquire ambient-aged equipment for evaluation ( Ambient+

plant environments)'

Electronics aging evaluations*

.

bAccident Radiation Environments Research ,

s

Joint U.S./ French bets / gamma equivalence+

Sandia program on beta effects (materials and equipment)+

Impact of Source Term research*

Calculational models for dose / rates to safety-related equipment' +

,, ,

Accident Research ;,

'Radiation monitor tests*

Coaxial / triaxial cable tests*

Oxygen overpressure effects on cables / materials+

Post-DBE acceleration tests on materials / cables and selected+

equipment
'Long-term aging and LOCA tests on cables '+

Sealing systems (moisture ingress) tests*

Transmitter tests,+

Integral systems tests+

Evaluation of impact of TMI-2 resesech on EQ methods.

t-
,

Plannina*

1

Complete Issues Resolution topical reporti +

Update long-range rosaarch' plan+

Summary report of signi icant foreign research..

.

I

s

.
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Fire Protection and Hydrogen Burn Equipment Survival
Research

i D. L. Berry

Sandia National Laboratories
,

ABSTRACT

%
A discussion is presented of the Fire Protection and Hydrogen
Burn Equipment Survival Research Programs at Sandia National
Laboratories, with emphasis on the experimental efforts'

completed in FY85 to characterize fires and fire damage and to
,

understand equipment response to hydrogen burns. The results
of fire characterization tests, electrical cabinet fire tests,
large-scale enclosure fire tests, and cable and relay damage,

threshold tests are described. The results of hydrogen burn
simulation tests of cable, solenoid valves, and pressure
transmitters are also described, including testing using both
realistic heat flux conditions and heat fluxes beyond those
anticipated during an actual hydrogen burn. Plans for FY86
analysis and testing are summarized.

INTRODUCTION

The Fire Protection and Hydrogen Burn Equipment Survival
research programs at Sandia National Laboratories involve both

* testing and analyses. Each program has followed separate yet
parallel paths for assessing the likelihood that equipment will

^ survive either a fire or a hydrogen burn accident environment.
To do this, both programs have strived to characterize their
respective accident conditions and to test the survivability of
equipment to these conditions. For fire protection research,

,
work has been aimed at supporting licensing and probabilistic
analysis nieeds for data relevant to nuclear power plant

i- situations. For hydrogen burn research, work has been aimed at
performing experiments and analyses to support past and pending'

i licensing decisions which require an understanding of equipment
thermal response and survival in a hydrogen burn. Because of
-the' obvious environmental similarities that oxist between fire
and hydrogen burn' equipment survival, research for these
programs is being performed at Sandia within one division using
some of the same facilities and analysis techniques.

idp 4
FIRE PROTECTION RESEARCH

The objectives of the Sandia Fire Protection Research Program
have changed over the years since its inception in 1975.
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During~its initial phases, emphasis was placed on performing
tests which would confirm the adequacy of a variety of fire
protection measures that were being proposed or implemented as
regulations. The results of this work yielded insights into
the adequacy of fire protection measures being used in nuclear
power plants, with a summary of the major findings given in
Reference 1. Examples of conclusions derived from this work
include:

1. Fire retardant cable insulation, coatings, cable tray
' covers, or solid bottom cable trays reduce fire

; '

severity.

2. Even qualified cabling or cabling protected with
coatings can be ignited, burned, or damaged.

i

|
and Halon suppression systems eventually3. Water, CO2,

extinguish fires, even those that involve deep seated
burning conditions.

4. Gaseous suppression agents permit temperatures in rooms
, to remain high and water produces severe moisture

environments which could damage equipment.'

S. Penetration seals to prevent the spread of fire may
fail if they have cracks as a result of installation or

: maintenance operations.
r

i

6. Hot gas layers can cause damage to equipment or cabling
that is spatially separated from a source fire.

In recent years the fire protection research program has
shifted from a program in which the adequacy of specializedi

fire protection measures is confirmed through testing to a
program aimed at providing the analytical tools and data base
necessary for judging the residual risk of fire to the overall
safety of power plants. The need for this new emphasis was i

|, highlighted by the findings of numerous probabilistic risk
i assessments (PRA's) that have indicated that the core melt
| frequency estimated for fire represents a significant portion
| of the overall core melt frequency attributable to other
i accident scenarios. Although in most cases, steps have been
: taken to reduce these estimates by eliminating the specific

i
sequences that contributed to them, the fact remains that

I several different assessments of fire risk indicate that fire
may represent a significant threat to power plant safety and in
some cases may represent a threat that exceeds accident,

i

i
scenarios traditionally assumed to be dominant (e.g. seismic).

Unfortunately, though, fire risk assessments have been forced
! to base assumptions and analyses on a marginal understanding of
| fire phenomena and the effect of fire environments on the
i
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operability of safety equipment in nuclear power plants. In
some cases these assumptions' appear to have a conservative
basis, while in other cases the analyses may have overlooked
some of the impacts of fire. Several important examples of
where fire risk assessments have been forced to make
unsubstantiated assumptions involve the effectiveness of
ventilation systems to control smoke movement during fires, the
ability of manual fire fighting teams to perform in the
confines of a power plant, the detrimental effects of
suppression actuation or invertant suppression actuation, the
vulnerability of safety equipment to fire environments, and the

.

susceptibility of control rooms or remote shutdown areas to
cabinet fires. Although Sandia has done or is planning to do

I work in each of these areas, only those areas. investigated in
'

FY85 will be discussed here. This will be done in the context
of the steps and data base needs of a fire risk assessment.

( Fire FRA's
t

! In general, fire risk assessments involve four major steps
I which are intended to yield a quantitative estimate of the

frequency of core melt attributable to fires of various types
in a nuclear power plant. The four steps involve:

1. Selection of plant areas for analysis:

2. Selection of ignition probabilities and fire scenarios:

3. Calculation of expected fire environments:

4. Assessment of component damage resulting from the fire
environments.

Except for the first task, which is based upon a systems
analysis of required safety operations in a nuclear power

| plant, all steps of the fire risk assessment require data and
I analysis tools unique to fire. The tasks outlined in the NRC
| fire protection research program plan, Reference 2, are aimed
| at gathering required data on potential fire sources, ensuing
i fire environments, and equipment response in support of

performina steps two through four of a fire risk assessment.
I

i Fire Characterization
:

Fire environment models available for performing fire
probabilistic risk assessments are unable, using current
technology, to accurately predict the burning characteristics
of source fires. As a result, these models generally rely upon
fire characterization input of source fires as described by
heat. release rates and combustion product release rates. The
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;

objective of the fire characterization task is to determine the
rates of heat and combustion product release during open
burning for a variety of transient and insitu fuels found in*

nuclear power plants. To date work has concentrated on trash
3

fires, liquid pool fires, and electrical cabinet fires
involving cable insulation. In the future, testing involving
cable. trays as source fires for fire models will be
performed. To date, a variety of parameters including fuel

'.
configuration, fuel quantity, rates of burning and fuel type
have been investigated. Over twenty-four (24) heat release

| rate tests on various types and sizes of fuels have been
completed, with approximately 15 full-scale cabinet fire burn
tests using IEEE-383 qualified or unqualified cabling also
being performed.

!

The facility used to perform these tests is shown in Figure 1. i

As configured, the facility controls the amount of air l
;

; available for burning by a forced ventilation system, and it

| monitors the combustion products released by the fire to yield
;

rates of heat release as a function of oxygen consumption and
carbon dioxide and carbon monoxide production. In addition, a

.

variety of thermocouples, calorimeters, radiometers, and flow
measuring devices are installed for each of the tests. For the'

j cabinet tests, approximately 120 channels of data were recorded. |
i Load cell information giving mass release rates was measured to i

compare with the oxygen consumption measurements to yield an i

estimated smoke production rate in terms of unburned4

pyrolyzates.

As an initial calibration of the facility, burner tests were
performed using calibrated burners to yield a comparison of the'

1 measured heat release cate to the theoretical heat release rate
i based upon the mass of fuel burned. Figure 2 shows the '

j comparison of these results for unsmoothed mass loss rate
; data. It can be seen that a favorable comparison exists,

takicg into account an approximate 2 minute delay time in the'
'

i response of the gas analysis equipment. For each of the source
I fire burns, heat release rates and some temperature

measurements were made. Figure 3 shows a typical example of4

the results obtained for a trash fire involving a thirty gallon
plastic trash can of the type found in some nuclear power

4

| Plants. It can be seen here that the peak heat release rate
i during this fire was ~ 110 kilowatts.

The cabinet fire characterization effort represented a more

| extensive test scheme. A major objective of this effort was to
gather information on the way cabinet fires may be expected to

e burn to serve as input into full-scale room testing using a
|control room mock up. In order to perform these tests, it was4

| necessary to establish the test parameters to be investigated.
This was done by performing a number of surveys of nuclear'

i
;
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: power plants, architectucal engineers, and nuclear steam supply
l- system vendors to establish typical tanges of cabinet. sizes, i

fuel loads, construction materials, and cabinet configurations I! for testing.
!

The initial test series involved vertical cabinets, using both
.

qualified and unqualified cable, with an ignition source based
; upon discussions with NRC inspectors and observations by Sandia

pecsonnel during visits to power olants. The ignition source
.

consisted of a plastic bucket with a box of cleaning tissues
' ,

and a quatt of acetone in a plastic bottle. This source was |
chosen because it had been observed in actual power plants, and,

it represents what we believe to be a credible ignition
source,

i

Figute 4 shows the results of one of the cabinet tests*

involving a vettical cabinet with a fuel load of unqualified
cable, together with the ignition source of a plastic bucket,
cleaning tissues, and acetone. As can be seen from the test
sequence photos, the fire involving unqualified cable developed
very quickly. For this test, heat telease cate measurements'

! gave a peak value of - 1000 kilowatts. A similar sequence is
shown in Figure 5 for qualified cable in the same configuration

*

as that in Figure 4 for unqualified cable. In this case it can
be seen that the degree of burning within the cabinet was;

| limited to the initial cable bundles exposed to the source
1 fire. For this case, the peak heat release cate was measured

to be only - 57 kilowatts. In two later tests, the results
shown in Figures 4 and 5 were reinvestigated using benchboard
style cabinets. However, in an effort to achieve an even more

,

| tealistic ignition scenacio, the benchboard test using
j unqualified cable used an electric ignition source of
' approximately 100 watts concentrated at a screw in a terminal

block. This simulated a high tesistance point of over
'

heating. Figure 6 shows the results of this test, indicating
clearly that an electrically ignited fire is possible and'can
grow quickly and achieve a large heat telease cate in

| unqualified cable. Efforts to electrically ignite qualified
1 cable using the same scheme have been unsuccessful. Figure 7

shows the details of the electrical ignition source used to'

statt the fire in Figure 6. The results of the qualified cable
benchboard test are not yet available.

On the basis of test findings to date involving cabinet fires a
j number of conclusions can be teached. First, it appears that
; for qualified cable the intensity of a cabinet fire is low
; enough as to pose no appteciable threat to adjacent cabinets ot
; to other equipment around a cabinet in terms of high

temperatures. Second, for unqualified cable fires in cabinets,
the thermal effects of the fire on equipment within the room

,

i containing the cabinet are not severe, however the potential
! appears to exist for igniting other unqualified cable in
4

i
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I
|

cabinets adjacent to a burning cabinet as a result of heat
transfer between walls separating the cabinets. Third, for |
both qualified and unqualified cable, the amount of smoke j
produced during cable fires appears to be large enough to ;

obscure the vision of operators and fire fighting teams within !
a short time after the start of the fire. )

i

The validity of these conclusions is being examined further in 1

testing underway at Factory Mutual Research Corporation, J

sponsored by Sandia for the NRC as part of the enclosure fire i

environment testing being conducted there.

Enclosure Fire Environment Testing

For a fire probabilistic analysis, the timing of fire scenarios
and the resulting environments must be calculated using room
fire models. With information on the strength of source fires
from fire characterization testing, room fire models can be
used to calculate the temperatures and in some cases smoke
concentrations that result throughout a room from a fire of a
given magnitude. To date, only a few fire models have been
used or proposed for use in nuclear power plant fire PRA's.
Unfortunately, however, each of these models lacks an adequate
data base for validation and benchmarking. As a result,
questions often arise regarding the validity of the models and
the accuracy of their predictions.

The objective of the enclosure fire test effort is to provide a
quantitative data base on the environments resulting from fires
involving fuels, room configurations, and ventilation
conditions found in nuclear power plants. To do this work,
Sandia~ surveyed a large number of facilities in the United
States that could perform full-scale room testing. As a result
of this survey and a subsequent contracting effort, Factory
Mutual Research Corporation was chosen to perform tests in a
room that is 60' x 40' x 20' high with an extensive
instrumentation array of about 300 channels. The room selected
for the testing was based upon our surveys of typical room
sizes in nuclear power plants and represents the largest test
effort of its kind ever conducted.

To date, the first seventeen tests in Phase I of the enclosure
test effort have been completed with the remaining six tests in
Phase I currently being performed. Figure 8 shows the control
room mock up configuration being used for the last six tests of
Phase I. Besides the extensive instrumentation provided in
these tests, a variety of other capabilities have been planned
for and incorporated as part of this test program. These
include the capability to vary the ventilation rate between 1
and 10 room changes per hour, the capability to lower the
ceiling height from 20 feet to 14 feet using a false ceiling,
and the capability to subdivide the room into a smaller room to
investigate the effects of smoke movement from room to room.
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|
From the tests completed to date, a few observations can be
made. First, it appears that for fires as large as 2000
kilowatts, the thermal environments in large rooms are not
severe enough to cause flash-over conditions or even
autoignition of other combustibles. In contrast to this
however, it appears that smoke production and its distribution
throughout large rooms poses a severe problem in the form of
obscuring virtually all visibility within a short time. During
one test using a 500 kilowatt propylene burner which produced a
sooty smoke similar to that observed from cable insulation, the
test room became obscured to eye level within about three (3)
minutes, and within five (5) minutes, the smoke level descended
to the floor obscuring even 1000 watt light bulbs located only
20 feet from an observation window. This condition occurred
despite the fact that the room was being ventilated at a rate
of 8000 cubic feet per minute or 10 exchanges per hour. The
full significance of this observation must await data reduction

| of light obscuration measurements and subsequent testing
| involving actual cables in cabinets and in cabic trays.
!

Equipment Damage Threshold Testino

In order to make an assessment of the possibility and
probability of fire-induced component damage which might
jeopardize plant safety, component fragility data must be
available. To date, most fire probabilistic assessments have
limited their scope to the failure of electrical cabling under |

conditions estimated to be autoignition temperatures of the
cable. In one case, consideration was given to the failure of
cabling at temperatures below autoignition conditions.
However, relevant data to support this analysis was not
available.

The objective of the component failure threshold test effort is
( to obtain data relevant to nuclear power plant components for
i their damage potential and failure thresholds under fire

environment conditions. To do this, several classes of
| components have been screened on the basis of their functional
| intolerance to fire, their damage proneness, and their safety
! significance. Some of the top ranking components have been

tested under actual fire conditions and simulated fire
conditions using a test chamber. The purpose of performing
experiments in a test chamber is to ensure reproducible fire<

! environments involving controlled convective and radiative
| heating, water sprays, high humidities, smoke particulates, and
| corrosive vapors.
!

j To date, tests have been performed on qualified and unqualified
t cables and control relays. The cables selected were the same
| as those used during previous tests by Sandia, including the 20
| foot separation tests performed by Underwriters Laboratories
!

l

I

l
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for Sandia in 1983 (Ref. 3). For the cable tests and relay
tests the chamber shown in Figure 9 was used to produce a
variety of transient temperature conditions in which the
temperature of the walls of the chamber and convective air
entering the chamber was ramped to correspond to conditions
. measured during the 20 foot fire tests and other transient'

tests. The relays used in the test effort were of the same
manufacturer'and model type as those used in the LaSalle
Nuclear Power Plant which is being studied as part of the Riski

I' Methodology Integration and Evaluation Program PRA.

I For the cables, a variety of observations were made as a result
of the test effort. These are illustrated in Figures 10 and.

11. For both qualified and unqualified cable as illustrated in'

Figure 10, it was found that cabling having ends terminating
within the test chamber electrically failed earlier than those2

cases where the corresponding cable had ends outside of the
test chamber. This observation leads to the conclusion that in
order to, appropriately account for the failure thresholds of
cabling under fire conditions, the installation conditions of

j the cabling, including its termination within a room of
interest, needs to be considered. In Figure 11 another effect

t
is noticeable which can influence the susceptibility of cables '

j to fire damage. In this figure it can be seen that cable
damage was experienced as a result of convective heat transfer
in certain areas of the test chamber having a high velocity
corresponding to the velocities measured during the 20 foot
fire tests. Where velocities were not as high, yet
temperatures were the same as those in high velocity regions of-

; the chamber, cable damage was not observed. This dependence of
failure of cabling on convective heat transfer raises questions'

about the use of radiative heat testing for determining the
; failure thresholds of cable. Because of the dependence of heat

transfer on the velocity of air, a factor of two to four in'

heat transfer rate can be caused by the flow of hot gases from
a fire. Other findings of the cable damage testing effort are

! presented in Ref. 4.
,

For the control relays tested, it was found that the
operability of the relays, under high temperature conditions

,

exceeded manufacturers estimates. In one case a relay -

continued to operate until temperatures reached 400*C in the
| test chamber, well beyond the temperature threshold at which
! one would expect relay failure. Figures 12 and 13 show the

temperature profile and the resulting relay damage for one of,

4 the relays tested.

Future component test efforts will concentrate on the
damageability of components under other fire environment,

i conditions including high humidities, sprays, and corrosive
vapors. During actual fire testing, it was found that a4

4

i
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.

significant amount of hydrochloric acid can be produced by the]

i smoke from chloride containing cables. In addition, during
suppression activities, watet may be sprayed directly on,

,cabling or components that have not been damaged by thermal
effects. Furthet, high humidity conditions resulting from
supptension activities, together with cotrosive vapoca
containing hydrogen chloride have baen observed in actual fires;

to produce severe cotrosive damage to components. The degree 4

to which cables or components that have survived high;

temperatures, may be jeopardized by noistute or corrosive
; environments is now being investigated as part of chambec
. simulation tests and full-scale tests at Factory Mutual
{ Reseatch Corporation.
4

| HYDROGEN BURN SURVIVAL RESEARCH
I

,

! The Hydrogen Burn Equipment Survival Program has two primacy !
| objectives. The first is to develop an understanding of the '

j performance oc modes of failure of safety-related equipment
,

when subjected to the environments resulting from hydrogen'

combustion in a reactor containment building. The second is to
develop analytical means of predicting the response of1

j safety-telated equipment to a hydcogen burn environment. Aftec
{ an initial effort in FY81 and 82 to identify safety-related
4 components in use in nuclear power plants which may be
! subjected to hydcogen burn environments, work began in FY83 to ;

develop a simulation schere for testing equipment under'the
! heat flux conditions resuliing from a hydcogen burn using the
! Sandia Central Receiver Tes Facility. In addition to this, a
! computer program (called HYLER), used to calculate hydrogen
i burn envitonnents, was developed and analyses were performed of

the data generated ducing the Electric Power Research Institute
. (EPRI) large-scale hydrogen burn tests at the Nevada Test Site
| (NTS). All of this wock was aimed at gathering a better
2 understanding of the damageability of safety components to a
i hydcogen burn envitonment and to support NRC's tule making
i activities regarding large dcy containments, ice condenser
i containments, subatmosphetic containments, and BWR NARK III
j containments. Moce recently, wock at Sandia is shifting to

address questions cegarding standing flame environment -

j conditions in BWR containments.
,

In FY85, two socios of hydrogen burn simulation tests were*

conducted. The first was a simulation of a thirteen volume ,

! percent hydrogen deflagtation from the EPRI-NTS test series. |
j Ducing the simulation test socies, Class 1E pressure '

i transmitters and electrical cables were subjected to the heat
; flux pulse of an EPRI-NTS test. A second series of hydrogen
i buen simulation tests involved endurance testing to study the
j durability of new and thermally aged Class 1E cables and

pressure transmitters. Stacting with a base pulse;

| tepresentative of a hydrogen burn in a large dcy containment

i

) .

! i
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tesulting from a 75% metal watet teaction, test specimens were
- exposed to increasingly severe heat flux pulses until a pulse

of three times the base pulse was used. In addition to these
expetiments, analytical efforts to characterize the hydrogen
burn environment and resulting response of equipment were
pectormed using the HECTR computet code to characterize the
environment tesulting from the TMI-2 hydrogen burn. (The HECTR
code is similar to HYBER except that HECTR can use multiple
burn compartments, while HYBER uses only a single compartment).
Also, an indepth analysis of the data from 21 of the EPRI-NTS
hydrogen burn tests was performed. Finally, a calculation was
performed using HECTR to estimate the surface temperatute of
equipment in an ice condenset containment during hydrogen burns
resulting from sevocal severe accident sequences. For purposes

of the cuttent discuasion, howevet, only the results of the two
hydtogen burn simulation test series of equipment will be
reviewed.

>

NTS Simulated Equipment Testing
>

In order to augment results obtained from the hydrogen burn
equipment survival tests performed by EPRI at the Nevada Test
Site, a series of tests was conducted at the Sandia National;

Laboratories Central Receivet Test Facility (CRTF). The CRTF
; tests simulated a 13 volume percent butn from the EPRI-NTS/ series and involved test specimens of safety-related equipment

A .

and cables which were the same as oc very similar to those used
in the EPRI series. The specimens selected for the CRTF tests
were a Barton pressute transmitter, an ASCO solenoid valve,,

Okolon cable, Rockbestos cable, and Brand Rex cable. All of
fluxthe specimens exposed to the simulated hydrogen buLn heati

were in unaged condition and all performed their design
function during exposure to the simulated burn. Each cable was
connected in series with a tesistance and received an applied
potential of 10 volts DC. The solenoid valve was pressurized
to 30 psig and tested in both the actuated and unactuated

,

positions. After testing it was cycled to check for possible
- sticking. The pressure transmittet was pressurized to 750 psig

(its opetating span was 0-1000 psig). The transmitter output

signal, some internal voltages, and the temperature of its case
and several internal electronic components were monitored
during the tests. The results of these tests are reported in
Reference 5.

The avetage total and average cadiant heat fluxes to which test
specimens were subjected wete determined using the data
reduction toutine SMOKE. The convective heat flux was taken to
be the diftetence between the total and radiative heat fluxes.
Using methods described in Reference 6, a solar flux profile

equivalent to the sum of the incident radiative and convective
fluxes was calculated for each of the sample types tested. The

calculated solac profiles account for differences in infrated
thehydrogen buen and solac CRTF spectral responses of
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individual test specimens. The heliostats (mirrors) of the
CRTF were then selected to generate the calculated solar flux
profile. The heat flux profile used in testing black electric
cables is shown in Figure 14, while similar profiles were
developed for the transmitter and solenoid valve. The pressure
component cf the EPRI-NTS test environment was not tested
because components at the CRTF could not be pressurized while
receiving the solar flux. However, prior to exposure to the
simulated hydrogen burn fluxes, the solenoid valve and pressure
transmitter were preheated to temperatures near the preburn gas
temperature of the NTS. (i.e approximately 156*F.) The
preheating was done using one or two heliostats as required.
The preheating was done slowly so that thermal gradients in the
test specimen were minimized. Cable samples were preheated
differently because of their low heat capacity. Cables warmed
very capidly even under the flux of a single heliostat. They
also cooled rapidly when the shutter was closed in front of
them. As a result, cables wore " preheated" by holding the peak
flux on the test bay for one second longer at the start of the
burn simulation. The results of this showed that the issue of
cable preheating ic mute, because the temperature of cables
immediately becomes dominated by cable ignition upon exposure
to the hydrogen burn heat flux. It was the heat from the cablo
combustion which drove the initial temperature of the cable
samples high.

As a result of the tests a number of observations were made.
First, at heat fluxes comparable to those in the EPRI-NTS P20
test, a spontaneous ignition of cable jacket material can
occur. Although this ignition caused the outer jackets of
several cable samples to blister and crack, it was found that
in virtually all cases the interior conductors of the cable
remained intact and maintained their insulation resistance
properties. Figure 15 shows the surface damage experienced by
one of the cable types tested. The second conclusion reached
from the testing is that exposure in several tests brought only
slight changes in the calibration of the Barton pressure
t r a nt. mi t t e r . The significance of these small changes are
dependent upon the use of the instrument but correspond to
about 2 1/2% of the full-scale reading when the applied
pressure was 1000 psig. This insensitivity to the heat flux
environment is consistent with the very slight thermal changes
experienced by the interior of the Barton pressure transmitter
as illustrated in Figure 16. The third conclusion reached from
the tests is that temperature changes measured for the solenoid
valve and pressure transmitter indicate that temperatures
sufficient to damage these pieces of equipment were not reached
during the CRTF tests and probably were not reached during the
NTS P20 Tests.
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In summary these tests demonstrate the ducability of the
multiconductor cables, solenoid valve, and transmitter when
subjected to heat flux pulses having high peak fluxes and time
decay characteristics similar to those resulting from hydrogen
burn in large scale tests. Based on the best available
information for comparison, (e.g. close-up photographs from the
P20 cable samples and temperatute data for the Barton
transmittet potentiometer bracket), the NTS simulation tests
conducted at the Sandia CRTF teasonably simulated the EPRI-NTS
P20 thermal flux environments.

Endurance Testina of Equipment

The analytical and experimental efforts to date to investigate I

the autvival of equipment during hydrogen burn conditions have |

limitations. The computer codes use lumped paramuters which
predict volume avetages and not local conditions. The thermal
models of equipment are simple and at best predict only
approximate thermal and not operational equipment responses.
Finally, the experimental results of hydrogen burns in vessels
which are not the actual sizes and configurations of
containment buildings represent conditions that are not easily
extrapolated to containment buildings because of uncertainties'

in the understanding of volume and configuration effects.

I In order to address these uncertainties, a series of equipment
tests was conducted at the Sandia National Laboratories CRTP.
Specimens of nucleat qualified Brand Rex three conductor cable
and Barton Model 763 pressure transmitters were subjected to
simulated hydrogen burns at increasing heat flux levels and
theit temperature response and performance were monitoced. The
cables were tested in both artificially thermally aged and
unaged conditions. The test specimens were first exposed to a
base heat flux pulse that conservatively simulated a
deflagration resulting from a 75% core metal-water reaction in
a reactor housed in a large dry containment building. After
the base pulse several successive pulses were applied at heat
flux levels which increased in increments of 50% of the base
heat flux pulse. The heat flux levels of the final pulse were
300% of those of the base pulse. Similar to the test described
in the ptevious section of this paper, the cables werea

electcically powered during exposure to the heat flux pulses
and monitored for short circuits and open ciccuits. For the

-

pressure transmitter, temperatutes inside and outside the'

transmittet were monitored during the test and post-test
calibration tests were made. Reference 7 reports the complete
test effort and findings of the test.

In summary, it was found during the tests that with only one
exception, the cable samples displayed no significant
insulation oc degradation in post exposure testing and second,
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'both unaged and thermally aged Barton Model 763 pressure
transmittets withstood the heat flux pulses and continued to
delivet a signal corresponding to the applied pressure. i

Exposure to the severe heat flux pulses produced only small |
changes in tie transmittec calibration. This point is
illustrated ay the celatively small temperature changes
experienced inside and on the teat of the Batton transmitter as
shown in Figure 17. It can be seen from this figure in
comparison fo Figure 16, that the thermal inertia of the Barton
transmittets prevents even heat fluxes three times those
expected 4 ton a 75% metal water-coaction from causing
significant changes in the thermal environment within the
transmittet.

CURRENT AND FUTURE RESEARCH PLANS

The Fire Protection and Hydrogen Burn Equipment Survival
Research Progtans at Sandia National Laboratories in the past
have involved both testing and analysis. Some of the past
activities in these programs has been reported here. In FY86
the fire protection ptogram will complete much of its test
activities, including evaluation of the damaging effects of
suppression and cottosive envitonments resulting from fires on
cable and equipment and a study of the effects of control room
fires on the sutvival of control room equipment and the ability
of operators to maintain plant control. Beyond FY86, issues
concecning the effectiveness of HVAC systems for controlling
smoke ducing fices, the effectiveness of manual fire fighting
teams, and the intettelationship of seismic events and fires
are planned for analysis. In the hydrogen burn survival
cesearch program, plans for FY86 include further analyses of
the environments associated with hydrogen deflagrations in
large dry and subatmospnetic containments, analyses of the
tuernal environments associated with standing flames in boiling
watet reactors, and testing of equipment to standing flame
thermal environments.
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ENVIRONMENTAL AND DYNAMIC

QUALIFICATION OF EQUIPMENT
RESEARCH AT THE IDAHO NATIONAL ENGINEERING LABORATORY

R. C. Hill
Idaho National Engineering Laboratory

EG&G Idaho, Inc.

ABSTRACT

A description of the Equipment Qualification Program at the
Idaho National Engineering Laboratory (INEL) is presented. Cur-
rent projects include research into reactor coolant pump seal
behavior under station blackout conditions. The results of this
project have shown that failure of elastomeric seals can be antic-
ipated when seal cooling is interrupted.

' alve research, emphasizing behavior in simulated seismic and.

accident conditions, is in progress with significant testing com-
pleted on containment purge and vent valves. Experimentally based
techniques are described for predicting, from limited test data,
the torque necessary to close butterfly valves.

Other tasks include research into the adequacy of qualifica-
tion standards, with respect to the simulation of vibrational
environments experienced in actual service.

Equipment qualification research is being conducted by the Idaho
National Engineering Laboratory to investigate the acceptance criteria,
requirements, and methodologies for the dynamic (including seismic) and
environmental qualification of mechanical equipment, and for the dynamic
(including seismic) qualification of electrical equipment. This paper pre-
sents a summary of results obtained to date for: reactor coolant pump shaft
seal research; valve research, with emphasis on containment isolation
valves; dynamic margin relationship to equipment qualification; and dynamic
research that assesses the effect of phenomena such as flow-induced vibra-
tion, in-structure generated motion, and plant vibration on equipment
response.

Reactor Coolant Pump Shaft Seals

Failure of reactor coolant pump shaft seals under station blackout
conditions could lead to a significant loss of primary coolant. Of partic-
ular concern is the influence of increasing primary coolant temperature on
non-metallic elements of the seals during station blackout conditions when
the cooling to the seals is interrupted. To assess the possible degradation
effects of prolonged high temperature (approximately 550*F) on the non-
metallic elements, extrusion tests were performed using experimental appa-
ratus. This apparatus simulated the non-metallic 0-ring seal elements of a
three-stage hybrid (hydrostatic-hydrodynamic combination) seal depicted in
Figure 1. This type of seal is used in some domestic main coolant pumps.
Tests were also performed in a blowdown fixture to assess the effect of seal
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coolant flashing to steam between the faces of the hyarostatic seals.
Th3 experimental program, its results and conclusions are documented in
Refcrence 1.

0-Ring Extrusion Tests

0-rings fabricated from ethylene-propylene E515-80 were subjected to
extrusion tests in a fixture which simulated the seal geometry surrounding
0-rings (Figure 2). Temperatures varieo from 520 to 580*F and pressures
varied from 800 to 2400 psi. The clearance between the 0-ring and the metal
surface varied from 1.5 to 34 mils. The test 0-rings were 1.17 in. inside
diameter compared to the 8 in, fullscale 0-rings used in the seals. The
0-ring thickness, however, was fullscale, 0.139 in. Table I summarizes the
r:sults and corresponding conditions for the 0-ring extrusion tests. Those
tcsts concluded that ethylene propylene E515-80 is likely to blowout under
the conditio s predicted for station blackout. Extrusion tests of 0-rings,n
using a second ethylene propylene designated E740-75, were also conducted.
This material demonstrated a superior resistance to high temperature extru-
sien. During some of these tests, the E740-75 0-rings were backed with
TF828-217 tetralon 720 channel seals. In these cases, severe extrusion of
the channel seal occurred. For small gaps (approximately 0.010 in.), the

gxtruded material prevented subsequent sealing by the 0-ring and blowout
' occurred. At larger gaps (0.013-0.018 in.), the tetralon extrusion was

I sufficient to allow 0-ring sealing corresponding to cases which evaluated
only the 0-ring.

Blowdown Tests

Water blowdown tests were also conducted during which the water flashed
to steam between simulated hydrostatic seal faces (Figure 3). The tests
tere conducted on two hydrostatic seal models depicted in Figure 4, with
s al face outer diameters of 2-7/8 and 4-3/4 in. As depicted in Figure 3,
a back pressure was applied to the outboard seal rings to force them towards
the inner seal rings. The pressure at the seal was approximately 1000 psi.
Th: back pressures were chosen to give face seal loadings typical of those
cxp;rienced in an operating pump. The seals were designed and fabricated
to approximate the leakage per circumference through full size pump seals
of 11 in.3 s at 2200 psig and 130*F. To achieve this flow rate, the seal/
rings were lapped to provide a 0.00046 and 0.00054 inch gap convergence
(taper) across the smaller and larger face seals respectively. Adequacy of
the taper was verified through flow tests with water at ll3'F.

Two-phase seal tests were performed to assess overall face seal behav-
ior. While these were primarily scoping tests, the results did indicate
that seal instability-oscillation (with a corresponding increase in flow
through the seal) may occur within the range of fluid conditions antici-
pated when seal cooling is lost.

Additional research has been initiated to improve understancing of the
importance of various parameters to seal stability. Other research cur-
rently underway includes an investigation into the effects of elastomer
extrusion on frictional loading within the face seal assembly. The added
loading is expected to impact stability.
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TABLE 1. RESULTS OF EXTRUSION TESTS FOR E515-80 0-RINGS

Pressure Time to
Temperature Gap Differential Blowout

(*F) (inches) (psi) (hours)

580 0.0015 1600 -a
560 0.0015 1600 3
560 0.0015 2400 6
560 0.0015 2400 2.8
550 0.0015 2400 2

550 0.0015 1200 -a
550 0.0015 1200 -a
550 0.0015 1200 -a
550 0.0015 1600 -a

'
550 0.0015 1800 2.3
550 0.0015- 2000 1.5
550 0.0027 1200 -a
550 0.0027 1600 -a
550 0.0027 1800 -a -

550 0.0027 2000 -a
550 0.0027 2200 -a
550 0.0027 2400 -a
550 0.0048 1000 -.a
550 0.0048 1200 -a-

550 0.0048 1600 1.5
350 0.0048 1800 1.8
550 0.0065 800 5.5
550 0.0065 1000 2.5

520 0.0027 2200 -a
520 0.0027 2400 -a
520 0.0048 1600 -a
520 0.0048 1800 2.5
520 0.0065 800 -a
520 0.0065 1000 3.5

550 0.009 800 6
520 0.009 800 17

a. . There was no failure during the 18 h test.
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Figure 4. Diagrams of seal rings: (a) 2 7/8 inch OD rings,
(b) 4 3/4 inch OD rings.

Valve Research

Containment integrity is most likely to be compromised during an acci- i

'dent by failure of one of the many penetrations rather than by failure of
the structure. A technical basis is required to predict the effect of
accident conditions on the operability and leak integrity of containment

'~

isolation system (CIS) valves, which include containment purge and vent
valves. The purposes of the valve research are to identify loads and
acceptable methods for qualifying specific types of CIS valves to withstand
design basis loads; and to characterize the behavior of selected CIS valves
under accident conditions.
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Purge Valves

An experimental program was conducted to test butterfly valves typical
of those used in containment purge and vent systems. This was done in order
to improve understanding of valve operator torque requirements. Three
valves were obtained (two 8-in. and one 24-in.), from two of the three man-
ufacturers most commonly used by utilities. The 24-in. valves and one of
the 8-in. valves were manufactured by the same company and were chosen to
provide data on the validity of extrapolating torque requirements from a
small (tested) valve to a larger valve. The other valve was deliberately
chosen from another manufacturer to provide information relative to differ-

i- ent designs of the same rominal pipe size. The valves were all ANSI 150 lb
offset disc types and (compared to other butterfly valves) typically require
higher operating torque due to the fluid dynamic loading on the thick disc.

The valves were installed in a duct system with either a straight inlet
geometry or with a nearby upstream elbow (Figures 5 and 6). This permitted
the measurement of the effect of a flow disturbance. In addition, the

valves were installed with the curved (shaft) face of the disc facing
upstream first, and then downstream. Figures 7 and 8 show basic valve con-
figurations. Measurement of the torque required to close the valve, as a
function of disc position, was taken with nitrogen flowing through the
valve. Constant inlet pressure was maintained for each test run. This
sequence was repeated for inlet pressures from 5 to 60 psig. The experi-
ments, associated results, and conclusions are documented in Reference 2.

One of the prime equipment qualification issues addressed by these
experiments is the issue of extrapolation of smaller valve performance to
large valve performance, to ensure that the valve torque requirements are
within the capability of the valve operator. Based upon the analysis of
the experimental data, several conclusions regarding the feasibility of and
conditions for extrapolation were developed:

Maximum torque requirements are a linear function of static pres-e
sure upstream from the valve. This result is at some variance
with the currently accepted practice of assuming the operating
torque is proportional to the pressure drop across the valve.

Extrapolation to bound torque requirements is feasible if thee
scale-model valve is reasonaoly scaled to the larger valve with
respect to disc shape, aspect ratio (disc thickness to diameter
ratio), and ratio of disc size to nominal bore size.

;

e Extrapolation of torque requirements is conservative when the
torque measurements used for the larger valve extrapolation are
obtained with the scale-model valve installed in a position such
that the disc shaft is upstream (curved face of the disc is
upstream). The extrapolations, multiplying by the ratio of valve
disc diameters cubed, is not conservative with the curved face of
the disc downstream. ,

o Extrapolation is feasible when the inlet pressure of the scale-
model valve is equal to or greater than the maximum inlet
pressure of the larger valve.

284

.. .- _ - - _- -,
. - .



)
i
1

\

TE 102 l PT 102
1

PT = pressure
PDT = differential pressure transducer. .-

V-102D TE = temperature
TV = test valve-

-

PT 106 .. TE-120

0 Rupture disc

PT C ** TE M

. TE K, PT K PT-A**

PT H PT G PT B PT-M PT E PT F.
PT D -

i ( TV ) I I= *
PT J, TE-J;

TE H TE-G T E-C " TE D TE E TE F'
I IPDT s zoos

Figure 5. Typical installation, nominal inlet flow test section.

t

| N

|
TE 102 o. PT-102

l
j PT = pressure
! PDT = differential pressure transducer

- c- TE = temperature
V 102D TV = test valve

| _

PT 106 .. TE 120
,

1

O 'aupture disc

PT-C .. TE M

| TE K, PT-K TE-C..

. PT A PT M PT E PT G PT H PT F -| PT D
* TV ) I

! PT J, TE J
* * * * *

.

PT B TE-D TE E TE-G TE H TE F'
L 8"PDT

l

; Figure 6. Typical installation, nonuniform inlet flow configuration.

!

>

285

I
i



.. .

I
I

M i

h=
I

\ Shaft

N I
Shaf t seals

, ,

\h I- -

y '/;,d
N

h,
~

4S'

j EPT seal ring

Metal seat

|/-
_

.__l__
"

q

Ns
Ns
Ns ,

s' | 'N = Disc

s _J h
s x
s '

N's
\s
kq .____

, . _ _ _ .

" /

_ 7

[/
_.e/p/.. s,

O ,.[ | s ___soey

\M\M
o o

Purge valve INEL 4 0488
,

IFigure 7. Purge Valve No. 1.
i

286

__ _ _ _ -- _ - _ _ _ _ . . _ = _ _ _ _



--,

Shaft

shaf t seals

I
-

| |
-

,

%,

I

i Metal seat
'

. i EPT seal ringy

sw a
0 g bed* ' )

0 sts;
0

\ 0 /'o /

0
0 3

a
0 Zrh30 h K0 0 ( '

- h)

S$d 3 | -

Ng \ /
,

-

-

e Boay,

W .$$.-'

f/),,Y?))'?B Y/ b s ae18
Lu ' Lil

Figure 8. Purge Valve Nos. 2 and 3.

287



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

"

e Ccnservative torqu2 requirements can bS.extrapolat:d when on2 of
the following expressions is used for_ extrapolating the scale-
model valve results.

L
LVTT, SVT - LVT IIId b

or

L0
(2)(SVTT + SVT ) - LVTbLVT ,

bT 3

where
1

Large valve diameterLVD =

Large valve toryeLVT =

Small valve diam ~eterSVD =

Small valve torqueSVT =

Bearingb =

Dynamicd =

Total (Bearing and Dynamic).T =

e tionuniform inlet flow to the larger valve, due to the upstream
presence of an elbow, may be conservatively accounted for by
mbitiplying the nominal or straight inlet predictions by 1.5.
Application of this value would require validation prior to use
for other upstream disturbances.

e The extrapolation range is limited and it is recommended that the
candidate valve basic inside diameter be within 50% to 200% of
the test valve.

.CIS Valves

The purge valve experimental conclusions will be augmented by data from
additional CIS experiments which have been planned and will be conducted in
tha near future.

The CIS experiments will assess .the behavior of typical containment
penetration piping assemblies in seismic and accident environments. The
systems to be tested consist of: the containment wall penetration; isola-
-tien valves on each side of the wall; and sufficient piping and supports to
pr vide typical loads on the pe. stration and valves. Three systems will be
t:sted: an 8-in. schedule 40 piping assembly with butterfly valves; an
8-in. schedule 40 piping assembly with gate valves; and a 2-in. schedule
160 piping assembly with globe valves. The specific systems were chosen to
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represent: containment vent and purge systems, which communicate directly
from containment to atmosphere; containment spray systems, required to
mitigate the effect of a LOCA on containment loading; and the many small
bore containment penetrations for support systems. The test configurations
were based on an extensive review of existing piping geometries that exist
in operating utilities. Parameters of special interest, in addition to pipe
size and valve type, were: distances from the containment wall to the
isolation valves, distances between components and supports, location and

.

direction of bends and elbows, and support locations and orientations.
Figure 9 shows a representative test configuration.
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As in_the case of system selection, seismic and accident load charac-2

-teristics were based on extensive reviews of existing safety documentation
applicable to operating nuclear power plants. Both seismic and accident
loads have been specified to represent typical containment responses; the
specified loads envelope about 80% of the plants studied. All types of-

containment designs were included in the study of predicted responses.

Testing will be performed in two completely separate phases. For the
dynamic (operating basis earthquake and safe shutdown earthquake) testing,.

the piping assemblies will be mounted in a large test fixture and excited
; by hydraulic actuators to the specified excitation spectrum. The fixture,
i f abricated from 14-inch square steel tubing, measures approximately 25 feet
i by 15 feet by 8 feet high and weights 15,000 lb. During the simulated
I seismic motion, extensive piping system strain and acceleration data will

be taken for later comparison to analytical predictions. Valve operating*

j torques and leakage measurements will be obtained to emperically determine
j the effect of seismic motion on valve operability.
' The second phase of the CIS experiments will simulate accident condi-

tions ranging from design basis loss-of-coolant accident conditions (pres-*

sure of 60 psig and temperature of 280*F) to severe accident conditions
(pressure of 120 psig and a temperature of 350*F). The same test piping
assemblies used for dynamic testing will be used during this phase of the
program. The experiments will consist of an input motion of the. piping,

2 - penetration, simulating containment wall motion, while all piping supports ;

and hangers are anchored to fixed points on the test fixture or test facil-
, ity floor. Input deflections at the penetration are controlled through a
j hydraulic ram and, for some experiments, exceed 5 inches of travel. Exten-

sive piping system yielding and probable failure of some piping supports is
' predicted. During the gradual motion of the penetration, the valves will

be cycled to measure operator torque requirements; periodic seat leakage *

measurements will also be taken. Those portions of the test piping that; ,

represent inside containment systems will be heated to the time-dependent+
<

temperatures predicted for a design basis or severe accident.

HDR Valve Experiments

The purge valve and CIS valve experiments have been designed to assess
valve behavior under closely controlled input excitation conditions. To

,

further assess the effects of dynamic loads on valves installed in a com-,

plex pipe system (Figure 10), dynamic experimental measurements will be
obtained from a valve installed in a piping system which is part of the

: Federal Republic of Germany Heissdampfreaktor (HDR) decomissioned experi-
,

mental reactor facility. For this experiment, piping excitation will be'

L provided through building motion caused by a very large coastdown shaker
mounted on the operating floor of the facility. t

4

:

; The HDR provides two significant differences from the CIS valve
research described above. First, the piping is designed as a " hot" system;i

that is, one specifically designed to accommodate thermal expansion.,

: Secondly, the system will be operating (flowing hot water) during the sim-
! ulated seismic event. As in the case of the CIS testing, valve operating

torques will be measured to determine the effects of dynamic excitation to<
,

!
.

I
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tha system. Based on extensive strain and acceleration measurements taken
throughout the system, a comparison of predicted to actual piping response
will also be made.

Dynamic Research

The equipment qualification research at EG&G Idaho /INEL is also
investigating several topics directly related to dynamic qualification
criteria, requirements, and methodologies.

Research is being conducted to develop methods that can be used to
establish dynamic load qualification margins for mechanical and electrical
equipment. The methods will assist in the establishment of test equiva-
lency guidelines and data transfer methods such that existing data obtained
by different techniques can be used to qualify various categories of equip-
ment. The methods will be used to quantify margins in new and operating
equipment.

Research is also being conducted to evaluate current qualification
methods for safety injection pumps which intermittently operate. Specifi-
cally, the influence of normal operating loads, including system vibration
on pump performance, will be investigated. The objective of the research
is to determine whether or not normal operating loads are being properly
simulated in current pump qualification procedures.

In addition, research is in progress to evaluate the need to include
frequencies above the seismic range in current qualification procedures.
Research is currently being done to: define cunditions under which equip-
ment can be excited by frequencies in the 50-200 Hz range; define sensitive
components; and develop and validate guidelines for qualifying equipment for
the higher frequencies.

The program is also initiating research which will identify equipment
susceptible to flow-induced vibration, characterize the vibration most
detrimental to the equipment, and develop and validate necessary procedures
to account for the flow-induced vibration loading.
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MATERIALS ASPECTS OF BWR PLANT LIFE EXTENSION

B.M. Gordon and G.M. Gordon
General Electric Company

175 Curtner Avenue, M/C 785
San Jose, California 95125

ABSTRACT

Considerable experience with plant equipnient performance in
nuclear power stations has indicated that the principal factors
limiting the life of BWRs and PWRs are materials related. Speci-
fically, for LWRs it is known that these materials issues generally
include parameters related to stress corrosion cracking, corrosion
fatigue, wear and radiation embrittlement. Not only do these para-
meters affect and limit the actual useful design life of plant com-
ponents but also affect the plant's operating availability. In all
these ' cases, the elimination or control of one or more of these
critical parameters should improve the plants availability and signi-
ficantly extend the useful service life.

In the present paper, research performed to address the inter-
granular stress corrosion cracking (IGSCC) area is described. Speci-
fic emphasis is placed on Type 304 stainless steel which has suffered
IGSCC in piping in the heat-affected-zones (HAZs) adjacent to the
welds in the BWR primary system. 'Research has developed and qualified
a number of techniques which address the three necessary conditions
for ICSCC' in BWRs: (1) sensitized microstructure, i.e., chromium
depletion at the grain boundaries during welding; (2) over yield
tensile stress; and (3) oxygenated (200 ppb) high temperature (288'C)
water.

Another potential life-limiting IGSCC phenomenon for certain
components, irradiation assisted stress corrosion cracking (IASCC) of
stainless steel exposed to a high neutron flux, is also discussed.
Unlike the IGSCC, IASCC results in intergranular cracking of annealed
material at low stre'ss. Fortunately, preliminary research has indi-
cated that some of the techniques utilized for IGSCC control in piping
as well as new controlled impurity level stainless steel alloys may
reduce the future potential IASCC concern to an insignificant level.
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1.0 INTRODUCTION

The first major occurrence of IGSCC of welded Type 304 stainless steel piping
occurred in late 1974. All of these IGSCC incidents were identified in small
diameter [< 25.4 cm (10 in.)] lines. Since that time, numerous cracks have been
found in large diameter piping systems [71.1 cm (28 in.)]. Although these
cracking incidents are not safety related, they do impact availability, operat-
ing costs, man-Rem exposure for inspection and repair, and anticipated design
life. To achieve the goal of extended life, a series of development and
qualification programs, co-sponsored by General Electric and the Electric Power
Research Institute (EPRI), were initiated to solve the cracking issue by )attacking one or more of the three necessary factors for IGSCC in the BWR, i.e.,

(1) sensitized microstructure; (2) over yield pensile stresses; and (3) high
temperature (288'C) oxygenated (200 ppb) water. An additional potential life
limiting concern involves the IGSCC of highly irradiated non-sensitized
stainless steel. It appears that this concern can also be addressed by a
materials and/or environmental approach.

2.0 MITIGATION OF INTERGRANULAR STRESS CORROSION CRACKING OF BWR PIPING

2.1 Materials Solutions

2.1.1 Type 316 Nuclear Grade and Type 304 Nuclear Grade Stainless
Steel

An alternate material program was performed to identify and qualify alternate
piping materials which would be suitable for BWR piping systems. This strategy
addresses the materials / sensitization factor of IGSCC and, in particular,
identifies materials which are more resistant to sensitization kinetics as a
result of welding or other thermal mechanical treatments.

It is well known that decreasing the carbon content of the stainless steel would
retard the kinetics of sensitization.(2-3) Molybdenum also accomplishes the
same objective.(4) Therefore, changing the composition of Type 304 stainless
steel by lowering the carbon to that of Type 304L stainless steel and adding
molybdenum to that of Type 316L stainless steel will synergistically increase
the alloy's resistance to the sensitization reaction. However, Type 316 Nucicar
Grade and Type 304 Nuclear Grade stainless steel is designed to provide extra
margin.

Instead of the 0.03 w/o carbon maximum of the L grade stainless steels, the
Nuclear Grades are characterized by a maximum carbon content 0.020 w/o. The
second important composition modification of Type 304NG and Type 316NG is the
specification of 0.060 to 0.100 w/o nitrogen to recover the decrease in alloy
strength by the reduction of the carbon content. The L grade stainless steels
differ from the Nuclear Grades in nitrogen specification in that a limit of
0.100 w/o nitrogen is allowed. Table 1 presents the composition limits of the
Nuclear Grade and reference materials.
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A time-temperature sensitization diagram of the relative sensitization kinetics
cf Type 304, 316 and 316L stainless steel is presented in Figure 1. The " nose"
of the time-temperature sensitization curve is about a factor of 30 in time
greater for Type 316L as compared to Type 304 stainless steel. Alternatively,
about 150 minutes are available for cooling past 700*C (1290*F) within the
h:st-affected zone of a Type 316L stainless steel weld. In general, this
ecoling time is slower than a normal air cooling rate, and, therefore, the.
threat of weld cansitization of Type 316L stainless steel is essentially nil.
Evidence of molybdenum causing greatly reduced rates of sensitization is also
thown in Figure 1.

To qualify the Nuclear Grade alloys, a four-year extensive laboratory program
was conducted at GE as co-sponsored by EPRI. A unique testing technique using
full-size pipe tests was utilized. The results of these accelerated tests in
high oxygen (8 ppm 0 ) high conductivity ($1 pS/cm) uater at 288'c (550*F) of

2welded reference Type 304 stainless steel for comparison to Type 316, 316L,
304L, 304NG, 316NG, CF3, and 347 stainless steel indicated that resistance to
IGSCC of the alloys not only increases as carbon content decreases, but also as
nitrogen and manganese content increase.

For the Nuclear Grade materials, pipe tests have shown that factors of improve-
ment (FOI) over Type 304 stainless steel performance can be expected to be
50-100 cimes in normal BWR operation. The necessary FOI for 40 year service
life is 20. Accordingly, the replacement of Type 304 stainless steel piping
with Type 316 Nuclear Grade will provide substantial resistance to IGSCC over
the life of an extended life plant.

Na stress corrosion cracking occurrences have been reported for uncreviced/non-
cold worked Types 316NG, 304NG, 316L and 304L stainless steel piping used for
many years in operating BWRs. While field experience in rather limited, these
materials have accumulated over 7000 weld years of operation (as of September
1985). Further, no evidence of field cracking has been reported in any Type 304
ctainless steel heats containing less than 0.043% carbon. This again demon-
ctrates that significant margin is gained by reducing carbon to a maximum of
0.02% for the Nuclear Grades.

2.1.2 Solution Heat Treatment

The elimination of weld sensitized regions can reduce the likelihood of IGSCC in
Type 304 stainless steel. The solution heat treatment (SHT) process redissolves
the chromium carbides, eliminates chromium depletion around previously sensi-
tized grain boundaries, and eliminates cold work and weld residual stress in the
pipe. Operating plant experience supports the use of SHT as a remedy. No
instances of IGSCC in stainless steel piping systems have been reported in
colution heat treated or mill annealed material. Rare instances of cracking
casociated with excessive cold work, and/or crevici a, or areas sensitized by
processes other than welding are the only examples of piping IGCSS incidente not
related to weld HAZs.
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Although no unusual welding controls are employed during welding, after welding
operation, the entire pipe segment is solution annealed at 1038 to 1148'C (1900
to 2100*F) for 15 minutes per 2.54 cm (in.) of thickness but not less than 15
minutes nor more than I hour regardless of thickness, followed by quenching in
circulating water to a temperature below 204*C (400*F).

Solution heat treatment is limited to those weld joints fabricsted in the shop
where heat treatment facilities are available, by dimensional tolerance con-
siderations, by size constraints of the vendor facilities (furnace and quench
tank), and by cooling rate requirements (dead end legs).

2.1.3 Corrosion Resistant Cladding |
l

This remedy reduces the risk of IGSCC by utilizing the IGSCC resistance inherent |
in duplex weld metals.(5) Although carbide precipitation observed in the IIAZ
inside surface is also present in the weld metal, the nature of the duplex
(austenitic-ferritic) structure of the weld metal provides resistance to IGSCC
in the BWR. In fact, IGSCC propagacing from the weld !!AZ are blunted when they
reach the weld metal.

Corrosion-resistant cladding can be of two basic configurations, depending on
the possibility of solution heat treatment of the clad spool pieces. The two
basic configurations -- solution heat treated and nonsolution heat treated --
are possible. These two configurations have been referred to as shop and field
CRC, respectively. In the shop CRC case, a region of cladding is first applied
to the inside diameter away from the weld end. This cladding (minimum ferrite
level at 8%) is then solution heat treated with the spool piece to eliminate the
slightly sensitizad region adjacent to the clad ring. After solution heat
treatment, the remaining cladding is applied out to the weld end. This
non-solution heat treated cladding will retain its full ferrite content and
serve as the protective cover for the HAZ created by the final pipe weld.
Because this process eliminates all traces of exposed sensiti: ation , it is
preferred over the field CRC option whenever solution heat treatment is
possible. When application prc,hibits solution heat treatment of the clad weld
ends, field CRC may be used. In this case, the weld metal is applied to the
inside surface of the pipe in a one-step process, leaving a slightly sensitized
region at the end of the clad ring. This sensitization, which results from
application of the cladding, is not through-wall, is slight compared to that
produced by the groove weld and is away from the maximum tensile stress.

2.1.4 Weld Overlay

Prior to any discussion on weld overlay is presented, it is important to note
that the weld overlay repair technique is not a fully qualified long-term
mitigation technique for IGSCC. Currently the NRC allown two fuel cycles
operation (% 36 months) with a weld overlay. Recent testing suggests that a
minimum of 7 fuel cycles (% 126 months af operation) would be acceptable for
weld overlay.
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Although weld overlay technique is similar to CRC in that it uses layers of
IGSCC-resistant duplex weld metal, the most critical difference is that the
layer of weld metal is placed on the OD of the pipe and is used to prevent a
crack from penetrating through the wall. The weld overlay also serves es a
structural reinforcement to restore the original piping safety margins. Another
critical effect of the weld overlay is that it produces a favorable (compres-
eive) residual stress pattern which retards or arrests crack growth.

The weld overlay technique has the potential for being a rather cost effective
life extension technique as compared to other repair techniques which require ;

draining of the system. It also does not require accurate sizing of crack
depths as would be necessary in some tensile stress mitigation techniques since
no structural credit is taken for the original piping.

2.2 Tensile Stress Solutions

2.2.1 Heat Sink Welding

The heat sink welding (HSW) program was designed to develop ard qualify proce-
dures that would reduce the sensitization produced on the inside surface of
welded pipe, and reduce or change the state of surface residual welding stresses
from tension to compression. This approach can be used in shop or field appli-

! cations. HSW basically involves water cooling the inside surface of the pipe
during all weld passes subsequent to the root pass or first two layers.

Residual stresses on laboratory Type 304 stainless steel butt welds were men-
cured using strain gages. Measurements revealed that in a variety of pipe

i cizes, the inside surface tensile surface residual stress is reduced substan-.

! tially or changed from tension to compression as a result of this approach.
Figure 2 shows these results for pipe sizes of 5.1, 10.1, 20.3 and 30.5 cm (2,
4, 8 and 12 in.) diameters.(6) Axial and circumferential stresses were measured
at 3 mm (0.12 in.) from the fusion line and were, in all cases, zero or com-
pressive for both spray cooling and running water. Without the IISW process,
stresses as high as 393 MPa (57 Ksi) were recorded. Similar benefits have been
measured on 50.8 cm (20 in.) diameter piping.

Heat sink welding, as mentioned above, has a secondary benefit in that it
reduces the time-at-temperature for sensitization due to the presence of the
cooling water heat sink. This factor is illustrated in Figure 3, where the
time-at-temperature for a reference and IISW are plotted. In the case of the
HSW, the integrated area over the sensitization line of 400*C (750*F) is signi-
ficantly reduced.

2.2.2 Induction Hea ing Stress Improvement

The Induction Heating Stress Improvement (IHSI) technique reduces the typical
high tensile stress present on the pipe inside diameter (ID) HAZ surface com-
prescive stress. This process involves induction heating of the outer pipe
curface of completed girth welds, while simultaneously cooling the inside
surface with flowing water (Figure 4). Thermal expansion caused by the

2S7
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induction coil heating plastica 11y yields the outside surface in compression,
while the cool inside surface plastica 11y yields in tension. After cooldown,
contraction of the pipe outside diameter (OD) causes the stress state to4

reverse, leaving the ID in compression and the OD in tension.

The IHSI qualification process has demonstrated the following factors (7):

1. ISHI reduces typical high tannile inside surface residual stresses to'

compressive stresses as shown in Figure 5.

2. IHSI does not increase the degree of sensitization of the HAZ.

3. Plant loads do not erradicate the induced compressive stress.

4. Outside induced surface tensile stresses do not affect pipe stress analysis
,

or fatigue life.

5. IHSI produces compressive stress at the tip of pre-existing cracks and
crack extension does not occur in the process itself.

It is important to note that present NRC guidelines suggest that IHSI be not
applied to piping with pre-existing cracks greater than 10% through-wall.

2.2.3 Last Pass Heat Sink Welding

Analytical studies on heat sink welding revealed that the last pass by the.

welding torch during the procesa has the highest contribution to induced com-
pressive residual stress. Thus it could be possible to return to previously
untreated weld, mechanically remove the weld crown and perform a new last pass
weld while cooling the inside surface. While last pass heat sink welding
(LPHSW) has its roots in HSW, the process is actually more similar to IHSI in
that the heat is progressively supplied around the pipe during LPHSW by a torch
as opposed to IHSI where the heat is simultaneously supplied around the pipe by
an induction coil.

The results of the program revealed that LPHSW will produce a highly compressive
residual stress on the pipe ID in the HAZ region for various pipe diameters. An
analysis also predicted that the residual stresses would be compressive to s 35%
throughwall and that the last weld pass does control the final residual stress
state. Subsequent strain gage measurements verified that the stresses were
compressive up to 50% throughwall. MgC1 tests verified that the LPHSW process
does produce residual stresses unifo y around the pipe circumference, and
stress relief strain gage techniques verf fled that the axial stress was com-
pressive [-206.8 MPa (-30 ksi)].

ICSCC improvement was evaluated using full-size environmental pipe tests to
determine a factor of IGSCC improvement data using 10.2 cm (4 in.) diameter
specimens. Conventional welding practice was used to manufacture the baseline
welds. The qualified LPHSW processes were then used to produce compressive
residual stresses in the welds in four pipes. Pipe tests were then performed at

.
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ctresses above yield, in a high oxygen (8 ppm) high temperature (288'C, 550'F)
water environment.

The pipe test results are plotted with reference data in Figure 6. At the end
cf the program period, the pipes had been on test over 5500 hours, demonstrating
a factor of >5.5 and >6.5 improvement, respectively, at the two test stresses
(193.7 and 211 MPa (28.1 and 30.6 kai)]. This factor of improvement approaches
that determined for IHSI. This data is encouraging in that it establishes that
the LPHSW processed welds had highly compressive residual stresses. If this
were not true, the applied stress would have shaken down the residual stresses
leading to IGSCC failure.

2.3 Environmental Solution - Hydrogen Water Chemistry

The recir-ulating coolant in a BWR is high purity neutral pH water containing
typically 200 ppb (ppb = ug/1) radiolytically produced dissolved oxygen with
ctoichiometric amounts of dissolved hydrogen N 25 ppb). Laboratory and field
results clearly indicated that this level of oxygen is sufficient to serve as
the chemical driving force for IGSCC. If it were possible to reduce this
necessary factor for IGSCC below some threshold level, the likelihood of IGSCC
could be reduced. It was therefore necessary to identify this threshold level
cnd determine a means of accomplishing this level in a BWR,

Numerous laboratory studies have indicated that susceptibility to IGSCC in
ctainless steels diminishes with decreasing oxygen content of the water below
200 ppb.(9) However, the first objective of testing was to determine the thres-
hold oxygen level below which IGSCC will not occur on sensitized Type 304
ctainless steel. To accomplish this objective, a series of straining electrode
tests (SETS) were performed. The tests were performed on an extremely suscept-
ible heat of Type 304 stainless. This test indicated that at a corrosion
potential of -230 mV IGSCC does not occur which is equivalent to approximately
20 ppb oxygen.

The candidate additives to the BWR environment which could reduce the dissolved
oxygen content below this threshold 20 ppb level included ammonia, hydrazine,
corpholine, various combinations of the three and hydrogen. Hydrogen was the
most suitable additive as based on initial laboratory investigations, overall
cystems analysis and economic analysis. .

Initially, a short term HWC demonstration was performed at Commonwealth Edison
Company's (CECO's) Dresden 2 plant in 1982.(10) This six-week study revealed
that hydrogen additions to the feedwater reduces the dissolved oxygen content
cnd electrochemical potential of Type 304 stainless steel below the threshold
level for cracking.(11) In-reactor constant extension rate technique (CERTs)
tests on furnace sensitized Type 304 stainless steel and SA533B low alloy steel
clso revealed complete mitigation of stress corrosion cracking. During

Dresden-2's full time operation on HWC, which initiated in April 1983,
cdditional in-reactor CERT tests were performed. Table 2 presents results of
c11 the in-reactor CERTs plus some of the confirming laboratory CERT tests. It

is important to note that even a precracked CERT specimen showed no signs of
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crack propagation in the in-reactor IIWC environment (Test 8). This result was
confirmed by other laboratory studies. |

Crack growth data versus real time on a precracked furnace sensitized Type 304
ctainless compact tension specimen is currently being obtained at Dresden-2
using the reversing DC electrical potential monitoring (EPM) technique.(12) The
compact tension specimen was precracked in the laboratory in the nominal 220 ppb
0 envir nment as was the Test S CERT described above, and then shipped to Dres-

2
den-2 for testing. The K level for the specimen bounds that of some known
cracksatDresden-?(27.5kPa/m, /25 ksi in_h The results of this test revealed7an approximate crack growth rate of 3.8x10 m/s (5.4x10 in/hr) excluding the
effects of reactor scrams while the crack growth obtained at the same K ob-

g

tained yn the labo_rftory in the nominal environment is approximately
~

1.5x10 m/s (2.2x10 in/hr). Mid-cycle and end-cycle in-service-inspection
at known pipe cracks at Dresden-2 also showed no sign of crack growth during
hydrogen injection.

The laboratory IIWC materials program, which is co-sponsored by EPRI and GE, is
characterized by an extensive test matrix.(13) The testing techniques utilized
in the program include full-size pipe tests, fracture mechanics studies,
electrochemical investigations, constant extension rate tests (CERT), straining
olectrode tests (SET), constant load tests, bent beam tests, fatigue testing,
cyclic crack growth studies, general, galvanic and crevice corrosion
investigations, corrosion oxide analyses, etc.

The results of the laboratory ifWC program indicated the following:

1. For Type 304 stainless steel welded pipe with deep IGSCC, the subsequent
exposure to IIWC environment would result in the arrest of these cracks with
no additional intergranular propagation even at stress levels of twice the

ASME Code allowable (i.e., 2 S,).

2. Factors-of-improvement based on crack initiation data for the ifWC environ-
ment are at least 25X the nominal environment.

3. Under constant loading conditions, no measurable crack growth was detected
for furnace-sensitized Type 304 stainless steel, furnace-sensitized Type
316 Nuclear Grade stainless steel, SA508 C1.2 low alloy steel and SA333
Gr. 6 carbon steci in the HWC environment. In the nominal environment,
measurable crack growth is observed at significantly lower stress inten-
sities on furnace-sensitized Type 304 stainless steel and is observed on
SA106-B carbon steel. No crack growth is noted in the low alloy and Type
316 Nuclear Grade stainless steel in the nominal environment, (Tables 3 and

4).

4. The cyclic crack propagation rates for furnace-sensitized Type 304 stain-
less steel, SA508-C1-2 low alloy steel and SA333 Gr. 6 carbon steel tested
at 0.74 cycles per hour were 3, 7 and 20 times lower in the llWC environ-
ment, respectively, as conpared to the nominal BWR environment. Tests at
higher frequencies (7.5 cph) showed even greater improvement (Table 5).
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5. The fracture morphology produced under constant or cyclic loading of
furnace-sensitized Type 304 stainless steel in the 200 ppb 0 #8f*#8"C"

2environment is completely intergranular, while HWC produces a transgranular
mode of fracture, thus indica ting the total mitigation of IGSCC in HWC.
The transgranular cracking of this material has no engineering signifi-
cance.

6. No detrimental effects such as hydrogen embrittlement have been found for
high strength materials such as Alloy 600, Alloy X-750 and martensitic
stainless steels in the HWC environment.

7. The general corrosion rate of Types 304 and 316L stainless steel is ex-
tremely low in either the INC or reference environment. Although the
general corrosion rate of Alloy 600 are significantly reduced in the HWC
environment, there is an initial acceleration in general corrosion rates of
carbon and low alloy steel. However, the long term carbon and low alloy
steel general corrosion rate appears to be similar to that obtained in the
normal BWR environment.

3.0 IRRADIATION ASSISTED STRESS CORROSION CRACKING (IASCC)

The IGSCC discussed in Section 2.0 was the result of the simultaneous inter-
ection of sensitized stainless steel, i.e., chromium depletion at the grain
boundaries, high tensile stresses (weld residual, pressure and thermal) and
oxygenated high temperature water. The mechanism of irradiation assisted stress
corrosion cracking (IASCC) appears to involve the simultaneous interaction of
highly irradiated annealed material with diffusion of impurities (S, Si, P) to
the grain boundaries, lower stress (fabrication, irradiation creep) and high
temperature oxygenated water with short lived oxidizing species (H 0 ), gamma29cnd neutron flux. It is extremely important to note that IASCC does no't require
chromium depletion sensitization or high tensile stresses to produce failures.

During the early history of the BWR (1960's), Type 304 stainless steel was
utilized as a fuel cladding material. Since this highly stressed material
cuffered extensive cracking, the Type 304 stainless steel was replaced with
Zircaloy-2. It is believed that this instance of cracking was the first indi-
cction that annealed Type' 304 stainless steel could suffer IGSCC in the BWR
cnvironment. Since this type of intergranular cracking was produced in non-
c;nsitized, highly stressed, highly irradiated components, this form of IGSCC is
referred to as IASCC.

Rzcently, neutron source holders, control blade absorber tubes, and nuclear
instrument tube holders have cracked in the BWR environment. Tables 6 and 7
present a summary of field IASCC experience for the era prior to 1980 and post
1980, respectively. It is obvious that the trend for this type of cracking is
increasing and the tensile stress necessary to produce cracking is low. It is
clso important to note that PWR's as well as non-GE BWRs have also experienced
this type of corrosion phenomenon.

The results of the field IASCC experience suggest the following:
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1. Dynamic strain or high stresses produced IASCC in most early cases.

2. More recent results indicate that the stress threshold for IASCC may be
lower than initially believed.

20
3. No field IASCC has been observed at a fluence of <5x10 NVT (>MeV).

4. Cracks may occur at lower stresses for higher fluences.

5. Although cracking instances may of ten be sporadic, a significant number of
components have cracked..

Obviously, the major concern of IASCC is not so much the cracking of replaceable
components such as control blades and instrument tube holders, but rather the
potential for cracking of major internal BWR components such as the shroud and
top guide. To evaluate this p6tential, GE has constructed an extensive hot-cell
test facility.

To simulate the highly oxidizing conditions in the core, CERT tests were per-
formed on irradiated annealed Type 304 stainless steels at different levels of
fluence. The IASCC phenomenon was reproduced and the results indicate the
observed field IASCC threshold is consistent with the laboratory CERT tests.

Table 8 presents a listing of the highest fluence BWR components. All these

components are characterized by end of life fluences which put them at risk for
IASCC. In particular, the top guide has the highest fluence of all the majg
structural components. The peak fluence for the top guide is approximately 10
for earlier BWRs with long fuel. The top guide also has a rather steep flux
gradient between its bottom and top surfaces as well as from the center to
periphery.

Fortunately, the same environmental solution for the IGSCC of piping (HWC)
appears promising for this potential issue. Table 9 presents the results of
CERT tests on commercial purity annealed Type 304 stainless steel in high oxygen
(32 ppm) environment simulating the highly oxidizing regions in the core and
HWC. The differences in SCC response is dramatic. The highly oxidizing
environment produced a fracture surface with 99% IGSCC while the HWC produced
ductile failure. The reason for this significant disparity may be explained by
the electrochemical potential (ECP) of Type 304 stainless steel which is
significantly more oxidizing in the core region than in the recirculation piping
system. HWC by lowering the ECP appears to be a promising method of mitigation
for IASCC.

The second promising technique for mitigating IASCC is the use of high purity
materials containing controlled amounts of impurities such as sulfur, phosphor-
ous and s111 con.(14) This mitigation technique is based on the highly success-
ful in-reactor performance of high purity Type 348 stainless steel at the La
Crosse BWR. Commercial purity materials with the nominal levels of S, P, Si
installed at the La Crosse BWR suffered IASCC. Other support for the implemen-
tation of high purity materials is based on laboratory studies on unirradiated

1
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ctainless steel where the presence of these specific impurities increased the
IGSCC susceptibility.(15) Work is continuing in this area.

4.0 DISCUSSION

All of the several qualified IGSCC mitigation methods summarized in Table 10
chould result in life extension of Bb1 piping systems. These mitigation tech-
niques attack one or two of the necessary factors for IGSCC. Some of the
t chniques such as IHSI, LPSHW, Weld Overlay and HWC can be readily applied to
an operating BWR without the necessity of draining of the piping system. In
cddition, HWC offers the potential for " blanket" protection where other mate-
rials / stress fixes can not be implemented. It also has the potential for
citigating IASCC. The implementation of these IGSCC mitigation methods to BWRs
should increase its availability factor and level of reliability. Further, the
application of one or more of these ICSCC mitigation techniques may offer the
potential for extending the life of the BWR piping systems beyond the current 40
year design life.

For example, full scale pipe test have indicated that properly processed Type
316 Nuclear Grade and Type 304 Nuclear Grade stainless steel should not suffer
IGSCC in over 100 years of nominal Bk1 service. The application of HWC to an
operating BWR, such as has occurred at Dresden-2 since 1983, suggests that not
only can IGSCC initiation be prevented in the field, but pre-existing cracks
chould be arrested or grow at greatly retarded rate.

Another important factor is that the piping IGSCC mitigation techniques are
qualified and are being implemented now. Since numerous BWR utilities have
applied one or more of these techniques to their piping systems, the operational
data base for these mitigation methods is increasing daily. Dresden-2 has
operated for over 2 years on HWC with no serious difficulties. A number of
utilities have also replaced their recirculation piping systems with newly
designed Type 316 Nuclear Grade stainless steel systems with 40% fewer welds.

In the area of IASCC, two methods appear promising for mitigating this infre-
quently occurring phenomenon, that is, HWC and high purity materials. An ex-
tensive effort is underway to improve our understanding of IASCC.

5.0 CONCLUSIONS

The results of extensive in-reactor and laboratory tests suggest the following
conclusions concerning the mitigation of ICSCC in BWR piping systems and IASCC
in reactor internals and their impact on future BWR performance.

1. The IGSCC of BWR piping is understood and its risk can be significantly
reduced by a number of qualified mitigation techniques.

2. A new " blanket" protection technique for IGSCC and potentially IASCC,
hydrogen water chemistry, has been implemented in a domestic BWR for over
two years of successful operation.
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3. Materials cracking contribution to BWR plant unavailability will decrease
in the future.

4. The potential for extending the design life of BWR piping systema and other
components appears promising.

,
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TABLE 1

CHEMICAL COMPOSITION LIMITS AND RANGES
NUCLEAR GRADE STAINLESS STEELS AND REFERENCE MATERIALS

C Mn Si P S Cr Ni Mo N

A11:y max max max max max

304NG 0.020 2.00 1.00 0.045 0.030 18.00-20.00 8.00-12.00 -- 0.060-0.100

316NG 0.020 2.00 1.00 0.045 0.030 16.00-18.00 10.00-14.00 2.00-3.00 0.060-0.100

304 0.08 2.00 1.00 0.045 0.030 18.00-20.00 8.00-12.00 -- --

0.100 Max304L 0.030 2.00 1.00 0.045 0.030 18.00-20.00 8.00-12.00 --

316 0.08 2.00 1.00 0.045 0.030 16.00-18.00 10.00-14.00 2.00-3.00 --

316L 0.030 2.00 1.00 0.045 0.030 16.00-18.00 10.00-14.00 2.00-3.00 0.100 Max

347 0.08 2.00 1.00 0.045 0.030 17.00-19.00 9.00-13.00 -- --

CF3 0.030 1.50 2.00 0.04 0.04 17.0 -21.0 8.0 - 12.0 --
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TABLE 2

RESULTS OF DRESDEN-2 AND LABORATORY HWC CERT TESTS

Test K Time To Time Off Elongation
Material Location 0,(ppb) (US/ca) Failure (h) HWC(h) %- Result ~,

1) FS T-304 D-2 268 0.29 108 0 12 70% IGSCC
2) FS T-304 D-2 40 0.37 143 2 20 353IGSCC
3) FS T-304 D-2 <20 0.29 >297 4 38 DF

4) FS T-304 D-2 5-20 0.29 208 5 NM' DF
5) FS T-304 D-2 5-23 0.17 181 15 NM Minor IGSCC

; along gauge
i 6) FS T-304 D-2 3-30 0.13 396 36 45 DF.
i 7) FS T-304 D-2 7-19 0.09 400 25 46 DF

0 78) FS T-304PC D-2 12-20 0.09 301 - 7 40 No IGSCC
Extension.

9S 9) FS T-304 VNC 195 <0.1 156 NA 17 85% IGSCC
I *

10) FS T-304 VNC 15 <0.1 262 0 NA DF
1011) SA 533B D-2 150-280 0.29 37 NA 12 40% TGSCC

12) SA 533B D-2 5-20 0.29 63 0 24' DF
13) SA 533B VNC 200 <0.1 43 NA 11 40% TGSCC
14) SA 533B VNC 12 <0.1 60 0 22 DF

II15)' SA 508-2 D-2 12-18 0.08 52 O NM DF12
16) SA 508-2 VNC 50 <1 ' 44 0 29 DF
17) SA 106B D-2 8-14 0.12 94 2 NA DF
18) SA 106B VNC 50 <1 40 0 29 DF

1) K Conductivity 8) VNC Vallecitos Nuclear Center= =

2) FS Furnace Sensitized 621*C (1150*F)/24 hr 9) Not Applicable, i.e., not a HWC Test=

. 3) DF = Ductile Fracture 10) Extension rate was 3 mils /h for SA 533, SA 508-2,
! 4) Thermal Overload Ended Test SA 106B and I mil /h for Type 304 Stainless Steel

5) NM Not Measured to Date - 11) Motor Failure, Specimen Fractured Manually=4

6) PC

7) Plus 67 Hours Precracking (368 hr total)
^

12) CrevicedPrecracked in 200 ppb 0=

2

-

1..
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Table 3. SCC Crack Growth Test Results in HWC

HWC (20 1 15 ppb 0 , 125 1 25 ppb H , <0.2 US/cm)
2 2.

Material Growth Rate Stress Intensity

FS Type 304 No Growth K < 31.2 MPa /m (28.4 kai /in.)

FS Type 316 NG No Growth K < 30.1 MPa /m (27.4 kai /in.)

SA 508-2 No Growth K < 50.9 MPa /m (46.3 kai /in.)

SA 333-6 No Growth K < 44.8 MPa /m (40.3 kai /in.)

Table 4. SCC Crack Growth Test in 200 ppb 0xygen Water

Material Growth Rate Stress Intensity

-8 -9FS Type 304 8.9X10 mm (3.5X10 in.)/sec. K=17.3 MPa /m (15.7 kai /in.)

FS Type 316 NG No Growth K<26.7 MPa /m (24.3 kai /in.),

SA 508-2 Incipient Growth K=49.1 MPa /m (44.7 kai /in.)
-9SA 106-B 1.4X10 mm (5.2X10 in.)/sec. K-44.0 MPa /m (40.0 kai / n.)

~

i

b

h

.

'
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TABLE 5

FATIGUE CRACK GROWTH TEST RESULTS

Crack Growth Rate
Cyclic Stress Intensity mm/cyege (in./cygle) Factor of

Material Frequency (cph) Environment MPa /m(ksi /in.) x10 (x10 ) Improvement

FS Type 304 0.74 HWC 30.9 (28.1) 69- (2.7) % 3
200 ppb 0 30.3 (27.6) 254 (10)27.5 HWC 31.3 (28.5) 16 (0.63) % 3
200 ppb 0 25.8 (23.5) 50 (2.0)2

SA 508-2 0.74 HWC 34.1 (31.0) 7.6 (0.3) % 7
200 ppb 0 37.6 (34.2) 50.8 (2.0)27.5 HWC 33.8 (30.8) - 1. 7 (0.07) % 450
200 ppb 0 33.7 (30.7) 760 (30)2

w SA 333-6 0.74 HWC 30.4 (27.7) ~ 5. 6 (0.22) % 20
S 200 ppb 0 30.6 (27.8) 109 (4.3)27.5 HWC 24.2 (22.0) 0.33 (0.013) %1000

200 ppb 0 23.7 (21.6) 333 (13)2

* Since no control test for Type 316 Nuclear Grade was performed,
no comparison can be made in this table.

. _ _ _ _ _
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TABLE 6

SUMMARY OF FIELD IASCC EXPERIENCE UP TO 1980

Fluenge
Component (N/cm ) Source of Stress

20 21. Fuel' Cladding- 5x10 -2x10 c Fabrication
o Fuel Cladding Interaction

21 22Neutron Source Holders 10 -10 o Welding
o Beryllium Swelling After

Initial Crevice Attack

0 21Control Rod Absorbers- 5x10 -3x10 o B C Swelling4Tubes

21 22Fuel Bundle Cap Screws 10 -10 o Fabrication and/or Assembly
(Estimated)

20
Rivots in Control Rod 5x10 o Unknown
Follower

L

l

I

TABLE 7

SUMMARY OF POST 1980 IASCC FIELD EXPERIENCE

Fluenge:

! Component (N/cm ) Source of Stress
|

IPlate Type Control Blade 2x10 B C Swelling
4

22IRM/SRM Dry Tubes six10 Fabrication

|
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TABLE 8

HIGHEST FLUENCE BWR COMPONENTS

Estimated
End of Life

Component Fluence

21
Shroud 41x10 NVT

22
Top Guide N1x10 NVT (Peak)

21
Control Blade Sheath %5x10 NVT

22
SRM/IRM >1x10 NVT

TABLE 9

HOT CELL CERT RESULTS ON
IRRADIATED TYPE 304 STAINLESS STEEL

Environment Fluence Results

2132 ppa 0 2x10 NVT (>l MEV) 99% ICSCC
2

21
HWC 2x10 NVT (>l MEV) Ductile

310
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TABLE 10

SUMMARY OF IGSCC MITIGATION TECHNIQUE

Potential Implementation
by Plant Status

Mitigation Operating Plants

Technique Affected SCC Parameter Plants- Under Future
(qualification Year) Material Stress Environment Retrofit Repair Construction Plants

Nuclear Grade Alloys X X X X

(1978)

SHT (1978) XP XS X

CRC (1978) X X X

Weld Overlay XP XS Xw

HSW (1978) XS XP X X

IHSI (1978) X X X X

LPHSW (1983) X X X X

HWC (1983)4 X X X X

(1) XP = primary benefit area.
(2) IS = secondary benefit area.
(3) Undergoing final qualification testing.
(4) Laboratory qualification completed in 1983, final in-reactor qualification underway.
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THE MEASUREMENT OF EQUIPMENT DEGRADATION

Gary J. Toman

Franklin Research Center
Division of Arvin/Calspan

20th and Race Streets
Philadelphia, PA 19103

Abstract

All equipment deteriorates with time due to many stresses that act on any
piece of equipment whether it is being stored, used, or lying dormant.
Knowledge of the level and rate of deterioration is desirable to allow repair
or replacement of equipment prior to failure or loss of adequate functional
capability. Many of the traditional testing and surveillance techniques
measure parameters of functional interest, but do not provide information
relating to the actual deterioration that has occurred. This paper provides
examples of techniques that may be used to evaluate indicators of deteri-

oration and gives an example of evaluation of multiple types of data for a
complex piece of equipment.

|
1

!
l
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INTRODUCTION

All equipment degrades with time. From the time of manufacture to the
time of removal from service, equipment is subjected to stresses that cause

deterioration and wear. The stress may be expected or unexpected and may not
have been considered and accounted for in the design and application of the
equipment. If all stresses acting on a piece of equipment were known and

measured continuously and a model existed for evaluation of the effects of the

stresses, the deterioration of the equipment could be accurately assessed at
any time. However, in most practical cases, all of the stresses are not fully

identified, and an adequate deterioration model does not exist.

Since a precise theoretical model does not exist for accurately deter-
mining the level of deterioration, continuous or periodic measurement of the
effects of deterioration is desirable for equipment that can affect the safety

or operation of a nuclear plant. While qualified lifetimes have been

established for safety-related equipment, the large uncertainty in existing
models for accelerated aging, such as the Arrhenius thermal degradation model,
the high probability of unexpected stresses occurring before or after

installation of the equipment, and variations in the manufacture of the

equipment combine so that the true life of any piece of equipment is not fully
known. The actual life may be shorter or longer than that indicated by the
qualification program. The equipment may be in service too long, thereby
jeopardizing safety. Or, it may be replaced too soon, resulting in

unnecessary replacement costs. In either case, a means of determining the

level of deterioration is desirable.

MEASUREMENT OF DETERIORATION-INDICATING PARAMETERS

To assess equipment deterioration, a set of parameters which will indicate

the level of deterioration must be determined, measured, and evaluated so that

the ability of the equipment to continue to function can be estimated. The

set of parameters may vary from one to very many, depending on the device being
evaluated and the level of sophistication of our knowledge of the device and
our test methods.
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Figure 1 (1) provides a theoretical representation of the deterioration

of functional capability with time. The solid curve represents functional

capability. The dashed curves represent the values of equipment parameters

that also degrade with time. The dashed curve to the right of the functional

capability curve decays at a later time than the functional curve. Therefore,

it is an unacceptable parameter to monitor since the function could be impaired
before the indicator changed significantly. The dashed curve to the left of

the functional capability curve represents an acceptable indicator since it

changes in advance of the change in functional capability.

Many of the parameters presently used to measure nuclear plant equipment
are unacceptable for estimating deterioration. This does not mean that they
should be discontinued: they may provide data for other purposes. However,

these tests often indicate significant changes in function only after serious

deterioration has occurred. For example, the tests most of ten per- formed on
electrical cable relate to the electrical characteristics of the insulation

system. These tests relate to one key functional characteristic of the

cable: the ability to insulate two or more different potential gradiants from

one another. However, for the present types of organically insulated cables

used in nuclear plants, the electrical characteristics would probably not
change until significant deterioration of the insulation system had occurred.

This level of deterioration could be such that the insulation would not be
able to withstand the environments associated with design basis events.
As the cable degrades, the mechanical properties of the cable deteriorate

first. Most often, the insulation hardens and eventually cracks. If

electrical measurements are taken in a dry environment, no significant change
of insulation resistance may occur, even when the insulation cracks, since dry
air is a good insulator and other cables in the same cable tray may further
insulate the deteriorated cable. However, if steam or spray were to impinge
upon the insulation, it might fail and allow short circuits. Therefore, it

would be desirable to measure the mechanical parameters of the cable insula-
tion to determine the level of deterioration. Unfortunately at present,

mechanical tests, such as elongation-at-break, are destructive in nature and

are not easily implemented.
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CONSTRAINTS FOR HARSH ENVIRONMENT EQUIPMENT

Those pieces of safety-related equipment that may be exposed to a harsh
environment in a nuclear plant must be able to withstand an accident environ-
ment any time during their qualified life and remain capable of performing
their safety function. In Figure 2 (1), the stresses acting on a device over
time and the accumulated deterioration are shown. For harsh environment
equipment, the ratio of normal environment deterioration (0-A) to the accident

|

environment deterioration (A-B) is not well documented. In many cases, the |

normal life deterioration is expected to be less than the deterioration caused
by the accident. Therefore, for harsh environment equipment, the change in
condition ( .Ang normal life may be very small and difficult to measure. 1

Since only a small amount of deterioration may be allowed before the ability
to withstand an accident environment is jeopardized, the criteria for

acceptable and unacceptable deterioration must be revised. For example, in

non-nuclear applications, a nearly total loss of resilience in gasket material

for electrical compartments may be acceptable. However, in nuclear applica-

tions, partial loss of resilience coupled with deterioration from accident

environments may result in contamination of electrical components with steam
and chemical spray.

PRACTICAL DEGRADATION MEASUREMENT CONCEPTS

Ideally, degradation monitoring techniques should be:

o nondisruptive

o noninvasive

o repeatable

o accurate

o cost-effective

'

and should yield data that are comparable to a known deterioration reference.

Ideally, techniques should be nondisruptive. Interruption of operation i

should be minimized, since disconnection of wiring and piping equipment may
result in a high probability of failure upon reconnection. The result of an

322
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improper reconnection could be a loss or deterioration of functional
capability, which is unacceptable. In addition, disassembly and reassembly is

costly. Degradation measurement techniques should not require disconnection
unless they are combined with other requirements.

The techniqae stiould also be noninvasive. It should avoid the need for

opening of cavities or the disassembly or major modification of equipment.
Again, disassembly and reassembly of equipment may be costly and may be
performed improperly.

It should be recognized that while noninvasive and nondisruptive diag-
nostic measurements are desirable, they are not necessarily possible in all
cases. An example of possible noninvasive, nondisruptive degradation measure-
ments is that of tests for coil integrity on relays and solenoids. An example

of a semi-nondisruptive test would be the measurement of transient and steady
state currents. While at present such tests would require disconnection of
coil leads, the test could be made nondisruptive by using the fuse clip

associated with the coil for making the tests. A probe that would be inserted

into the fuse clip could be used, which would require only removal of the fuse
and would not require lifting of leads. A fully nondisruptive test method

could entail use of infrared pyrometry or infrared photography for measurement
of coil temperatures. An extremely hot coil could indicate breakdown of the
insulation and impending failure. Another potential test method is that of

measuring radio noise generated upon deenergization or energization of the
coil. Radio noise detection techniques are used on high voltage equipment but

are not commonly used on low voltage equipment.

Repeatability and accuracy of measurements are very important because
degradation monitoring is a long-term process. Measurements may be taken at
yearly or longer intervals; therefore, the procedure and equipment to be used
must be precisely defined. Even methods using continuous monitoring will need
precise techniques and procedures. The interpretation of the results should
be clear-cut and require a minimum of judgment. The test technician or
engineer should not have to rely on judgment or extensive experience to arrive
at a conclusion. Since it is desirable to be able to measure low levels of
deterioration, the accuracy of the test method and test equipment will be
important. Noise in the test data may completely o'ascure the deterioration
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information. All test methods for deteriorstion r easurement should be
cost-effective. In some cases, deterioration evaluation will be necessary

regardless of cost because the equipment is safety-related, but ultimately it
should be performed when it is cost-effective and yields results that improve
operation and reduce costs to the plant.

APPLICATIO!! OF DEGRADATION MONITORING TO A COMPLEX SYSTEM

A diesel engine and the associated generator for a nuclear plant are a
complex interactive system. To monitor the condition of the system, multiple
parameters must be avaluated. The diesel engine has a starting system, fuel
supply system, lubrication system, cooling system, and many built-in
monitoring devices. For the purpose of diesel engine monitoring, many sensors
and sensor ports already exist. Itowever, some of these sensors will have to
be upgraded in type and quality, e.g. pressure switches may have to be

replaced by transmitters. Since the diesel generator is complex, automated

integration and analysis of the monitored data will be necessary to provide
indication of present condition and impending problems. List 1 provides some
of the parameters that should be included in a monitoring system. It should

be noted that the diesel generator itself is a good transducer, and analysis
of the voltage wave shape should provide data about misfiring and unbalance of
the diesel system.

While the list of data to be monitored appears long, the complexity of

the diesel and its importance should allow cost-effective use of an extensive
monitoring s/ stem. List 2 shows the calculated diesel performance and condi-
tion measures that may be calculated from the monitored parameters. A dedi-
cated computerized system could be used to monitor the condition of the diesel
generator. Such a system would be comprised of sensors, a ruultiplexer, a
timing and synchronizing circuit, a dynamic signal processor, a static signal
processor, a computer, and display devices (2). The inputs from the diesel
monitoring devices would be analyzed and processed, results recorded, and
alarms generated, as appropriate. Since the monitoring system for a diesel
generator is complex, to make it work properly, algorithms nust be devised
that will allow the computer to analyze trends in data and to compare data and
information to predefined limits. The development of the algorithms and the
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LIST 1. MONITORABLE DIESEL PARAMETERS

o Temperature (exhaust ports, oil, fuel, intake air)

o Pressures (ambient air, intake manifold after turbocharger,
lubricating oil, fuel, cooling water)

o Vibration (rocker box (valve] cover, engine block)

o Flow (fuel supply, fuel return, blowby, engine oil, air-intake)

o Crank shaft position (degrees) -

o Shaft speed

o Electrical output (power, frequency, phase angle variation)

|

,

'

LIST 2. CAI4ULATED DIESEL PERFORMANCE / CONDITION MEASURES *
!

| o Specific fuel consumption o Power fluctuations

o Coolant temperature rise o Turbocharger efficiencies

o Fuel temperature rise o Crankcase blowby flow rate
,

|

| o Blower pressure rise o Cylinder performances (comparison)
l

o Blower performance o Lube system performance'

|
| o Turbocharger performance o Cooling system performance

o Intercooler temperature o Water pump condition

o Overall efficiency,

o Speed / instantaneous velocity,

! performance

* Measured parameters should be corrected to standard reference conditions.

I

|

|
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'

,

i limit criteria is probably the.most expensive portion of the whole system. At
:

.
least one project is presently underway to define the requirements for such an

I

| algorithm (3].

1

{ DETERIORATION REFERENCE DATA

i I

|.
As a minimum, an and of qualified life criterion is needed to evaluate

'
the level of deterioration of a device; however, a deterioration data refer-

ence graph would be preferable. With such a plot, estimates of remaining and
useful life could be estimated. To be able to develop an end of qualified

i life criterion, a relatively simple system may be employed. The device would

] be analysed to determine the appropriate parameters to monitor. Baseline

| measurements would be made on a newly manufactured item. Then, the aging
simulation that was performed during the qualification program for the device i

would be reperformed. Following the aging simulation, measurements would then
,

! be taken to determine the level of deterioration that has occurred. From e

these measurements, the end of life criterion would be developed. If a device
.< >

! had not deteriorated to the criterion level during normal service, it would be
'

acceptable for an accident service condition. However, upon reaching the
j criterion level, the device would have to be replaced, since it no longer
j would be capable of performing continued normal service while retaining

,

accident service capability. I

[ The criteria that are derived from duplication of accelerated aging may
'

[ have some uncertainty involved. For example, the true acceleration achieved
1

; by simulated aging is really a wide range rather than a fixed ratio.
r

| To develop a reference plot for deterioration, a siellar process would be !

} performed; however, the aging simulation would be performed incrementally with t

{ deterioration measurements performed after each increment. A further refine- I

| ment would be to take measurements of equipment condition from like equipment !
at plants of different ages. These could be plotted along with the results .

! from the aging simulation to verify the adequacy of the aging simulation model
,

and to further refine the data. It is recognised that this is no easy task in; >

light of equipment and environmental variations.,

|
,

i I

: t

j I

'
i

,
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CONCLUSIONS

Useful measurement techniques are possible to estimate deterioration.
Unfortunately, few are in readily usable formats. Many of the functional

tests presently performed are not suitable. The development of noninvasive,
nondisruptive tests is possible for many devices. For some devices, such as

diesel generators, integration of deterioration monitoring detection or

indication devices into the equipment is quite possible. Development of

criteria for end of qualified life limits is also possible, as is the develop-

ment of deterioration reference plots. These criteria may be further refined

through the use of data gathered from similar equipment of various ages in
existing power plants.
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Figure 1. Use of Functional Indicators for Condition Monitoring (1)
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Figure 2. Accumulated Deterioration Related to Service and
Design Basis Event (DBE) Stresses (Seismic, LOCA, MSLB) [1]
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AN APPROACH TO EVALUATE THE SAFETY
AND RISK IMPLICATIONS OF AGING

W. E. Vesely

Batte11e's Columbus Laboratories
505 King Avenue

Columbus, Ohio 43201-2693

Arguments are made that to most directly evaluate the
regulatory and research impacts of aging, the risk impacts of
aging need to be directly quantified. An approach is presented
to quantify the risks of aging using available data and present
information. Both the relative effects of aging and the absolute
time dependent effects are evaluated in the approach. The uncer-
tainties associated with the results are also evaluated to show
the maximum risk impacts of aging and to indicate where research
can' be directed to most effectively reduce the uncertainties.

INTRODUCTION

From a regulatory perspective, the importance of any aging which
occurs at a nuclear power plant is directly tied to the risk and safety impli-
cations which arise from the aging. Aging is important if there are signifi-
cant safety and risk implications and unimportant if there are no significant
safety and risk implications.

An issue is whether from a risk and safety standpoint aging is a
current problem or whether it can be an actual future problem. There areI

| certainly evidences of component aging in current data but there are
generally no direct implications on system unavailability increases or risk
increases. Current probabilistic risk analyses (PRAs) and safety analyses
do not evaluate the effects of aging. Some aging and sensitivity analyses
have been performed but these only show how risks could change if input
failure probabilities are assumed to change by some hypothetical amount.

In order to determine the risk and safety implications of aging
phenomena, the aging phenomena which ha"a been observed and which are pro-
jected to occur need to be translated into explicit risk and safety impli-
cations. Current PRAs and safety assessments do not show the explicit
effects of aging because the current approaches do not, and were not meant
to, explicitly consider aging. Aging, for example, could be causing signi-
ficant risk effects which would not be identified by current PRA approaches
and applications because of their limitations in this area.

| Furthermore, the traditional time dependent approaches which
utilize detailed time histories of failures to make inferences on aging are
not applicable with available data (1), (2), (3). The FRANTIC II computer
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|

code (4) has been developed to evaluate the risk effects of specific types
of aging, however, the inputs required for FRANTIC II are generally not
obtainable from available data.

1

Consequently, we believe that what is needed is a project whose
objective is to quantify the risks of aging using to the maximum extent data
that are available and information that can be presently obtained. By quanti-
fying the risks of aging, that information and research will be focused upon
which is key in relating aging characteristics to risk impacts.

Because of the present lack of knowledge, there can be large uncer-
tainties associated with quantified estimates of the risk impacts due to
aging. However, the uncertainties show the ramificatic's of our present
state of knowledge. The upper bounds on the risks show how large the aging
impacts can be with the information presently available. The dominant contri-
butors to the aging uncertainties show where research can be directed to
most effectively reduce the uncertainties.

RISK EVALUATIONS OF AGING PHENOMENA PROJECT

A project plan has been developed to address the problems of expli-
citly quantifying the risk effects of aging. The project has been named the
Risk Evaluations of Aging Project or the REAP Project for short. The general
objective of the REAP Project is to quantify the risk effects of aging. To

accomplish this objective in a timely and logical manner, REAP has the
following sub-objectives.

1. To quantify the relative contributions of aging
mechanisms and aging causes to system unavailability.
This will provide important insights in a short time
frame and will help guide further research.

2. To develop models and approaches to quantify to varying
degrees of accuracy and detail the time dependent risk
effects of aging. This will provide models which in
the near term will quantify the gross risk effects of
aging and in the longer term will provide more detailed
quantification for selected important areas.

3. To apply the developed time dependent models and
approaches to systems and plants to quantify the risk
and risk uncertainty effects from aging. This will
identify the present and projected size of aging risk
effects, the important contributors to aging risks, the
size of aging risk uncertainties, and the important
contributors to aging risk uncertainties. In the near
term the approaches will be dew nstrated on selected
areas, and in the longer term comprehensive plant
models will be evaluated.

|
i
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The above sub-objectives are consistent with the broader objectives of the
Nuclear Plant Aging Research (NPAR) Program
where in the plant and when in the plant's l(ifetime aging of components and5) which include (1) identifying
systems is a risk and safety concern, and (2) identifying specific components
and systems for which detailed engineering studies need to be performed on
aging effects because of their potential risk and safety importance.

REAP OUTPUTS

It is planned that in the first phase of the REAP Project, relative
contributions of aging to system unavailability will be evaluated, and time
dependent models and approaches will be developed. The time dependent models
and approaches will be demonstrated on selected components and systems.
Aging related data will also be assembled and reviewed. In the second phase,
comprehensive plant models will be evaluated for projected aging risk impacts
to identify areas of regulatory and research importance. Models and data
will also be extended for selected important areas.

Results will be produced on the risk implications of aging at
different levels from component reliability effects to plant risk effects
throughout tiie REAP Project. A high priority of the Project is to produce
timely results to the NPAR Program to provide information for regulatory and
research programs. Table 1 outlines the outputs which are planned to be
obtained in the first phase from REAP. To provide the outputs in a timely
manner and to be as efficient as possible, the REAP Project will utilize, to
the maximum extent, already available models, data, and analyses. The evalu-
ations of the relative effects of aging on system unavailability will utilize
the data already collected in the NPAR Program and the Root Cause Data
Program conducted by the Division of Risk Analysis and Operation (DRA0).
The development of approaches and software to evaluate the risk effects of
aging will modify and extend the approaches used in the FRANTIC II code.
The evaluations of relative and time dependent aging effects will utilize
the available plant fault tree and event tree models developed in the
Accident Sequence Evaluation Program (ASEP) conducted by the DRA0.

REAP TASKS

The task definition and flow chart for the first phase of the REAP
Project is shown in Table 2. During the first phase, three activities are
planned to be carried out:

1. Evaluation of the Relative Effects of Component Aging
on Component and System Unavailability

2. Development of Component Aging Reliability Models

3. Development of Approaches and Software to Evaluate the
Plant Risks of Aging.
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Table 2. Risk Evaluations of Aging Phenomena:
First Phase Tasks

Activity Tasks
i1. Evaluation of the relative Assemble Select system Assemble algorithms Calculate relativa

effects of aging. available models to be and software contributions
data. evaluated. to perform of aging.

evaeustions.

2. Cni---- :.-t of Deweiop Deweiop Demonstrate
component aging linear damage nonlinear enodels onw

a relishinty models. m o oses. extensions. selected -

components.
t

1 Deweiopenent of Develop Nw M h
approaches and sonware and nonlinear FRANTIC 18 the approaches
to evaluate the plant aging to I.?:-:-W in selected
risks of aging. s;-:--a; - :_ the 4;-:-;;' T. systems.
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As part of the modeling and development activities (Activities 2 and 3) ,

specific. applications will be carried out to demonstrate the research and ,

e''

regulatory utility of the approaches. s

The first activity, Evaluation of the Relative Effects of
Component Aging, consists of the following four tasks:

1.1 Assemble failure data. Fractional contributions of
aging causes to component failures will be assembled
from various data sources to form generic root cause
fractions. The data sources will consist of data from ',

the NPAR data projects and the Root Caus'e Program. Any
significant plant specific deviatio'ns will be identified. ,

Uncertainties for the root cause fractions will also be
initially estimated. Standard PRA data will.also be

,

assembled (component failure rates, human ~ error rates,
etc.); the ASEP data base will be used as the basic PRA
data base.

1.2 Select system models to be evaluated. The ASEP system
models will be reviewed to identify the specific plant;' '

system models to be utilized. The cut sets for the
system models will be identified for actual quantifi-
cation purposes.

1.3 Assemble algorithms and software to perform evaluations.
The root cause fraction approaches' developed in the
Root Cause Program will be extended to handle individual
and joint contributions of different aging causes. The
preliminary software developed in the Root Cause Program
will be extended to handle the aging contribution calcu-
lations.

~

1.4 Calculate relative contributions of aging. The data,
models, and software will be utilized to calculate the
relative percentage contributions of aging causes to
system unavailability. Initial calculations will be
focused on simpler systems using grosser categorizations-
of aging causes to provide initial results. Figure 1
illustrates one type of relative information that will
be obtainable. F -

The second activity, Development of Component Aging Reliability
Models, consists of three tasks:

.

2.1 Develop linear damage models. Linear damage models
will be reviewed and be applied to different aging
mechanisms and to specific components. Competing cause
analyses will be utilized to model the component
failure rate contributions from different competing
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causes, both aging and non-aging related. Statistical
techniques will be identified for estimating the rate
of failure rate growth using available data on the
relative contribution of aging causes and the average
time (or cycles) of exposure to the aging mechanism.
The techniques will allow gross bounds and engineering
assessments to be utilized.

2.2 Develop nonlinear extensions. The linear damage models
will be extended to nonlinear damage models by
transforming the exposure time. The nonlinear models ,

will allow the linear models to be statistically tested I

for their accuracy in representing experience data.
Statistical techniques will be identified and developed
for parameter estimation and testing.

2.3 Demonstrate the models on selected components. The
aging models, particularly the linear aging models,
will be demonstrated on specific components to show the
time dependent unavailabilities and reliabilities which
can be projected from current data and experience. The
projections will include bounds and uncertainties to
reflect current knowledge. Data requirements will be
identified to most effectively improve the projections.

The third activity, Development of Approaches and Software to
Evaluate the Plant Risks of Aging, nas three tasks:

3.1 Develop linear and nonlinear aging algorithms. The
linear damage and nonlinear damage models developed in
the second activity will be translated into algorithms
which can be incorporated into the FRANTIC II computer
code. The specific changes required in FRANTIC II will
be identified down to the detail of specific statements
in the code which need to be modified.

3.2 Modify FRANTIC II to incorporate the algorithms. The
FRANTIC II computer code will be modified to calculate
the time dependent contributions from different aging
causes using the linear or nonlinear damage models. The
modifications will allow only certain components to be
modeled as aging or will allow all components to be
aging. Time dependent system unavailability, function
unavailability, and core melt frequency will be able to
be calculated. A user's manual will be developed for
the modified code.

3.3 Demon::trate the approaches on selected systems. The
modified FRANTIC II ccde will be utilized on specific
system models in ASEP to demonstrate the time dependent

|

|

t
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system unavailability projections which can be made4

using current data and experience. Methods for incor-
porating uncertainties into the evaluations will tue
described. Uses of the code to identify risk important
areas and dominant contributors to aging and aging
uncertainties will be described. Figure 2 illustrates
one type of time dependent result that will be obtain-
able.

~

REAP INTERFACES

;
- It is planned that the REAP Project will interface with a variety

. of other programs. First of all, as stated, the REAP Project will interface
with the data analyses programs which have been conducted by the NPAR Program
in that the data will be utilized in evaluating the risk effects of aging.
The outputs from the REAP Project will in turn help to guide the other
research activities in the NPAR Program (see the NPAR Program Plan

j .NUREG-1144 for complete details).

With regard to interfaces external to the NPAR Program, as pre-
viously indicated, the REAP Project will utilize ASEP models in the plant

,

evaluation of aging effects. The data from the Root Cause Data Program,

' conducted by DRA0 will be utilized as an important, additional data input to
' the evaluations performed in the REAP Project. The outputs from the REAP ,

Project will be input to the Operational Safety Research Program, the
Inspection Prioritization Program, and the Probabilistic Evaluation of
Technical Specifications Program, all being conducted by DRA0.

,

A priority of the REAP Project is to communicate the results and2

regulatory implications to the Office of Nuclear Reactor Regulation (NRR)
and the Office of Inspection and Enforcement (IE). Interfaces with the aging
work being conducted by the Electric Power Research Institute (EPRI) and the
utilities.will also be pursued in the REAP Project.

1

,

4

a

4 339

_ _ . _ _ _. _. . - - _ _,--_ _ __ __ _. - - - . -



n /
/

. /
1 /

/
- Agings' s'

/ /
' s'/

.a'** ,,,
#

' ''
_ ___

' '
- _-_

=
'j- ' , , , , ,

" '
! Core Melt

'

g Frequency Steady State
- __

,
-

o

.

'

=
Plant Age

Figure 2. Illustration of Potentiel Aging
Effects on Core Melt Frequency

- _ _ _ _ - - _ - - - -



_ - .. . _ - _- .. . _ _ - - __ . -

4

'
.

I

f

l

REFERENCES

'l. NUREG/CR-3543, " Survey of Operating Experience from LERS to Identify-
: Aging Trends", January, 1984.

2. NUREG/CR-4156, " Operating Experience and Aging-Seismic Assessment of
Electric Motors", Preliminary Report, December, 1984.

3. ORNL Draft Report, " Aging and Service Wear of Electric Motor-0perated ~
Valves Used in Engineered Safety-Feature Systems of Nuclear Power
Plants", March, 1985.-

4. NUREG/CR-1924, " FRANTIC II - A Computer Code for Time-Dependent
Unavailability Analysis", July, 1980.

,

5. NUREG-ll44, " Nuclear Plant Aging Research (NPAR)' Program Plan",
July, 1985.

) 6. BCL Draft Report, "PRA Root Cause Evaluations", May, 1985.
;-
|

|

| |-

| |
t

r

b

I
;

t.
I'

i
a

i
s

s

:

.

341
i
1

_._
_ . . _ . ____ , ____ __ __ . __ _ _ . . - _ __ _ . . . , . _ . - _ _ _ _ , . _ - - _ _ . . , , ._ ,



IDENTIFICATION AND EVALUATION OF FACILITATION TECHNIQUES

FOR DECOMMISSIONING LIGHT WATER POWER REACTORS

Prepared by

Thomas S. LaGuardia, PE

TLG Engineering, Inc.
649 Federal Road

Brookfield, CT 96894

ABSTRACT

This paper describes a study sponsored by the U.S. Nuclear
Regulatory Commission to identify practical techniques to
facilitate the decommissioning of nuclear power generating
facilities. The objectives of these " facilitation techniques"
are to reduce public/ occupational exposure and/or reduce volumes
of radioactive waste generated during the decommissioning
process.

The paper presents the possible facilitation techniques
identified during the study and discusses the corresponding
facilitation of the decommissioning process. Techniques are

.| categorized by their applicability of being implemented during
the three stages of power reactor life: design / construction,
oparation, or decommissioning. Detailed cost-benefit analyses
were performed for each technique to determine the anticipated
exposure and/or radioactive waste reduction; the estimated cost
for implementing each technique was then calculated. Finally,
these techniques were ranked by their effectiveness to facilitate
the decommissioning process.

This study is a portion of the NRC's evaluation of decommission-
ing policy and supports the modification of regulations pertain-
ing to the decommissioning process. The findings can be used by
the utilities in the planning and establishment of the activities
to ensure all objectives of decommissioning will be achieved.
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1.9 INTRODUCTION

1.1 BACKGROUND

All electric generating facilities must be retired from
service and decommissioned at the end of their operating
life. Over the next four decades the operating licenses
of 81 U.S. commercial nuclear power plants will expire,
leaving the owner utilities with the liability of
ultimate disposition. The objective of decommissioning
a nuclear power plant is to remove the facility from'

service in a safe manner while protecting the safety of
j the public and environment. This decommissioning

process may include removal or isolation of radioactive
materials so that the site can be released for
unrestricted use, either by immediate dismantling of the
facility or removal following a storage period.

4

Consequently, decommissioning involves occupational,

radiation exposure and the generation of radioactive
wastes.

The " Draft Generic Environmental Impact Statement on
Decommissioning" (Ref. 1) indicated that an important'

aspect of planning for reactor decommissioning is to
consider those techniques that minimize occupational or
public exposure and/or radioactive waste volume. The j

proposed rule, " Decommissioning Criteria for Nuclear
Facilities," (Ref. 2) will be followed by an NRC
Regulatory Guide to recommend that the utilities'

identify the techniques they will use to facilitate the
,

decommissioning of their stations at end of life. This
study was performed to identify a number of
decommissioning facilitation techniques and present them
to the industry for consideration.

1.2 OBJECTIVE

The objective of this study is to provide practical
recommendations to facilitate decommissioning of

| commercial light water power reactors by reducing
; occupational exposure and radioactive waste volume.

These facilitation techniques are primarily addressed to
decommissioning, but may also be implemented during
design / construction or operations if they will ultimate-!

ly benefit decommissioning. These recommendations-
identify how the techniques facilitate decommissioning
while considering the effect of implementation on plant
design, operations, present technology, safety and costs
in all phases of power plant life. Attention was given
to identifying techniques addressing specific dismant-

,

ling activities incurring substantial occupational'

exposure and generating significant quantities of radio-

i

|

|
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| active wasto volumn. Thic ctudy is part of the NRC
i ro-avsluntien of daccmmisoioning policy and con be used
j as partial support for the modification of existing
| regulations pertaining to che decommissioning process.
| This study can also be used by utilities in their

decommissioning planning to ensure all the objectives of
i decommissioning will be achieved. This program lists the

identified facilitation techniques and methods to be
considered in expanding and supplementing existing
alternatives in the safe decommissioning of light water
commercial power reactors at their end of life.

1.3 SCOPE

The scope of this study was limited to the decommission-
ing process as currently defined in U.S. NRC Regulatory
Guide 1.86, " Termination of Operating Licenses for-
Nuclear Reactors," (Ref. 3) and consequently only
addresses those activities involved in the disposition
of the radioactive materials / equipment of a light water
reactor facility. Therefore, the investigation does not'

address such areas as containment demolition or site
reconstruction since these are beyond the scope of NRC
jurisdiction.

The decommissioning process defined in Regulatory Guide
1.86 addressed four decommissioning alternatives: Prompt
Removal / Dismantling, Mothballing, Entombment and
Conversion. The recently published Proposed Rule on
decommissioning now considers only three major classifi-
cations referred to as DECON, ENTOMB and SAFSTOR and
defined as follows:

DECON is the alternative in which the equipment,
structures and portions of a facility and site
containing radioactive contaminants are removed
or decontaminated to a level that permits the
property to be released for unrestricted use
shortly after cessation of operations.

SAFSTOR is the alternative in which the nuclear
facility is placed and maintained in such
condition that the nuclear facility can be safely
stored and subsequently decontaminated (deferred
decontamination) to levels that permit release
for unrestricted use.

ENTOMB is the alternative in which radioactive
contaminants are encased in a structurally long-
lived material, such es concrete. The entombed
structure is apprcoriately maintained and

345
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continund surveillance is carried out until the
,

rcdiccctivity decays to a levol parmitting
unrestricted use of the property. This
alternative would be allowable for nuclear
facilities contaminated with relatively
short-lived radionuclides such that all
contaminants would decay to levels permissible
for unrestricted use within a period on the order
of 199 years.

The facilitation techniques identified in this study are
applicable to any of the three decommissioning
alternatives. However, the detailed results presented in
this paper are for the DECON alternative.

The techniques described herein are applicable to'

commercial light water power reactors located in the
United States. Applicability of these techniques to
other nuclear facilities is not within the scope of this
study and is not implied, but could be examined.

,

The basis for evaluation of most of these facilitation-

techniques is the reference PWR described in NUREG/CR-,

9139 (Ref. 4) and the reference BWR described in NUREG/
CR-9672 (Ref. 5). Detailed evaluation of a technique to
a specific nuclear power plant should be determined on a
case by case basis using specific plant parameters.

Current practices used in operating power plants to4

maintain occupational exposures "as low as reasonably
achievable (ALARA)" or " Volume Reduction (VR)" methods

| were considered to be routinely applicable to decommis-
sioning and not included here. The techniques evaluated
in thir study were judged to be new concepts or logical
extensions of existing concepts / methods specifically for
decommissioning.

2.5 GENERAL METHODS OF TECHNIQUE IDENTIFICATION AND EVALUATION<

This section presents a description of the approach used to
identify, evaluate and determine the benefits (exposure and waste
volume reduction) presented in the results of the study. It
should be noted that the quantitative study results presented
herein are specific to the characteristics of the reference PWR

| and BWR and therefore may not be realized at other than those
! units. The following methodology is also intended to present an

evaluation model to be used for site-specific evaluations of
techniques.

,

I

i

|
:

.
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2.1 GENERAL METHODOLOGY AND APPROACH

The general method of approach for this study is
presented in Figure 2.1-1, " Facilitation Technique
Evaluation Program Methodology Flow Diagram." In
general, the study involved four sequential phases,
including:

Identification and Categorization of Techniques-

Safety / Feasibility Evaluation of Techniques-

Cost Benefit Analyses-

Rating of Facilitation Techniques-

The approach of the study was to focus on those
dismantling activities that generated the greatest
percentage of occupational exposure and waste
generation. Based on these activities, techniques were
identified that reduce exposure and/or waste volume when
applied to those major activities and/or subactivities.

Lists of major activities for dismantling power reactors
associated with the immediate dismantling alternative
(DECON) were developed for both pressurized water and '

boiling water reactor types. These lists were generated
from decommissioning activity lists provided in the PWR
and BWR NUREG studies. Each activity from these studies
was then examined in sufficient detail to identify the
sources of occupational exposure and types or general
quantities of radwaste being generated. This effort
provided a preliminary activity performance baseline and
also identified areas where potential techniques could
be applied.

Table 2.1-1 (a and b) reiterates those lists of dismant-
ling activities presented in the PWR and BWR studies.
Those tables also include both the occupational exposure
and waste volume generated during each of the dismant-
ling activities. As seen from those tables, the PWR's
major dismantling activity generating the largest
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FIGURE 2.1-1

TECHNIQUE EVALUATION METHODOLOGY AND FLOW DIAGRAM
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TABLE 2.1-1(a)
PWR DISMANTLING ACTIVITIES: EXPOSURE & WASTE VOLUME
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TABLE 2 e l-1 (b)
BWR DISMANTLING ACTIVITIES: EXPOSURE & WASTE VOLUME

9

Ocespellemal medletten sapessee medleective weste Des tal votees
................... ...................

Settested telleated
geoeslyttee total flam8ee 9 of 79441 Denhing vetoes |ft3D 4 el total penklag

staCfDs custoles/peannat Costalentet
Imetell NEP4 filtere 3.0 8.2 29 tel
Ceepecheaslee Sedlettee Setvey .S (9.5 49 |al
asence Deres and Seposeter 0.8 8.4 24 Sill 9.8 23
Deola Suppressten Peel to sedesstes

water. Jet Clean 2.3 0.1 32 tbl
Desere 4 ship Seetter vessel laternale let.S S.4 0 7593 1.1 21
Daele seeeter well Peel to podcastes

wates. Jet Clean 8.3 48.1 46 lbl
Chealcal Decen teactos eBetet

boelssetetten 6 steenop systees 7.1 0.4 25 tel
Clean up, stage, 6 shield met Spete

in Primary Containment 0.194 9.4 23 tel
Enteege Suppreselon Cheeker Acrees 2.357 0.1 31 edt
menove a shap seeetos vessel 32.6 1.8 12 17,693 2.6 34
Demove Felseer Comtalmeent Piping 6

sgelpeent 193.987 19.S S S0,97S 0.8 4
homove saceltletal Shield & Badial Saees 79.709 4.3 9 31,009 4.3 7
peseve Centeelmated Concrete f-ee

Palmesy Containment 16.439 9.9 17 13,053 3.7 20
semove NVAC and Electiltel Systees

f ree Palmery Containment 1.996 8.8 33 14,645 2.2 16
Desta Centaminated Systems to sedeaste 8.232 te.1 47 lbl
Chealcal Decea Seeldeal meet Deeevel, Lee.

and M6gh.Pressere Core spesy systems 9.300 0.5 18 del
teneve meestes sellding Piping 272.505 14.8 8 21,324 3.2 la
Orain Dryer and Sepasetes Peel to

tedeastes unter. Jet Clean 8.187 (el 39 (b)
Cheeltal Decee Desin systees S. ell 4.5 41 3,412 0.2 to
Deeln Spent reel peel to sedeastes

water-let Clean e.S46 4.1 38 tbl
Cheelcel Decee reet Peel Coeling 6

Cleanup systee 0.364 4.1 44 tel
poseve peacter sellding Bestroemt 32.437 1.8 il 12,925 1.9 19
Demove Linere f ree Spent reet Peel, Ibi

Boestes esell, end Dryer and
sepasstes Pee! 9.507 S.S 21 13.45S 2.0 18

Demove teattes telldleg Centeelmeted
Ceecsete 19.374 8.8 15 kl.126 2.3 15

pomove evac and Electelcal Systees (see
pesetes sellding e.912 s.S to 22,389 3.3 Il

Final padletten sestoy 8.972 te.1 49 top
Sehtetal te,dj 991 23),720 34.g

toestes Crermatta 908LDieC
Install para rintess 9.Ill e.S 39 gol
Ceepsehenelve medletten suevey 0.199 te.1 og gel
Clean L*y and Stage 0.056 49.1 36 del
seeeve feebine 0.422 9.S 22 49,*,92 7.4 S
Dealm Centeelmated Systems to tedeaetes

Water. Jet clean Condensate storage
tento S.919 (0.1 S2 tbl

beneve Condensee 34.723 1.9 le 40,272 9.6 3
Deele Condenser to tedeasteg

ustes. Jet close 8.019 40.1 S4 1.412 0.2 to
Cheeltal Deces Deela Systee 0.326 48.8 45 tel
Demove Piping let.ble 1.7 7 fl.ett 10.6 2
eseeve Egetriment 32.203 8.7 33 es.e23 12.0 1
Demove Contaalnated Cenesete 3.938 e.l 34 7,S93 1.1 28
Demove NVAC & Electeltal systees O.425 48.1 43 26.627 4.9 9
rinal padletten sesvey 0.037 48.8 $3 top
settetal le.dl 193 399,667 44.9

s&OwASTE Ae9 COstt0L DOILDtmC
Ceeprehensive medlettee sesvey 8.796 49.1 37 delCemetal Clooney 2.360 0.1 le get
Cheeltal Decen Deele Systees 9.448 49.3 42 8,483 8.2 24
Cheeleet Decea Seelpeents wates. Jet Clean 30.924 8.9 IS tel
seeeve Pipang 340.742 St.S 2 10,717 2.0 43
Install fesperary Seemette Bretoe 9.049 49.4 59 tal
seeeve sqvapaent 243.440 13.3 3 44,e49 6.7 4
semove Conta=6 meted Cenesete 7.998 es.4 25 14,367 2.1 17peeeve Miscelleneene Steel structoses 0.000 4e.1 31 1,413 0.2 to
semove MVa 6 tieettleal Systeme 4.824 0.3 27 30,194 4.5 O
rinal podsattes Seevey S.918 40.1 Sl tel
Sebtetal te,43 539 119,012 16.6
AeCBLLApfts
Operate tedeaste systee 28.043 1.1 le tel
teettne tediatles serveys 6.312 0.3 29 tal
Pectate Day Solid westes 30.001 2.1 Il 23,943 3.6 le
miscellaneens tel 9.9 S e4P
Settetal te,dj all II.S 4 23,943 3.6
TOTAL FCe IMMEDI ATS DISMAeTLimC 3,945 198.8 649,182 See
....................

tal Small esseet of weste geneseted free these activitles leeleded in rectase day setid weste activity.
thi aset selle oeste seeeested fee le 'Cheeleet Decee Deeln systees' test.
tel all wet solle easte seeeciated to OsCON procese le ecceented fet la 'sedeante/Coatsel Bellding peeeve Egglpeent* tatt.
tdl Coateeleeted senesete laeleded la 'pesove teatter sullding Centeelnated Concrete * test.

350

- _ - . _



__ - _

cecupatienol oxposure and waste volums was the removal
of centcminctsd concrete (Ancillary estegory). Thio
cctivity contributed to approximately 15.7% and 58.3% of
the total exposure and radioactive waste burial volume,
respectively. For the BWR, the dismantling activity,
" Removal of Reactor Building Piping," generated the
greatest occupational exposure, while the dismantling
activity, " Remove Turbine Building Equipment," generated
the largest amount of radioactive waste. These two i

activities -generated approximately 14.8% of occupational
exposure and 12.0% of waste burial volume, respectively.

2.2 IDENTIFICATION AND CATEGORIZATION OF TECHNIQUES

Three methods were used to identify potential facilita-
tion techniques. These included soliciting comments
from the nuclear industry, performing a literature
search and reviewing experience gained in past
decommissioning projects.

Questionaires were used to solicit comments from over
256 individuals representing a wide cross-section of
nuclear and related industries. These individuals
represented major utilities, major architect-engineers,
constructors, research and development facilities and
consulting organizations within the United States and
overseas.

Additional techniques were identified by reviewing
specific literature addressing the subject of decommis-
sioning, including government-sponsored reports,
published papers, conference proceedings, research
reports, actual decommissioning project reports and
other related public documents.

Other potential techniques were developed by reviewing
past decommissioning programs performed within the
industry. One -approach was to review planned
dismantling activities versus actual dismantling
activities in past programs and determine if variations
indicated the use of any optimizing methodologies. When
data were available, this information provided a
reliable source to validate the technique's contribution
to facilitate decom issioning.

Techniques identified from these initial investigations
could be potentially implemented during any or all
stages of plant life including design / construction,
operation, and decommissioning.

The initial investigation produced a list of 194
techniques; these were then evaluated further for their
feasibility, safety and contribution in reducing dose or
waste volume.
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2.3 SAFETY / FEASIBILITY' EVALUATION OF TECHNIQUES

Each of the identified techniques were evaluated with-

regard to safety, feasibility and assurance that the
objective of each technique was consistent with the
goals of the study. Implementing scenarios were
developed to maximize the benefits of each technique in
reducing exposure and waste generation. This process
clarified each technique and provided a baseline for a

',

safety / feasibility review.

'

Review criteria were formulated to standardize the
; evaluation of all identified techniques. Table 2.3-1

presents a list of the review criteria and the aspects
of each of the review criterion considered in the,

evaluation. Techniques failing identified safety
criteria were not immediately rejected. An evaluation*

was first performed to determine if corrective action
would alleviate or correct the concern, and if so.the
technique was revised and the evaluation process
repeated.

The safety / feasibility review of the technique '

'

eliminated the nonviable techniques. An engineering
,

assessment of the remaining techniques was then'

performed to objectively evaluate the practicality of
their implementation.

,

) The guidelines of this engineering assessment were:

There should be a relatively high potential for-

i implementation of the technique; i.e., the
implementing technology should exist, a methodology
identified and the applications exist.

-Techniques already recognized as standard industry- >

practice would be consolidated into a general discus-
sion or overview of current practices.

Techniques identified for a common application would-

be assessed, with the potential for consolidation
and redefinition of the objectives and technique (s) .

|

|

!
\

|

f
i

!
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TABLE 2.3-1
cAFETY/PEASIBILITY REVIEW CRITERIA

Criteria Factors and Description

1 Safety
Industrial safety (OSHA), fire, emergency evacuations,
toxic / radioactive inhalation

2 Engineered Safeguards
Protection of safety functions of affected engineered
safeguard systems

3 Seismic Design (Seismic Category 1)
Componen ts , systems and structures must be protected to
ensure safe shutdown of the reactor during a design basis<

earthquake

4 Pipe Whip Restraints
Engineered safeguard systems must be protected from adjacent
high energy (high pressure, temperature) piping in the event
of a pipe rupture; pipe whip restraints must not be
compromised by facilitation techniques

5 Redundancy of Components
Engineered safeguard systems using redundant components as
backup systems must not be compromised by facilitation,

techniques

6 Separation of Components
Engineered safeguard systems located in separate cubicles or
in separate parts of the facility must not be compromised by
facilitation techniques

7 Postulated Accidents
Facilitation techniques must not present potential accidents,
nor increase the severity of postulated accident scenarios
analyzed as part of the plant safety analysis for its
operating 1icense

8 Security
Maintenance of plant security procedures, cystems and
barriers

9 Accessibility
Potential interference to perform routine operation,
maintenance and repair functions, and performance of
preservice and incervice inspections
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TABLE 2.3-1
(Continued)

Criteria Factors Eescription

19 Material Handling
Clearance interferences, obstructions, reduction in laydown
space, material size restrictions, rigging problems and
material removal rate reductions

11 Decontamination
Loss or reduction in ability to decontaminate structures,
systems or components

12 Durability
Potential of degradation from radiation, temperature and
humidity (normal oper'ation and accidents)

13 Material Compatibility
Effect of substitution of materials on corrosion, surface
finish, electrical conductivity, flamability and chemical
reaction

14 Portability
Feasibility for rapid installation and removal to perform
maintenance, repair or ultimate removal

15 Component / Plant Capacity
Effect on capacity of individual components or of overall
plant

1

'
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Ucing this cofoty/foocibility critorio, cc=3 of tha
initial tcchniquco wero oliaincted for foiling to mset
cn "ccc ptebility critorio." Nin3tcGn of tha rsmnining
techniques were then further examined in an attempt to
quantify costs and benefits in terms of capital eFpense,
occupational exposure, and waste volume.

2.4 DISPOSITION OF TECHNIQUES

These . facilitation techniques were grouped into two
categories: those being " Good Practice" techniques and
those techniques supported by detailed cost benefit
analyses.

Good Practice Facilitation Techniques:

These techniques provided benefits that could not be
quantified because of the generality of the
technique. However, engineering judgment indicated
that qualitative benefit could be obtained should
the technique be implemented.

Facilitation Techniques Requiring Cost Benefit Analysis:

These techniques required a detailed analysis to
determine their viability. A detailed cost benefit
analysis provided actual quantitative results, i.e.,
actual manRem and waste volume reductions.

These latter techniques were examined further using a
cost benefit approach including the base case and the
facilitation case. By definition, these cases are:

Base Case

This case represents normal practice and/or
techniques used to dismantle a nuclear facility.
These base case techniques have been used or assumed
in past decommissionings and therefore set a
precedent for further application.

Facilitation Technique

This case represents the application of the facili-
tation technique to the decommissioning process.
These cases are scenecios where the technique is
applied to the actual facility decommissioning.

The benefits of the techniques were determined by
comparing the results (occupatiopal exposure, waste
volume generation) between the two cases.
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2.5 RATING CF TECHNIQUES

Tha techniquaa were rotsd by thair patantici covings and
costs associated with those savings. The initial
investigation produced a list of 194 potential
techniques. Of these, 68 were determined to actually,

facilitate the decommissioning process. Forty nine were
then identified as Good Practice techniques, those not
lending themselves to rigorous cost benefit evaluation
but providing some benefit in reducing exposure or waste
volume. The remaining 19 techniques required that
detailed cost benefit analyses be performed to determine
and quantify their potential benefits.

Table 2.5-1 presents the results of this study with a
list, description and category (Good Practice or Cost
Benefit) of all facilitation techniques identified. The
cost benefit techniques were further ranked with respect

i

to their contribution in reducing the overall |
occupational exposure, waste volume and cost.

.
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TAOLE 2.5-1

DISPOSITION OF FACILITATICN TECHNIQUES FOR DECOMMISSIONING
LIGHT WATER POWER REACTORS
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...te ein!.re droelition of bleshield concset.
...for feve #eepiated .last e..ses

i *.te state 6,se pewt s allen of contpelnation&aceth end coat Concrete

4eLat & t.te/Fe.g & t y ,setet t.at e e .555 settoetten pense ee, e
nestele t .telogleal Sh.el ...to e,t ielse seeevel of set teetest matee nal e

C, (Coed tree t teel f aellit et ten techniques, by definillen, are> eet t et tles that, when leplerented. w6 tl prov 6de pesillve
tienefats in redeeleg eithee occitattenal n eewtes er bestal waste we t eoc .
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3.5 SUMMARY CF RESULTS

In total, 68 techniques were identified as methods of
facilitating reactor decommissioning. The majority of
these facilitation techniques were applicable during the
design / construction or decommissioning phases of plant
life. The actual distribution of techniques between the
decommissioning, operations and design / construction
stages were 24, 6 and 38, respectively.

1

3.1 GOOD PRACTICE TECHNIQUES |,

|
A majority of the 68 techniques were categorized as Good

1

Practice. Table 3.1-1 presents a compilation of these j
Good Practice facilitation techniques for each reactor J
life stage. The Good Practice techiques were accepted
based on one or more of the following rationale:

Technique or generic methodology had been shown-

successful in past applications at facilitating the,

decommissioning process with respect to the goals as
; defined for this program

Technique had been recommended as a corrective-
,

: action or as a process enhancement as a result of
i previous decommissioning programs

Technique had indisputable potential, the magnitude-

of the return being dependent upon the extent of
application.

Actual benefits (exposure, waste volume and cost reduc-
tion) were not determined because of each technique's

'

wide application on a site-specific basis. However,
some positive benefit would generally be achieved when

,

applying these techniques to a particular site.
;

Although actual benefits could not accurately be
determined, these techniques were rated using the
relative rating system described in earlier. In
summary, this relative rating system is delineated asi

| follows:
1

I

|

|

|

,
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TABLE 3.1-1

GOOD PRACTICE TECHNIQUE RATINGS

Good Practice patings

Phase /Teche'gue Description EEPosure Weste Cost overall

Decommissioning Phase
Radiological Characterisation ...to identify / locate estent of contamination for ALARA planning +1 +1 -1 +1

Segregation of waste ...to minimise burial volume by controlled separation -1 +1 -1 -1

Magnets for Lifting ...to minialme esposure when removing contaminated components +1 0 -1 8
Prior Removal of Clean Components ...to control cross-contamination during dismantling process -1 +1 8 8
Urethane roam / Spray Fixing ...cf contaminated components to reduce esposure +1 8 8 +1
Segmenting under Negative Pressure ...to minimise airborne releases and subsequent contamination +1 +1 8 +2
Post-Activity Debriefings ...to reduce esposure be preparing for efficient tie * management +1 +1 8 +2
Mockup Testing / Training ...to reduce exposure during actual dismantling effort +2 8 -1 +1
Nuclear Training Center ...to reduce both exposure and waste volume by prior practice +1 +1 -2 8
on-Site Radiological Laboratory ...to expedite process of categorizing waste 8 +1 8 +1

Mobile Shielded Work Stations ...to minimize esposure during removal activities +2 8 -1 +1
worker Training ...to reduce esposure during unique dismantling activities +1 +1 -1 +1

Operations Phase
Comprehensive Data Base ...to accurately record plant data necessary for decommissioning +1 +1 8 +2

[N Segregation of 011 Bearing Waste ...to reduce damage to waste handling systems S S S S

wo Maintain Storage Pools ...for future use as segmentation pools during dismantling +1 0 -1 8

Design & Construction Phase
Construction Scale Models ...for clearances evaluation during removal of conteelnated equipment S S -2 -2
Remote Sampling / Measuring ...to reduce esposure and improve time efficiency +1 5 -1 8
sealed Nonporous Insulation ...to reduce contamination and subsequent weste volume +1 +2 -1 +2
Enclosed Cable Trays ...to reduce cable tray waste volume and incurred removal esposures +1 +1 -1 +1
Minimise Cable Trays in Contaminated

Areas ...to minimise subsequent volume of redweste +1 +1 8 +2
Relocated Motor Control Centers ...to reduce waste by minimizing potential equipment contamination +1 +1 0 +2
Sufficient waste Storage capacity ...to circumvent critical path items and facilitate weste removal 8 9 +1 +1
Bolted Steel Construction ...to reduce esposure by decreasing disassembly time +1 8 8 +1
Quick Disconnect of Components ...to decrease disconnect time by using flanged / bolted connections +2 8 -1 +1
Shearable Nuts and Bolts ...to reduce exposure by allowing for remote segmentation +1 8 +1 +2
Non-Embedmont of Pipes in Concrete ...to reduco removal and dismantling effort +1 8 +1 +2
Removable Roof, Wall Panels / Plugs ...to improve access for removal of radioactive components +1 S S +1
Access to and into all Tanks ...to allow for decontamination by water lancing or entry +1 8 8 +1
Plant Breathing Air Supply System ...to increase worker ef ficiency and reduce time and esposuras *1 S S +1
Pre-Installed Manipulator Structure ...to provide contamination-free access for partial reactor removal +2 S S +2'

Lif ting Lugs on Large Components ...to expedite rigging time and reduce esposures +1 S S +1
Anchor Points for Lifts ...to reduce esposure time spent rigging for component removal +1 0 8 +1
Tracks for Remote Cutting Devices ...to reduce esposure incurred in dismantling of activated components 2 8 8 +2
Preplaced Core Samples ...to minimise esposures when characterising activated concrete 1 0 0 +1
Complete Drainage Capacity ...to reduce esposures by eliminating crud traps 1 0 8 +1
conteinment of Liquids ...to minimize spread of contamination 1 1 8 +2

|

|

,
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Reting D22cription

2 Technique provides positive contribution to
facilitating decommissioning process by reduction of
occupational exposure

1 . Technique provides positive contribution to
facilitating decommissioning process by reduction of
waste burial volume

5 Technique provides no contribution to reducing
occupational exposure or waste volume

-1 Technique proides negative benefits to reducing
burial volume

-2 Technique, if implemented, would result in increased
occupational exposure j

i

3.2 COST BENEFIT ANALYSES

The remaining 19 facilitation techniques were accepted I

on the basis of detailed cost benefit analyses. Table
3.2-1 presents a compiled summary of the results of each
evaluation identifying the net exposure and waste
reduction and the cost associated with achieving those

reductions. The results presented in this table are
based on the scope of the facilitation technique and its

applicability to the reference PWR and BWR stations.
For each facilitation technique, the following
information is provided.

1 Reactor Type

The reactor type identifies either light water PWR or

BWR for their applicable results. The " General"
classification is assigned when evaluation results are -

similar for either PWR or BWR within the range of
analysis accuracy.

; 2 Exposure Reduction

The exposure reduction category presents the manRem

reduction achieved for a particular technique when
i applied to the reference reactor type. Note that ,

parentheses ( ) indicate negative exposure reduction
(increase in exposure) when implementing the technique.

|

. ,

i

1
1
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TABLE 3.2-1

QUANTITATIVE RESULTS OF FACILITATION TECHNIQUES
Occupational Exposure Impact Radioactive Waste Volume Impact

4 of Event Cost % of Total Waste % of Event Cost per 4 Reduction
Reactor Exposure Exposure per mR Exposure Volume Burial Vol. Cubic Foot of Total

Technique Type Reduction Reduction Saved Reduction Reduction Reduction Saved Burial Vol.
'

(manRem) (t) ($) (t) (cu ft) (1) ($) (g)

Decommissioning Phase
Waste Compaction General 15 61 (86,889) 1.2 49475 68 (32) 6.6

<S.1 3989 77 (1894) 9.5Railcar Casks PWR negligible - -

Homogenized Ship- PWR <19 <1 <0.1 2388 45 (599) 9.4
ments BWR <19 <1 (0.1 4781 33 35 9.8
Cask Liner Geometry PWR (8) (4) (115,615) (0.6) 5589 30 (162) 9.9

End of Life Decon PWR 3484 89 338 68 (4709) 12 245 (0.8)
BWR 4453 89 521 66 (11299) 132 295 (1.nl

Incineration PWR (1) (255) (66,999) (<s.1) 9179 91 (8) 1.5
BWR (2) (410) (679,999) (9.1) 21689 99 (62) 3.6

Decon Facility General (21) ISO 46,599 (1.7) 7489 90 397 1.2
Explosive Cutting General 135 33 954 19.6 negligible <1 - -

Intact Removal General 474 83 115 37.3 1398 11 39 9.2
Barge Shipment PWR 242 53 (166'81) 19.9 8437 17 (476) 1.4

BWR 121 16 2923 6.9 9638 IS 37 1.6
Robots PWR 14 100 7194 1.1 negligible <1 - -

y
BWR 46 ISO 2274 2.6 negligible <1 - -g

Operations Phase
Repassivation General 39 29 753 2.4 (83) (23) (274) <S.1
Incineration General (2) (89) (93,811) (<S.1) 7239 93 21 1.2
Preoperational
Electropo11shing Ceneral 17 29 (837) 1.9

Design & Construction
Canal Cate PWR 53 17 (2244) 4.2 629 (4) (192)
Liquids Containment General (19 19 25,999 IS 399 19 135 19

Blast Holes PWR 72 199 {163) 5.7 negligible (1 - -

BWR 168 100 (154) 9.1 negligible <1 - -

Smooth / Coat Concrete General (36) (117) (5151) (2.8) 3898 77 (6) 9.5
Substitute / Purify General 16 6 69349 (1.3) 612 7 1539 9.1
Modular Biological
Shield PWR 11,399 73 (35) 1.9

' s
-
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3 Porcent of Event ManRem Exposure

This category represents the percent reduction in manRem

exposure.

4 Percent of Total ManRem Exposure

This category represents percent reduction or increase

to total manRem exposure incurred during base case

dismantling activities. Total base case exposure
estimates were taken as 1271 and 1764 manRem, as

identified in the reference ?WR or BWR studies. These
estimates are exclusive of exposure incurred during

discharge and shipment of fuel.

5 Cost Per ManRem Saved

This category identifies cost per manRem for

implementing a technique to achieve net exposure

reduction. Parentheses indicate reduction in cost for

the technique used. Costs presented represent all cost
elements (labor, materials, packaging, shipping and
burial fees) associated with implementing a technique.

6 volume Reduction

This category identifies the total reduction in

radioactive waste burial volume (cu ft). Parentheses

indicate increase in burial waste volume.

7 Percent of Event Volume Reduction

This category represents percentage of burial volume

reduction achieved over the base case event if the

technique is used.

8 Percent of Total Burial Volume

This category represents the percent of reduction in

burial volume to the base case burial volume generated
during an entire decommissioning project. The total

burial volume values of 609,853 and 616,228 cu ft where

taken from the reference PWR and BWR studies,

respectively.

9 Cost Per Cubic Foot Saved

This category identifies the cost, on a per cubic foot

saved basis, to implement a particular technique. The
parentheses indicate reduction in cost if the technique

were implemented.
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*The reviewer chould koop in mind that the results
presented here are opacific to the scope of the facilito-
tion technique and the site characteristics of the
referenced station. These results will vary on a plant
basis and with any change in the scope of technique
application. Each of the techniques' presented has the
potential of providing additional benefits but should be
reviewed on a site-specific basis to make that
determination,

s

3.3 RESULTS OF TECHNIQUE RANKING

Detailed cost benefit analysis provided the basis for
the ranking of techniques to reduce the overall
occupational exposure, waste volume and cost. Table '

3.3-1 presents the results of the ranking of all cost
benefit techniques.

i -

.

"s
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TABLE 3.3-1

COST BENEFIT TECHNIQUE RANKINGS
Cood Practice Rankings

Exposure Waste Cost
DescriptionPhase / Technique

6 1 3Decommissioning Phase ...cf small tore piping, conduit, cable trays 8 7 1waste Compaction ...for shipment of radweste to burial ground 8 6 6Railcar Casks ...to optimize NSSS packaging for transport / burial le 5 5Homogenized Cask Shipments ...to optimize liner geometry / waste configuration 1 11 11Cask Liner Geometry
End of Life Decontamination ...of primary NSS system 9 2 7

...of dry active radweste during dismantling 11 4 4
Incineration ...to process small contaminated equipment 4 IS SOn-site Decon Facility ...of primary piping and components in high radiation areas 2 8 9Explosive Cutting ...for large contaminated components 3 3 2Intact Removal of Components

...of all radioactive waste to burial 5 le isBarge Shipment ...for removal of highly activated concrete
Robots

1 2 3Operations Phase ...of decontaminated systems / components prior to return to service 3 1 1Repassivation ...of dry active waste during plant operation 2 3 2Incineration ...to minimize collection of radioactive crud in plant systemsPrepo11shing of Compe00nts

2 5 3Desigo & Construccion Phase ...to segregate reactor cavity and refueling canal for segmentation
...to accurately record plant data necessary for decommissioning$ Canal Gate

A Comprehensive Data Base ...to minimize spread of contamination 1 5 5Containnent of Liquids
...for future demolition of bloshield concrete 5 2 4PreplaceJ Blast Holes ...to minimize penetration of contamination 3 3 1Smooth and coat Concrete

Substitute / Purify Materials ...to minimize NSSS activation products 4 1 2
Modular Biological shield ...to optimize removal of activated material

-



-

_ .

4 REFERENCES

1 " Draft Generic Environmental Impact Statement on
Decommissioning" (Later)

2 Proposed Rule, " Decommissioning Criteria for
Nuclear Facilities," (Later)

3 Regulatory Guide 1.86, " Termination of Operating
Licenses for Nuclear Reactors," (Later)

4 R.I. Smith, et al, " Technology Safety and Costs of
Decommissioning a Reference Pressurized Water
Reactor Power Station," NUREG/CR-9139, June 1978

5 H.D. Oak, et al, " Technology Safety and Costs of
Decommissioning a Reference Boiling Water Reactor
Power Station," NUREG/CR-9672, June 1989

.

365

.

- - - - . _ _ _ _ _ _ _ _ _ _



IMPACTS OF DECONTAMINATION ON SOLIDIFICATION AND WASTE DISPOSAL *

P. L. Piciulo and J. W. Adama

Department of Nuclear Energy
Brookhaven National Laboratory

Upton, New York 11973

ABSTRACT

Brookhaven National Laboratory has carried out a laboratory
evaluation of the wet-air oxidation process for destroying chemical
decontamination reagents. The data presented indicate that wet-air
oxidation can effectively degrade orhanic complexing agents typi-
cally used in chemical decontaminations. Although less than 90% of
the available organic carbon was oxidized, more than 95% of the
organic reagent was degraded. Additionally, test results are dis-
cussed which demonstrate that the decontamination reagent, NS-1,
can be solidified in cement. The waste forms prepared had no
visible deterioration af ter 90 days immersion in water.

INTRODUCTION

The Nuclear Regulatory Commission (NRC) is concerned with evaluating the|
; ef fectiveness and safety of chemical decontamination processes which are being
I proposed for light-water reactor (LWR) primary systems as a means of reducing
; occupational exposure and ensuring continued safe operation. The areas of

concern being addressed are: the type, volume and toxicity level of the rad-
| waste streams generated by decontamination and their subsequent management at
i the plant and at the disposal site.

|
Because of the large amounts of chelates or complexing agents required

for a full system decentamination, it is desirable to determine if there are
methods which would convert these reagents to more innocuous forms. The ob-
jectives of the program at Brookhaven National Laboratory (BNL) are to iden-
tify the information and conduct the tests necessary to aid the NRC in making
regulatory decisions en the solidification and waste disposal aspects of
chemical decontamination processes. In particular, this program focuses on
in-plant methods for converting decontamination wastes to more acceptable
forms prior to dispasal.

* Work carried out under the auspices of the U.S. Nuclear Regulatory
Commisison.
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The BNL program has provided an evaluation of potential decontamination
processes, the wastes generated and potential waste management prac-
tices.(l) Subsequent laboratory studies (2) have confirmed that incinera-
tion and acid digestion are capable of destroying selected decontamination
reagents. Further, this work has assessed the solidification of simulated
decontamination resin wastes in cement and vinyl ester-styrene.

The laboratory evaluation of processes for destroying decontamination
reagents has included wet-air oxidation (WAO). A discussion is given in this

paper of data which indicate that wet-air oxidation can effectively degrade
the organic complexing agents typically used for chemical decontaminations.
Additionally, the results of a limited study on tne solidification of NS-1
reagent in cement are presented.

WET-AIR OXIDIATION OF DECONTAMINATION REAGENTS

W' t-air oxidation has been applied to the treatment of several industriale
streams.(4) It was claimed that any combustible material that can b3 ma in- |

tained in the liquid phase can be oxidized by this process. Wet-air oxidation j

has also been proposed for management of low-level combustible wastes and
alpha-contaminated low-level wastes.(5,6) A limited experimental pro-

gram (7) was conducted to determine the feasibility of using wet-air oxida-
tion for volume-reducing spent ion-exchange resins prior to disposal.

Wet-air oxidation or pressurized aqueous combustion is a process that
involves the oxidation of combustible materials in the presence of liquid.
High pressures are employed to maintain the liquid phase. While some work has
been reported on batch-type processes,(5,6) the industrial units normally
operate with a continuous feed. Recycling the residue and liquid effluent
through the process may be advantageous to more complete degradation.

Experimental

The wet-air oxidation of decontamination reagents and ion-exchange resins
was carried out in a batch mode using a 2-L Zipperclave supplied by Autoclave
Engineers, Inc. A quartz insert was used to isolate the solution from the
steel body. The apparatus was equipped with heaters, a cooling coil and a
high speed stirrer. Parts on the autoclave head were fitted to allow liquid

and gas sampling, and a thermocouple was used to monitor the solution tempera-
ture. Further details of the apparatus are given in Reference 3.

Samples of resins equilibrated with organic acids were prepared by mixing
a measured quantity of ion-exchange resins with a solution of organic acid (or
reagent) such that there was an excess of acid to exchange with the
theoretical exchange capacity of resins. IONAC A-365 (Sybron) anion exchange
resins were equilibrated with picolinic acid. This resin has a polyacrylic

matrix with weak base exchange groups and was used because !* is the resin of
choice for the LOMI decontamination process reagent which oaes picolinic
acid. Quantities of the strong base anion exchange resin, IRN-78 (Rohm &
lhas), were equilibrated with an excess of ethylenediaminetetraacetic acid
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(EDTA), citric acid, oxalic acid and LND 101A reagent. The amount of organic

| acid (reagent) on the resin / acid samples was determined by measuring the
amount of acid in the solution after filtration. The carbon content of the
samples was calculated based on the carbon contents of the resins and the
acids.

The samples processed consisted of either organic acids, organic ion-
exchange resins, or acid / resin mixtures, in one (1) liter of deionized water.
Solutions contained either 0.5 or 1.0 percent by weight of material to be
proceased. Oxygen was used to pressurize the autoclave before heating the
system. Typical ranges of operating conditions for processing the acid / resin
mixtures were: initial oxygen pressure, 300 to 250 psi; maximum temperature,
210 to 225'C; maximum pressure, 550 to 720 psig; stirrer speed, 800 to
840 rpm; and run time, 5.5 to 6 h.

Aliquots of the processed solutions were collected at the ends of the
runs and, in some cases, at dif ferent times during the runs. Liquid samples
were analyzed for carbon content and, if applicable, the presence of organic
acid. A gas sample was collected at the end of the process run time, after
the system was cooled to room temperature, and analyzed by gas chromatography
for permanent gases (H , N , 0 , CO , CO, and CHg). Details of the analytical2 2 2 2
methods have been reported in Reference 3.

Results

A summary of the process results is given in Table 1. The amount of car-
bon initially present in the sample is based on the mass of the sample proc-
essed and the carbon content. Samples of resins and acid / resin mixtures have
errors associated with the initial carbon which result f rom the determination
of the carbon content of the samples.(8)

Values of percent. organic carbon oxidized are used to monitor the effi-
ciency of the process. These values are based on the amount of organic carbon
measured in the process solution as compared with the initial amount of carbon
present. All of the carbon in the resins or reagents was considered as or-
ganic carbon. Organic carbon remaining in solution af ter wet-air oxidation
may be associated with a f raction of the original organic complexing agent
which was not degraded by processing or with other hydrocarbons which were
degradation products. If there is insufficient oxygen then hydrolysis can
predominate oxidation (4.9) during the wet-oxidation process. The products
formed (low molecular weight carbox

etc. ) can resist (5,6,9) ylic acids such as formic, acetic, Williams (9) andfurther oxidation.propionic,
others have indicated that steady concentrations of formic and propionic acids
are produced during the oxidation of butyric acid and that acetig acid con-

The work done by Clark (5,63 and by Bonnicit7) indi-centrations increase.
cates the production of acetic acid which was somewhat resistant to further
oxidation. No detailed analyses were made of the organic chemicals remaining
in the process solutions. However, when possible the post WAO samples were
analyzed for the presence of the initial acid being processed. Based on the
quantity of reagent remaining in solution, the percent reagent destroyed was
calculated and the results are also listed in Table 1.
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!

Table 1

UA0 Carbon Analyses of Post Itun 1.1 quid Samples

Percent of
Organic Percent of

Initial Carbon Reestnings Carbon heagent
Sample Ca rbon Total Inorganic Organic oxidisedb DegradedC ,

(eg) (ag) (ag) (eg)

|Nat.DTA 1616 440 280 160 90 >99t
Citric Acid (CA) 1875 360 20 340 82 >99 i

CA/Pe(NO )3 1875 496 220 276 85 N.D.3

IRN-78 3360220 1400 N.D. N.D. 58d N.C. )
1RN-78 1781225 122 185 537 TO N.D. j

10NAC A-365 1569240 743 299 444 71 N.D.

EOC 4968 1972 674 1298 568 99,97,65*

Picolinic Acid (PA) 2570 1800 100 1700 34 >99

PA/10NAC A-365(l) 2190+30 1230 402 828 62+2 >99
(2) 2190730 1227 303 924 5872 97
(3) 219630 1860 325 835 6212 95

E0C/1RN-78f (1) 2360+30 1388 210 !!78 50+1 >99,99,94
(2) 2340+30 1011 90 921 61+1 >99,99,92
( 3) 2340+30 923 92 831 64+2 >99,9 9,9 3

,

LND 101A/IRN-78(t) 2030+30 733 132 601 70+2
(2) 2030730 901 90 811 6072

(3) 203(30 938 103 835 5912

Blank 0 10 0 10 N. D. N.D.,

a0rganic carbon is determined f rue the dif ference between total carbon and inorganic
carbon. N.D. amans not determined.

bPercent carbon oxidised is based on organic carbon remaining and the carbon
initially present.

crercent degradation is based on the amount of organic acid lef t in solution compared
with that initially present.

dvalue reported is based on total carbon and carbon available.
' Values given are percent destruction of EDTA CA, and CA, respectively.
Isamples contined equinolar amounts (1.55a10 5 soles) of EDTA, OA, and CA.

In initial testing, samples of Na2 EDTA and citric acid were processed for
about 30 h. These runs were sampled after various tices during processing and
the data (although limited) suggest that oxidation of the organic carbon
occurs relatively quickly and extended processing time does not result in a
large increase in the amount of carbon oxidized. Figure 2.1 is a plot of
reaction time vs f raction of organic carbon oxidized for the WA0 of EDTA and
citric acid. Af ter 6.5 h, about 80% of the organic carbon in the EDTA sample
was oxidized. An additional 10% of the organic carbon was oxidized af ter 30 h
of processing. Oxidation of organic carbon in citric acid had essentially
proceeded to a limiting value af ter 20 h. The heat was turned off at 28 h and
no significant increase in carbon oxidized was observed. The sample collected
at 45 h, af ter the system had returned to room temperature, showed <1% of
additional carbon oxidized.
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Figure 1. Percent organic carbon oxidized vs run time for
; the WA0 of EDIA (o) and citric acid ( ).

L A striking difference between the results for EDTA and citric acid is the
! amount of inorganic carbon detected in the processed solutions (Table 1).

Since the disodium salt of EDTA was processed, carbonates and bicarbonates are
likely counterions for the remaining sodium present in solution. On the other
hand, citric acid contains only C, 0, and H, and dissolved CO2 as carbonic
acid may be the likely species to account for the inorganic carbon. The ini-
tial amount of Na2 EDTA contains 0.027 moles of sodium which would require an

L equal number of moles of HCO or half as many moles of C0 -2 for neutrality.3 3
' Such quantities from the WA0 would result in =320 mg and =160 mg of inorganic

carbon in solution f rom bicarbonate and carbonate, respectively. The 280 mg

!. of inorganic carbon may be the result of having approximately 75% of the
soditsa as NaHCO3 and the remaining sodium as Na2CO '3

f Af ter processing the solutions containing EDTA and citric acid, the

L samples were analyzed for EDTA and citric acid remaining in solution. The re-
! suits indicated that >99.9% of the EDTA and 99.8% of the citric acid were de-

stroyed by processing. Other carbon containing species must remain in solu-
tion. These can include low molecular weight carboxylic acids such as formic,
acetic, propionic, etc.57 9)8

'

A 1-liter solution of 0.026M citric acid was oxidized for seven hours.
The solution also contained 9x10-3 M ferric nitrate to determine if the pres-'

)
ence of iron ions would enhance the amount of citric acid that is degraded.
Af ter processing, the final solution was an opaque red and there appeared to i

be about 85% oxidation of the acid, based on the amount of organic carbon

!
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remaining in solution. The presence of the metallic ion (Fe+3) or perhaps
decomposition of nitrate appeared to af fect the oxidation. Ion chromatography
data are not available for the CA/Fe(NO )3 system to compare the amounts of CA3
lef t in solution with that determined previously; however, the amount of or-
ganic carbon remaining is smaller, indicating some increase in the oxidation
of organic carbon.

WA0 of the equimolar mixture of EDTA, citric acid and oxalic acid
(1.5 weight percent in the simulated waste stream) appears to result in 56%
oxidation of the mixture. This result is based on the amount of organic
carbon lef t in solution. Ion chromatography data however, indicate that more
than 95% of the EDTA and OA were oxidized compared to =65% of the citric
acid. The lower percent oxidation of citric acid in the EOC mixture f rom that
observed for CA alone or in CA/Fe(NO )3 may be due to the shorter reaction3

the absence of Fe(NO )3 or because the sample was a mixture. It is pos-time, 3
sible that an unidentified product in the WA0 process solution may interfere
with the ion chromatography analysis for citric acid. A chemical having a
retention time similar to that for citric acid would be quantified as citric
acid. A high estimate of the amount of citric acid in solution would give a
corresponding low estimate of the amount of acid degraded. A complete analy-
sis of the products in the process solution was beyond the scope of this work.

A 5.003-g sample of picolinic acid was processed for more than 6 h. The
colorless solution recovered at the end of the run was slightly acid (pH =
6.3). Analysis indicated that only 34% of the organic carbon in the sample
was oxidized but more than 99% of the PA was destroyed.

Based on the amount of organic co bon lef t in solution (Table 1), ion-
exchange resins present at 0.5 percent by weight were oxidized =70%. No resin
beads were observed in the post run solution although some " cloudiness" was
noted in the solution. Comparing the two oxidations reported for TRN-78, the
amount of resins used varied by a factor of two. If the percent oxidation is
estimated f rom the total carbon remaining, there is no significant change (58%
vs 60%). Ilowaver, based on organic carbon in solution, run 2 showed 70% oxi-
dation of the resins. In this run, a larger amount of oxygen was used.

The oxidation of the IONAC A-365 resins was comparable to that of IRN-78
resins when processed using similar parameters. The post run solutions were
yellow in color. The pit of the solutions af ter processing were =4.4 for
IRN-78 resins and =7.5 for IONAC resins. The oxidation products of the two
resin types present dif ferent water chemistries af ter processing. These solu-
tions may have dif ferent requirements for successf ul solidification of the
process liquids prior to burial.

Replicate samples of PA/IONAC A-365 processed under similar conditions
showed comparable percentages of carbon oxidized. The solutions recovered
were pale yellow and neutral to slightly acidic. Small quantities of pico-
linic acid that were measured in the process solution indicated more than 95%
destruction of the acid. Run 1, which was the largest of the three runs,
showed >99% destruction of PA. The major differences in process parameters
were a higher temperature, higher pressure, and higher stirrer speed.
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Oxygen pressure was varied when processing samples of EOC/IRN-78. An

increase of 40 psi in oxygen pressure resulted in an increase in the amount of
organic carbon oxidized from 50% to more than 60%. Further, there was =50%
less inorganic carbon remaining in the process solutior.s of runs with the
higher pressure compared with inorganic carbon in EOC/IRN-78(1). Analysis of
the process solutions indicated that in all cases, >99% of EDTA, 99% of oxalic
acid and about 93% of citric acid initially present in the samples was

destroyed.

Three samples of LND-101A/IRN-78 were processed at similar temperatures
and pressures but with different stirrer speeds. The resulting process solu-

tions differed in that a pale yellow liquid was recovered from run 1 whereas
the other process liquids were darker and contained a fine particulate. The
carbon content of the process liquids showed that a greater percentage of
organic carbon (70%) was oxidized in the first run than in subsequent runs
(=60%). The last two samples were processed under similar conditions and had
similar data for carbon in solution. The major difference among the three
runs was the higher stirrer speed of run one. Increased agitation will cause

an increase in oxygen transport into the aqueous phase thus promoting
oxidation.

|

| A blank run was performed by procescing 1-lits ,f deionized water under

( typical conditions used to process other samples. The results of the carbon
analysis show that =10 mg of organic carbon were present at the end of the
run. It is possible that the carbon was removed from parts of the apparatus

j that are difficult to clean between runs (e.g., pressure gauges, tubing), or
I was admitted to the system as contamination from the 0-ring grease (Dow
| Corning high vacuum grease, which is a silicone lubricant, was used) or from
| the oxygen feed line. The 10 mg of carbon observed in the total carbon analy-
! sis of the solution is equal to between =0.5% and 2.8% of the total carbon ob-

[
served in the WA0 runs of reagent samples. This small amount of carbon such

|
as this is not likely to af fect either the test being performed or the conclu-
sions drawn.

Analyses of gas samples provide data on the various gas phase species
produced during WA0 of the simulated decontamination wastes. It was not in-
tended in this work to correlate the carbon in the gas samples with the amount|

of organic acid destroyed. The analysis was limited to permanent gases (H e2
hydrocarbons) by the choice of column used for0 , N , CO, CO2 and Ci and C22 2

the gas chromatograph. Thus, there are no data on the presence of nitrogen
containing compounds like ammonia, volatile aminea, and NOx species which
might be produced on the degradation of anion exchange resins and nitrogen
containing organic acids (i.e., EDTA, picolinic acid).

Carbon dioxide was observed, as anticipated, in all samples since it is
the expected oxidation product for carbon. The presence of CO, however, indi-

| cated that oxidation was not complete. Additionally, the presence of methane
and hydrogen suggest that oxidation was not complete. These gases were ob-
served in samples containing IRN-78 anion exchange resins and with citric
acid.

|
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Discussion

Based on the WA0 process data, the percent oxidation of organic carbon in
samples of ion-exchange resins equilibrated with reagents ranged between 50%,

and 70%. Samples of acids alone showed as much as 90% organic carbon oxi--

dized. Analyses of the process solutions for residual organic acid indicated
that nearly all of the original acid present was degraded. Citric acid
appeared to be the most difficult acid to degrade of the four tested (EDTA,
oxalic acid, citric acid, and picolinic acid).

.

The limited testing reported here indicates that oxidation is sensitive
to the amount of oxygen present-(initial pressure) and agitation. Process
temperature and operating pressure also had some affect on the efficiency of
degrading the materials. Extended processing times did not result in signifi-

* cant increases in the amount of carbon oxidized. The quantity of sample being
i processed also limits the effectiveness of the treatment. These operating

parameters should be considered in the design of a large-scale wet-air oxidia-
tion system.

: Complete oxidation of organic carbon was not achieved under the process
conditions used here. In particular, samples containing ion-exchange resins

[ showed less than 70% oxidation of organic carbon. Even though the simulated
wastes tested were not completely oxidized, wet-air oxidation was effective at
degrading the decontamination reagents. Further processing of the waste may
not be necessary if degradation of the organic complexing agents is the,

' desired goal. However, the composition of the process solutions may need to
be considered when planning the management of these wastes. For example, the

{,
presence of organic compounds may cause difficulties in direct solidification
of the process liquids.

!

Based on the organic carbon analysis, process solutions contained organic
species other than the original acid. Characterization of the process solu-
tions was beyond the scope of this study, but it is likely that the composi-

| tion may vary depending on the materials treated and the final degree of oxi-
' dation. Other workers \7) have reported that the products of oxidation of

ion-exchange resins contained =15% low molecular weight carboxylic acid and
that acetic acid, a major constituent, was somewhat resistant to further
oxidation.

Consideration should be given to the organic acids remaining after
wet-air oxidation regarding their potential to enhance radionuclide migration

iif released to the disposal environment. If the wet-air oxidation process
| were optimized, it is assumed acetic acid would be the major organic acid
j remaining. In general, acetate complexes are less stable than metal complexes
! of EDTA, or picolinic acid. which are used in decontaminscion reagents. Thus,

i

i the presence of acetic acid in the final waste form would be of less signifi- 1
, cance to the enhancement of radionuclide migration compared with the complex- !
! ing agents used for decontamination (assuming comparable release of the acids |from the waste form). If the decontamination waste was oxidized to an inter-

|mediate degree such that the decontamination reagents were degraded but acetic
s

|

!

|

I

!
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acid was not the only organic acid that remained, then the composition of the
process waste should be evaluated to determine whether the treatment was of
value. If oxidation was incomplete, it may be possible to treat the process
liquid by filtration and ion-exchange to remove the radioactive species. The
nonradioactive liquid presumably containing any complexing agents, could be
handled separately from the radioactive waste.

SOLIDIFICATION OF NS-1 REACENT IN CEMENT

The waste generated by the chemical decontamination of a light water
reactor will be disposed of in a shallow land burial site. Disposal of these
wastes will be governed by the requirements established in the rule " Land

i Disposal of Radioactive Waste," 10 CFR Part 61, any future guidance given by
| the NRC and through site-specific criteria. The regulation establishes a

; waste classification system for shallow land burial and a set of minimum per-
| formance objectives. NRC in the Technical Position on Weste Form provides

| guidance to waste generators on waste form test methods and results acceptable

; for demonstrating compliance with the waste stability criteria.

| A laboratory evaluation of the capability of methods for solidifying
' decontamination resin wastes has been performed in order to assess whether

they will meet applicable stability criteria. The primary objective of the
solidification tests was to determine if cement and vinyl ester-styrene
binders are viable agents for immobilizing simulaced decontamination resin
wastes. Based on current information, both mixed bed resins and anion
exchange resins were selected for solidification testing. An acceptable waste

| form was one that met the requirements in 10 CFR Part 61 and the guidelines
| given in the Technical Position on Waste Form. Tests for acceptability in-
! cluded a visual inspection for the formation of a f ree standing monolith, the .

presence of free liquid, testing of the mechanical stability of the waste form
and immersion in water. The details of this work and a discussion of the
results can be found in Reference 2.

| Work on the solidification of simulated decontamination wastes has been
i extended to include solidification of a selected liquid waste stream from a
| concentrated decontamination process. The results of the laboratory-scale
! tests that were performed are discussed in this section.
|

| Solidification of NS-1 Reagent in Cement

|
| The NS-1 solvent, developed by Dow Chemical Company, is used for decon-
| tamination of BWRs. Although designed for use as a " concentrated" reagent,

the NS-1 solvent has been used in a diluted form of 10% the original design-

concentration. Subsystems of various reactors have been treated with either
dilute or concentrated NS-1.(10)

|

| The waste stream expected f rom the use of NS-1 as a " concentrated" re-
agent was to be concentrated by evaporation of the process solvent. It was
planned that the concentrated liquid would be solidified in vinyl
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e s te r-s tyrene. This was successfully demonstrated, and BNL reported (II)
results of physical tests of the waste product..

Alternate methods of waste management can be used for handling the dilute
NS-1 solvent. The reagents can be concentrated to a liquid stream, or removed
from solution by ion-exchange. . Both the concentrated li
f rom a NS-1 process have been solidified in cement.(12) quid and resin wastesWork in the present
study 'was intended to evaluate the direct solidification of dilute NS-1 sol-i

vent in cement. Waste compositee were prepared and examined for the presence
of free liquid, tested for mechanical strength and tested for their ability to
withstand immersion in water as recommended in the Technical Position on Waste,

Fo rm.

A sample of NS-1 solvent was obtained f rom IT Nuclear Services which is ;
licensed by Dow Chemical Company to apply NS-1. The composition of NS-1 is i

Ip ;oprie tary. NS-1 is an aqueous solution which in the 100% form contains'

about 7.5% dissolved solids and has a pH of 3.6. The solvent contains che-
lates, complexing agents and inorganic salt plus a corrosion inhibitor. BNL j

! received " spent" NS-1 (100%) which had three metallic compounds added to it: '

1200 ppe ferric sulf ate (or ferric citrate), 600 ppm nickel ammonium sulf ate 1

and 30 ppm copper sulfate.<

,

It was believed that a probable waste stream from a NS-1 treatment would
' have a concentration approximately that of the 100% NS-1. This was based on
: knowledge that 100% NS-1 solvent can be used at the 10% dilution and then con-

centrated back to 100% prior to solidification. Further, BNL had a limited
,

quantity of the material available for testing. It was anticipated, based on
the results of the resin solidification tests, that pre-treatment by pH
adjustment of the waste stream prior to solidification would be advantageous.
Portland I cement was chosen for the solidification of NS-1. Details of the
solidification are given in Reference 3.

? The compressive strengths of the cement forms were measured according to
! the ASTM C39-80 test method. The average compressive strengths of four .NS-1
i samples and their controls are given in Table 2. Although the mechanical

strengths of the controls were smaller than those of the forms containing
NS-1, all forms had compressive strengths larger than the 50 psi recommended

j in the TP on Wa s te Fo rm.

Table 2

Compressive Strengths of Cement Composites

' Sample Cure Period Compressive Strength (psi)
(days) pre-immersion post immersion

;

;

: NS-1 34 5840+240 6050+560
Control 31 4370}240 4870}100

i

1
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Four NS-1 composites and three controls were immersed in 1-L of water
af ter a 28-day cure period. Af ter the 90-day immersion test, there was no
visible sample deterioration, and the forms had compressive strengths greater
than the 50 psi recommended in the TP on Waste Form.

These limited tests demonstrate that NS-1 can be solidified in cement to
at least meet the Class A waste form requirements. However, assuming that
half of the 7.5% solids in NS-1 are chelating agents then the waste (NS-1 plus
water) solidified in these tests contained less than 3% chelating agents. In

the field, it nsy be desirable to concentrate the solvent to a waste stream
containing a higher concentration of dissolved solids and thus a higher con-
centration of organic reagents. Solidification of these wastes may not pro-
ceed as it did in the tests reported here. As with the work done on resin
wastes, it is expected that variations in the composition of the liquid decon-
tamination waste stream must be taken into account when establishing formula-
tions for solidification.

SUMMARY

Wet-air oxidation appears to be an ef fective method for degrading simu-
lated decontamination wastes. The process data given in this report show that
even though the amount of oxidation of total crganic carbon in the acid / resin
mixtures ranged between 50 and 70%, there was greater than 92% degradation of
the organic reagents. The percent degradation of the organic reagents is
based on the quantity of reagent present af ter processing compared with the
initial amount in the sample. It is believed, based on data collected in the
ongoing BNL study, that WA0 can be comparable to incineration and acid diges-
tion for degrading decontamination wastes. Testing in this program was
limited to three simulated waste streams: reagents alone, anion exchange res-
ins and anion exchange resins equilibrated with reagents. For each of the
processes evaluated in this study, only limited ef forts were made to optimize
the process apparatus or operating parameters. It is recommended that waste-
specific operating parameters be established if any of these processes are to
be used commercially.

The acid / resin mixtures tested in this program were intended to simulate
dilute process decontamination wastes. Resin wastes from actual reactor bys-
tem treatments can include cation exchange resins, metal ions and radionu-
clides. The presence of these materials in the waste stream may af fect the
ef ficiency of degradation by wet-air oxidation. Although it was indicated in

earlier studies that transjtion metal ions may catalyze the oxidation of or-ganic materials (Ca+2, Fe+ , and Mn+2 nitrates were used as a catalyst by
Clark, W. E.(51), the presence of iroe. in procecsing citric acid had a
limited effecc. It would be necessary to determine whether a catalyst will
increase oxidation of the resins at lower operating temperatures.

The p'esent data suggest that the degradation of each acid can be
af fected ty process parameters such as temperature, pressure, and agitation.
Agitation (stirring) and oxygen overpressure did increase the amount of or-
ganic carbon oxidized in tests of EOC/IRN-78 and LND-101A/IRM-78. An increase

.
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1.

in process temperature resulted in an increase in the degradation of picolinic
I acid in samples of PA/IONAC A-365. However, the temperature increase had a

corresponding increase in operating pressure which promotes the rate of oxygen
transfer into solution. It is not known if an increase in pressure alone
would have given a similar result. Analyses of process solutions showed =99%
degradation of EDTA and oxalic acid, but a somewhat lower percentage degrada-
tion was observed for picolinic acid (>95%) and citric acid (=93%) when proe-t

~

essed under similar conditions. Thus, the composition of the waste stream to
; be processed should be considered when establishing process parameters.
4

The size of the batch-type processor used in the BNL study limited the'

sample size that could be treated. Additionally, limitations in the pressuri- ;

sation equipment limited the amount of oxygen in the system. Thus, only sam-
pies of 0.5 weight percent of waste-to-water were processed which is below the<

2 to 20 weight percent organic matter expected to be treated by WAO. Re-
cycling the process solution or use of a flow system may increase the total
degradation of the waste. The design of the WA0 reactor must consider the
concentration of waste to be processed; in turn, this will affect the effluent
s treams (of f-gas and liquids).

Management of the ef fluent streams f rom the WA0 process will need to be
considered. The process solutions will contain suspended solids, inorganic
salts, and can include various inorganic and organic carbon-containing spe-'

cies. Further, the data show that the pH of the liquid stream is dependent
upon the material processed. It is anticipated that the volume of the liquid
stream would be reduced prior to any further treatment. If this weste stream'

were to be solidified prior to disposal in shallow lans burial, then it should ,

fbe demonstrated that the subsequent product meets the apcropriate requirementsi

of 10 CFR Part 61.

IThe of f-gas stream f rom the wet-air oxidation of deccatamination wastes
will contain CO , CO, and water vapor. However, methane and hydrogen have'

2
been observed and nitrogen-containing gases such as volatile amines and NOx
gases may also be present. Thus, of f-gas treatment may be necessary.

;

Limited tests have demonstrated that a liquid waste stream from a decon-
tamination using NS-1 reagent can be solidified in cement af ter pre-treatment

i by pH adjustment. The test reported here was for a single concentration of
; NS-1 in the waste stream. It is anticipated that the concentration used in

this test is low compared to what may be used in full-ocale solidifications

! under field conditions. As with the work done on resin wastes, it is expected

j that variations in the composition of the liquid decontamination waste stream
| will have to be considered when establishing process parameters for
j solidification.

) Based on the ef forts to date, areas which should be researched in ths
j future include an evaluation of bitumen as a solidification medita for decon-

tamination wastes and the f pacts of decontamination wastes on standard con-
tainers. The objective of the work is to generate data that will aid NRC in
assessing problems that may be encountered with the long-term atorage or dis-
posal of decontamination wastes and to evaluate the acceptability of on-site3

i

I

| i

:
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|

decontamination waste handling and solidification processes. These experi-
ments would investigate the corrosion or degradation of container materials in
contact with decontamination resin wastes and include examination of the
effects of irradiation on decontamination wastes which may result in gas gen-
eration or the release of liquids. It is believed that the biodegradation of
decontamination wastes should be studied, as well as the ef fects of thermal
cycling on solidified wastes. The tests planned are consistent with those
recommended by NRC to demonstrate waste form stability.
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EVALUATION OF NUCLEAR FACILITY DECOMISSIONING
PROJECTS PROGRAM - STATUS

R. L. Miller, P.E.
UNC Nuclear Industries, Decomnissioning Programs Department

The Evaluation of Nuclear Facility Decommissioning Projects (ENFDP) program
described in this presentatior,is being undertaken by the U.S. Nuclear
Regulatory Commission (NRC) to compile and evaluate the activities of
ongoing reactor decommissioning projects. Assessment and evaluation of the
methods, impacts, radiation exposures, and costs will provide a basis for
evaluating licensees' decommissioning proposals and for future direction
and regulation on decommissioning.

Program participants include the U.S. Nuclear Regulatory Commission (NRC)
through the Office of Regulatory Research, UNC Nuclear Industries (UNC)
through the Decommissioning Programs Department, and nuclear facility
licensees.

A computerized data collection system has been developed to store and
manipulate relevant data from the nuclear f acility decommissioning projects
in this study. The decommissioning information included in this data base
includes but is not limited to:

- Costs for labor, waste disposal and shipping.
- Radiation exposure and facility dose rates.
- Volume and curie content of generated waste.
- And lessons learned.

Decommissioning projects for which data have been collected include the
following:

Research Reactors
- Ames Laboratory Research Reactor
- North Carolina State University Reactor
- Northrop TRIGA Reactor *
- PNL Estimates for Decommissioning a Reference Research Reactor

Test and Demonstration Reactors
- Elk River Demonstration Reactor
- Fermi 1 Demonstration Reactor
- Plum Brook Test Reactor
- Niederaichbach Pressure Tube Reactor *
- PNL estimates for Decommissioning a Reference Test Reactor

Pressurized Water Reactors
- Shippingport Atomic Power Station *
- PNL estimate for Decommissioning a Pressurized Water Reactor
- Data from the Recovery Efforts at Three Mile Island Unit 2*

* Facilities where data collection is ongoing.
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Boiling Water Reactors
- Humboldt Bay Unit 3*
- Lingen*
- Gundremmingen*
- PNL Estimates for the Decommissioning of a Reference Boiling Water

Reactor

The status of the data collection efforts for the ongoing decommissioning
projects for each reactor type is described below.

Research Reactors

Arrangements have been made with Chem-Nuclear Systems, Inc., to provide the
desired information related to dismontling the Northrop TRIGA reactor. The
dismantlement work was completed during August 1985. Upon completion of
our analysis of the data, some preliminary comparison studies for
dismantling research reactors can be initiated.

Test and Demonstration Reactors

The Niederaichbach reactor decommissioning project was added to the ENFDP
program during FY 1985 and data collection is in the initial phase. Actual
dismantling of the facility is still in the engineering / planning phase.
The Noell Company of Wuerzburg, FRG is performing the engineering studies
and is fabricating the remote tooling for the work. The project is funded
by the West German government on a fixed price contract to Noell and will
serve as a demonstration project to indicate the capability to completely
dismantle a large scale nuclear reactor.

Pressurized Water Reactors

The detailed engineering estimates for dismantling the Shippingport Atomic
Power Station (SAPS) have been input into the ENFDP data base. Since
actual decommissioning work at SAPS did not start until October of this
year very little actual data has been collected. A detailed site
radiological survey was performed during FY 1985 and the data is currently
being analyzed and prepared for input into the data system.

Data collection continued during FY 1985 for the recovery effort activities
at Three Mile Island Unit 2 (TMI-2). Four NUREG documents were published
on the status of four major tasks of the project. The documents were:

- Reactor Coolant System and Systems Decontamination
- Reactor Building Decontamination
- Reactor Defueling and Disassembly
- Radioactive Waste and Laundry Shipments

* Facilities where data collection is ongoing.
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Boiling Water Reactors

Two West Germany boiling water reactor decomissioning projects, Lingen and
Gundremingen, were added to the ENFDF program during FY 1985. Data
collection at the German facilities is m an initial phase and only very
basic data has been input into the data sysw;;:.

Data collection from the Humboldt Bay decomissioning project continued
through FY 1985 with a status report published as NUREG/CR-4316, " Status
Report Humboldt Bay Power Plant Unit 3 SAFSTOR Decomissioning."

Since all three of the boiling water reactor decomissioning projects are a
safe storage mode, it may be possible to initiate some comparisons studies
during FY 1986.

Preparation for safe storage at the Humboldt Bay facility is scheduled for
completion by December 31, 1985. Preparation for safe storage at both the
Lingen and the Gundremingen f acilities is scheduled for completion
during 1987.

Sumary

The research associated with the ENFDP program continued in the data
gathering and analysis phase during FY 1985. Four new facilities were
added to the program which should enable us to initiate some comparison
studies on research reactor dismantling and BWR safe storage preparation
during FY 1986. Pending a favorable outcome of the research reactor
studies, additional research reactor decomissioning projects will not be
necessary for the program.

|
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LWR Spent Fuel Rod Behavior During
Long-Term Dry fuel Storage Conditions '

C. S. Olsen

Idaho National Engineering Laboratory
EG&G Idaho, Inc.

ABSTRACT

A testing program was conducted to investigate the long-term
stability of commercial pressurized water reactor (PWR) and
boiling water reactor (BWR) spent fuel rods under a variety of
possible dry storage conditions. The objective of this project
was to provide the Nuclear Regulatory Commission (NRC) with an
experimental basis to evaluate the results of short-term,
high-temperature tests and to establish a licensing position for

| .long-term, low-temperature (<230*C) spent fuel rod dry
| storage. A total of nine fuel rods (five BWR and four PWR) were

nondestructively examined after interim heating periods, and,

seven of these fuel rods were destructively examined to determine
the degradation of the fuel rods during the long-term,
low-temperature dry fuel storage. The results of the
nondestructive examinations of all nine fuel rods and the
destructive examination of one fuel rod were reported
previously. This paper presents detailed results of the!

| destructive examinations of six of the remaining fuel rods, with
brief results from the examinations of all the test fuel rods as

| they pertain to fuel rod behavior during dry spent fuel storage
. conditions. The results from this program show that U 038
! with its significant volume expansion, can still form at
i temperatures below 250*C and result in fuel rod rupture.

INTRODUCTION

The regulationi under which a dry storage license would be granted,
10 CFR 72, requires that fuel cladding must be protected against degradation
and gross rupture and that releases to the environment shall be within
acceptable limits. These regulations apply to independent spent fuel storage
installations, but the Nuclear Waste Policy Act of 1982 requires revision to
10 CFR 72 for spent fuel and high-level radioactive waste storage in a
monitored retrievable storage (MRS) installation 2 These revisions are to
establish licensing criteria and include licensing requirements for the
long-term storage of spent fuel and high-level radioactive waste in an MRS,

installation.
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In an unlimited air atmosphere, oxidation of UO2 May occur, with a
concurrent volume expansion and rupture of the cladding. The contamination
potential may be enhanced by (a) oxidation of the fuel along the grain
boundaries, which would release fission gas, (b) fallout of fuel particulate
from the rupture; and (c) spallation of the crud from stresses imposed on the
cladding by fuel expansion. Similar behavior, although at different rates.

,

may occur with other atmospheres containing impurities, such as an inert
:

atmospherewithairorsomeotheroxigant. Estimates of maxi.1um storage*

temperatures expected have been made, but informat'on is needed to assess,

! a satisfactory stcrage temperature with regards to defected rods in an
j oxidizing environment.

A long-term testing program with nine PWR and 8WR fuel rods of comercial
design was conducted at the Idaho National Engineering Laboratory (INEL).t

The objectives of this experimental program were to provide an experimental'

basis to evaluate the results obtained from high-ttaperature, short-term
laboratory tests and to provide a basis for establishing a licensing position
on long-term spent fuel rod dry storage capabilities and requirements. The

,

tests were conducted at temperatures below 230*C and covered a wide range of
storage atmospheres, rod types, and cladding conditions. Because the

,

temperature of 250*C was believed to be the temperature above which U 038i

forms, resulting in significant fuel swelling and possible cladding,

rupture 4, 230*C was selected as a conservative upper temperature limit
1

| below which fuel oxidation would result in the formation of U 037 but not
U 0 . resulting in little volume expansion.2 38

' four intact spent fuel rods (two PWR and two BleR) and five intentionally
4 defected spent fuel rods (two PWR and three BWR) were heated in a furnace to
i simulate temperatures that would be expected to occur during dry storage
1 conditions. During testing, temperrtures ranged between 217 and 230*C for

different periods, of time up to a total of 13,200 h; and the atmosphere4

i surrounding each test rod was either air or an inert mixture of argon and
helium. Selected test rods were nondestructively examined at interim times

168 h -8 One BWR fuel rod that ruptured was4
of2,235,5,962,2ndig,andreplacedwithanotherdefected8WRfuelrod ', destNetively examined

f afte.' the second interim examination. Dur)ng the third interim.

nondestructive examination, the fifth intentionally defected fuel rod, the
three other defected fuel rods, and the remaining four intact fuel rods were'

i examined. Six of the remaining eight fuel rods were selected for a
i destructive examination 9 This paper emphasizes the results of these

destructive examinations. !

I The BWR fuel rods were obtained from Peach Bottom Assembly PH462. The burnup
i of each assembly has not been precisely determined, but the reported average ,

assembly burnups varied between 11,900 mwd /MTU and 12,890 mwd /MTU. The PWR4

: fuel rods were obtained from the H. 8. Robinson Assembly 805. The peak
; burnup was 31,365 mwd /MTU, and the average burnup was 28.025 mwd /MTU.
!

i The testing procedures for this integral testing program and the destructive
examinations are presented. The experimental results for the 8WR and

}

.
.

|
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PWR fuel rods are presented, followed by a discussion of these results and
those from previous examinations. From this discussion, the conclusions are
developed.

EXPERIMENTAL PROCEDURE

Four rods (two PWR and two BWR), each containing intentional defects in the
form of 0.76-mm-diameter holes at different orientations and axial positions
(Table 1), were contained in 1.75-cm ID stainless steel capsules, each of
which maintained its cwn atmosphere (Table 2). Two of the defective rods
(one BWR and one PWR) were placed in sealed capsules containing 0.1 MPa of an
argon-1% helium mixture. The other two defected rods were placed in capsules
which terminated at each end with a series of 2-um and 15-um in-line
filters open to the cell atmosphere. These filter sizes were based on fuel
particle sizes expected from ruptured fuel rods 10 The intact rods were
handled in a similar fashion. One intact rod of each type was placed in a
sealed capsule containing 0.1 MPa of an argon-1% helium mixture, and one
intact rod of each type was placed in a capsule containing air-1% helium
mixture. The leak rate of the sealed capsules was less than
2.5 x 10-7 cm3 s,/

The fuel rods were heated in a shielded, 14-zone, 4.3 m-long clamshell
furnace capable of holding the eight encapsulated, unmodified LWR fuel rods
(Figure 1). The fuel rod capsules were placed around an instrument train
which contained 10 axially distributed thermocouples, and furnace-control
thermocouples indicated a 13*C radial temperature gradient, with the center
of the furnace being the hottest.

The furnace temperatures were read and printed on paper tape once an hour
with a Fluke data logger. During the last 10 weeks prior to shutting the
furnace down for the final nondestructive examination, the data logger las
connected to an Apple Ipa personal computer for recording the temperature
data on floppy diskettes for subsequent data reduction.

For each furnace campaign, the furnace was brougnt to temperature over a 12-h
period and, other than for power outages, ran continuously until the interim
examinations (Figure 2). The furnace was allowed to cool by natural means at
a rate less than 5'C/h. The furnace was 'oerated at 229'C for 5962 h, and

then gradually decreased to 217'C during W.e next 7206 h.

Peach Bottom rod PH462-E3 was removed from the furnace after 5962 h at
229'C. This rod was replaced with PH462-C5, which was heated for 7206 h at
temperatures decreasing from 229 to 217'C. The remaining seven rods were
heated for 13.168 h; 5962 h at 229'C and 7206 h at temperatures gradually
decreasing from 229 to 217'C. The fuel rod capsules were removed from the
furnace on July 13, 1984,

a. Trade Mark of Apple Computer Corporation.
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Fifteen samples were examined from the Peach Bottom PH462-C5 fuel rod.
Eleven of the fifteen samples were from the bottom section where the fuel
oxidized at an intentionally induced defect, resulting in cladding strain and
a rupture of the cladding over a distance of 1.9 cm. Each of the other two
sections from this fuel rod contained an intentionally induced defect.
Samples with these defects were used to determine the penetration of the
defect into the cladding, the location of the defect with respect to the
pellet / pellet interfaces, and the extent of oxidation of the fuel.

Two fuel rods (805-88 and PH462-E4) were undefected and heated in a limited
air atmosphere. These rods provide a reference for comparison with the fuel
and cladding behavior of other defected fuel rods. A transverse section was
taken from each of the top two fuel rod sections in areas corresponding to
the defect locations in other fuel rods.

For each fuel rod section from rod; PH462-06, 805-G7, and 805-E7, samples
containing an intentionally induced defect were used to determine the
penetration of the defect through the cladding, the extent of oxidation, and
the relation of the defects to the pellet / pellet interfaces. Cladding
microhardness measurements were also obtained from selected fuel rod samples,

fuel samples were taken from selected metallographic sections and selected
locations on the sections. These samples were analyzed by X-ray diffraction
techniques to determine the oxidation state of the fuel. Detailed
examinations are described in a previous pub 11 cation 9

Pieces of fuel were extracted from one intact BWR and one intact PWR fuel rod
in order to determine the fuel density after irradiation by immersion density
measurementsII. Pore size and size distributions were obtained from
photomicrographs of samples at the center, midradius, and edge of the fuel
pellets. The pore size and size distribution were obtained with an Omnicon
Alphaa Image Analyzer using the oversize or cumulative count. With this
mode, the number of pores having a maximum horizontal chord larger than a
predetermined size was determined.

EXPERIMENTAL RESULTS

BWR fuel Rods

The general surface condition of the Peach Bottom fuel rods appeared to be
unchanged after heating for 13,000 h at temperatures less than 230*C. The
fuel rod heated in limited air was similar in appearance to the one heated in
argon 7 The BWR rods did not exhibit much crud deposition on the surface
of the cladding.

The outside diameter of the BW9 fuel rods varied between 14.25 and 14.27 mm,
which is slightly less than the nominal diameter of 14.30 mm. With a
cladding wall thickness of 0.96 mm and a nominal pellet diameter of

a. Trade Mark of Bausch and Lomb Inc.

388



12.1'2 m7, the nominal radial gas gap is 125 pm. The fuel cladding gap
,

in the center section of PH462-E4 varied from 27 to 59 um around the
circumference of the cladding, with an average of 40 pm. The nominal
as-fabricated gas gap is 150 pm, but the average fuel rod diametrical;

i measurements of 14.25 m show the gas gap to be 125 pm. The average gap of
40 pm indicates that some fuel swelling from irradiation might have
occurred.

The Vicker's diamond pyramidal hardness (DPH) of the BWR cladding ranged from
i 254 to 268. These values are characteristic of workhardened, stress-relieved
! zircaloy claddingl2 The contribution from any irradiation hardening could

not be ascertained from these hardness measurements because of the
| insensitivity of the DPH values in this hardness range,

l More porosity lies within the grains at the fuel edge than at the fuel
| center. Although a few pores are found within the grains at the fuel center,

large pores are found in the grain boundaries. Porosities determined from
immersion densities from two samples from the top section of PH462-E4 were
4.95% and 3.65%. The porosity determined from a sample from the center
section was 5.5%. Based on a manufactured fuel porosity of 5%I3, the BWR
fuel had not densified.

The defect at the top of BWR fuel rod PH462-C5 which was heated in unlimited
air for 7206 h did not enlarge, because the hole did not penetrate through
the wall of the cladding. The defect is located at a pellet / pellet
interface, but it only extended 28% into the cladding. X-ray diffraction
measurements of a sample of the fuel taken at the midradius indicated that

t

| the fuel was U0 -2

The defect in the center section of the fuel rod may have completely
! penetrated the cladding. The neutron radiograph shows the defect to be
! located near a large gap in the fuel stack. However, the defect was not
| located in this sample, probably because of a shift in azimuthal orientation

when the hole was drilled.'

The fuel was oxidized, as evidenced by the delineation of the grain
! boundaries in unetched samples. Normally, the fuel must be etched to resolve
| the grain boundaries; but when the fuel is oxidized, the oxidation occurs

along the grain boundaries, delineating the boundaries. For the fuel samples
taken in the defect area, the oxidation extended from 2.2 cm above to 3.3 cm
below the defect. The apparent porosity of the fuel in the sample with the
defect was determined to be 40.9% at the midradius, 40.0% at the fuel center,

j and 36.4% at the fuel edge. Pull-out of individual grains resulted in dark
| areas; thus, the above percentages reflect the porosity (about 4 to 5%) and

|
the pull-out of individual grains,

j Cracks did not initiate at all defects in the BWR fuel rods; but in unlimited
air, a crack was initiated from the intentional defect located at the bottom

i

of BWR fuel rod PH462-C5 (Figure 3). The crack size in PH462-05 was
asymmetrical, extending 8.6 m up the rod and 10.2 m down the rod from the
initial defect. Its width at the widest point was 1.3 m. The original

|
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defect, which was 0.76 mm, increased by 0.025 mm neglecting the crack
opening. The fuel rod expanded 17% at 90 degrees from the crack and 7% at 30
degrees almost parallel to the crack. The fuel rod deformation was 7.9% at [
the top of the crack and 6.3% at the bottom of the crack. The deformation of
the failed 8WR fuel rod was apparently constrained by the fuel rod capsule. 3

The maximum deformation of the fuel rod is 1.73 cm, compared with 1.75 cm k
inside diameter of the capsule. The fuel rod stuck inside the capsule when I
the capsule was being unloaded. I

l
About 13 cm of the fuel may be oxidized, as indicated from the neutron k
radiographs. The pellet / pellet interfaces were still apparent in the neutron i
radiographs. I

f
The defect is shown in Figure 4. The defect is located within 3 mm of a '

pellet / pellet interface and has penetrated all the way through the cladding !

wall. The fuel is mostly oxidized in the fragments developed from fuel
cracking.

The typical fuel microstructure of the oxidized fuel is shown in Figure 5.
The microstructure indicates that the fuel is more severely oxidized than the
samples discussed above because of its dark appearance compared with
microstructures of unoxidized fuel. The fuel is not pulled out as in the
other samples. The porosity determined by image analysis is 4.7% at the fuel
edge and 6.4% at the fuel'midradius. Because of the darkness, estimates of
the porosity at the pellet center could not be determined.

X-ray diffraction measurements of th sample taken on the same side as the
defect indicated U 038orperhapsUO)9 The opposite side of the
defect indicated U0 . Because of th lack of resolution with the Debye2
Scherrer camera, UO2 may be U 04 9 or U 0 , since the doublets of the37
distorted cubic structure could not be resolved. The fuel was oxidized from
12.7 cm above the defect to less than 9.2 cm below the defect.

There was a measurable amount of the long-lived isotopes of krypton and xenon
released in the capsule containing BWR fuel rod PH462-06 which was heated in
an inert atmosphere for 13000 h. Fission gas release from this rod was also
observed during the second nondestructive examination. These gases may have
been released from the grain boundaries as the fuel was oxidized.

The leak rate measurgd at room temperature at the start of the third heating
cm3 s in the capsule containing PH462-06, and somecycle was 5.96 x 10-8 /

air leaked into the capsule so that the capsule contained 5.2% nitrogen,
1.38% oxygen and 0.06% argon. Based upon this composition and a nominal
326 cm3 capsu,le volume, 20.3 cm3 of air leaked into the capsule. During
the 7206 h at temperature, the effective leak rate is calculated to be
7.83 x 10-7 cm3 s./

The top defect was apparently closed, and measurements indicated nominal
defect size. The neutron radiograph in the vicinity of the defect shows the
fuel to be intact with some minimal longitudinal pellet tracking, but the
defect in this section was r.ot located either because of errors in azimuthal
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orientation or the defect being too small for detection. The defect should
be located at the center of a pellet. Although the fuel was apparently not
oxidized, as evidenced by having to etch the fuel to resolve the grain'

boundaries, X-ray diffraction measurements indicated the presence of
U0. Oxidation was also indicated from X-ray diffraction measurements38
3.2 cm above the defect.

Although the fuel rod diameter in PH462-06 indicated no strain, the middle
defect increased in diameter by 0.14 mm, from 0.88 mm measured during the
second interim examination to 1.02 mm measured during the third examination.
The defect appears to have penetrated the cladding wall, and the neutron
radiograph in the defect area indicates fuel oxidation by the large gap in
the fuel stack near the defect.

The defect in the center section, shown in Figure 6, is located within 8.2 mm
of a pellet / pellet interface. A large gap developed in the fuel stack at the
location of the defect. Since this gap was observed in the neutron
radiograph, it could not be the result of fuel loss during polishing.

The typical fuel microstructure in the defect area is shown in Figure 7. The
grains are relatively free of pores, and the pores lie in the grain
boundaries. The apparent porosity determined by image analysis was 16.4% at
the fuel midradius and 16.6% at the fuel center. This increase in porosity
is attributed to localized fuel pull-out of individual grains. X-ray
measurements of three of the samples located at the edge of the fuel
indicated only U0 , but the sample obtained adjacent to the gap in the fuel2stack at the center of the pellet indicated some U 0 . Fuel oxidation38
extended 1.9 cm in either direction from the defect, but did not extend as
f ar as 31.8 cm f rom the defect where a sample was taken.

PWR Fuel Rods

The general surface condition of H. 8. Robinson PW9 rods appeared to be
unchanged after heating for about 13,000 h in limited air. The fuel rod
heated in limited air was similar in appearance to that heated in argon.
There was little crud deposition on the fuel rod, which had a smooth oxide on
the surface.

The measured diameters of the PWR fuel rods were about 10.59 mm, indicating
some cladding collapse. The smaller diameter may be attributed to cladding
creep during steady-state irradiation in the reactor. These values are
comparable to the values measured previously ,5 Assuming the nominal4

preirradiated fuel pellet diameter of 9.3 mm and from the fuel rod
measurements, the radial gas gap would be 70 pm. From the metallography,
the fuel cladding gap varied from 20 to 34 pm around the circumference of
the cladding, indicating some fuel swelling from irradiation.

The Vicker's DPH varied from 247 to 258, with an average of 253. These
values represent work-hardened, stress-relieved zircaloy cladding.
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from the immersion density of a . sample of the irradiated . fuel from the top
section of rod 805-B8, the porosity was 5.5%; and porosity determined from a
sample obtained from the center section was 2.8%. With the 5 to 5.5%
porosity in this fuel, about 3% fuel densification has occurred, based upon
the as-fabricated density of 92%13 The 3% densification (?% in the radial
direction) would result in an additional 93 km radial gas gap, but the
cladding creepdown would compensate for some of this gap. Fuc1 swelling from
irradiation could also reduce the gas gap.

The defect in the top section of the PWR fuel rod heated in unlimited air
completely penetrated the cladding wall and is located at a pellet / pellet
interface. From the neutron radiograph, the fuel was intact in the vicinity
of the defect. The large gap in the fuel stack observed in the center
section of BWR rod PH462-06 is not evident in the PWR fuel.

Etching the fuel is not required to reveal the grain boundaries because the i
fuel is oxidized. However, X-ray diffraction measurements of three fuel '

samples indicated that the fuel is UO , although U 03 7 may be present.2
The apparent porosity of this unetched fuel is 37.8% at the fuel edge and |33.5% at the fuel midradius. These large values are due to the fuel pull-out ,

as individual grains. Etching the fuel turns the fuel black except for a few
isolated grains which may be unoxidized. The fuel in the sample with the
defect appears to be attacked more severely along the fuel edge. The etched
fuel at the midradius is not as black as that at the periphery, but there is
a large extent of fuel pull-out at this location.

The fuel was oxidized 1.6 cm above the defect and, less extensively, at
30.4 cm below the defect where samples were taken. However, the fuel was
oxidized along the pellet / pellet Interface and the fuel cracks 30 cm from the
defect. Each fuel fragment formed by the cracks is oxidized along the
surface, leaving an unoxidized portion in the center.

The defect in the center section of the fuel rod penetrated the cladding
wall. The neutron radiograph shows the fuel to be intact in the vicinity of
the defect, as with the defect in the top section. The defect is located
adjacent to a crack in the fuel, which may act as a path for the migration of
air into the fuel rod.

Etching the fuel lightly for 10 s has turned the fuel black, indicating some
fuel oxidation. X-ray diffraction measurements indicated the fuel to be
U0 , although the fuel might be U 0 .2 37

PWR fuel rod 805-G7 was heated in a capsule containing an inert atmosphere.
Priorgothethirdheatingcycle,thecoldleakratewasmeasuredtobe1.68x 10-l cm3 s. After the third heating cycle, the capsule contained 5.8%/
nitrogen and 0.98% oxygen. Based upon this composition and the ca
volume of 326 cm3, the effective leak rate was 8.67 x 10-7 cm3 s. psule/ The
ratio of nitrogen to oxygen is greater than 3.76 for atmospheric air,
indicating that some of the oxygen has been consumed in the oxidation of the
fuel.
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From the visual examination, the defect in the top section did not appear to
completely penetrate through the cladding. The neutron radiograph of the
fuel rod in the vicinity of the defect shows the fuel to be severely broken
up. This fuel fragmentation may be a result of the steady-state
irradiation. The defect in the top section was not located, probably because
of a shift in azimuthal orientation when the hole was drilled or the defect
being too small to be detected. A hole too small seems the more probable
cause. The fuel was not found to be oxidized in this section.

The defect in the center section of the rod heated in an inert atmosphere
penetrated completely through the cladding. The neutron radiograph of the
fuel rod in the vicinity of the defect shows the fuel to be intact. The
defect was 0.9 cm from a pellet / pellet interface. The fuel appears oxidized
around the periphery of the fuel pellet, as evidenced by the lighter color at
the edge. The sample from the center section exhibits more unif orm cladding
collapse onto the fuel stack than that of the sample from the top section.
The fuel / cladding gap varied from 26 to 51 um around the circumference of
the cladding.

In the unetched fuel near the midradius where there is no fuel oxidation, the
grain boundaries are not resolved and some porosity is evident, as one would
expect. In the oxidized area at the edge of the fuel, the attack on tre fuel
is evident by the abundance of voids (fuel pullout). However, the 1 rain
boundaries are not resolved in the unetched fuel. Upon etching tha fuel, the

| grain structure is resolved, with little attack in the grain bounouries. The
| porosity was found mainly in the grain boundaries. In the oxidized areas,

the oxidized fuel is severely attacked, leaving the individual UOp grains.
Near the fuel edge (Figure 8), the grain size appears as fine particles.

The sample from the center section 64 cm below the defect exhibits oxidation
along the edge of the fuel adjacent to the cladding. The fuel has apparently

| not oxidized along the pellet cracks or pellet / pellet interface. The

I fuel / cladding gap varied from 36 to 52 um around the circumference of the
cladding. X-ray diffraction measurements indicated the fuel to be a mixture
of UO2 and U 0 -38

DISCUSSION

0xidation of the fuel in both the BWR and PWR fuel rods was extensive.
However, the PWR fuel oxidation occurred over large distances from the defect
location (up to 65 cm from the defect), while the BWR fuel oxidation was more
localized (within 8 to 10 cm of the defect). Similar results of localized
oxidation were obtained by Kohl 1 I4 from storage tests with a BWR fuel rod.
The radial gap in both PWR and BWR fuel rods varied between 20 and 60 pm;
so if one hypothesizes that the radial gap was the path for air transport in
the fuel rod, the oxidation behavior should be the same for both fuel rods.
The migration paths may be along the fuel cracks in addition to the radial

j gas gap. However, the cracking patterns in both the PWR and BWR fuel rods
are about the same; consequently, the cause of the enhanced gas transport in
the PWR fuel rods could not be ascertained. Gas transport studies in PWR
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fuel 15 indicate that fuel cracks contribute to the gas transport. The fuel
cracks provide a more tortuous path, but evidently gas transport is not
inhibited. Unfortunately, no gas transport studies have been made with BWR
fuel rods. The densification in PWR fuel but not in BWR fuel may be the
source of the differences in the oxidation behavior, but the evidence is
inconclusive as to the explanation for the behavior.

Both the BWR and PWR fuel rods had finite leak rates which permitted air to
enter the capsules, and the extent of oxidation in those rods with an inert
atmosphere were less than in those with unlimited air because of the lower
partial pressure of oxygen. After 7206 h at temperature, 22.5 cm3 of air
leaked into the PWR capsule and 20.3 cm3 of air leaked into the BWR
capsule. The leak rates into these capsules account for the air
contamination of the inert atmosphere. Because the oxygen content was
increasing in the capsules containing the fuel rods, the oxidation rates were
slower than the leakage rate into the capsules, as evidenced by the build-up |
of oxygen.

The oxidation of the PWR fuel rods in unlimited air was not as extensive as
U03 8 was formed in the local oxidation of rodsthat in BWR fuel rods.

PH462-C5 and -06, but only minute amounts of U 03 8 were formed in rod
805-E7. Since the defect sizes were the same in both rods, the rate of air
entering the rods should be the same; but about six times the axial fuel
stack length was attacked in the PWR than that of the BWR rod, so the extent
of oxidation should be less with the PWR fuel rods.

Although the oxidation of rod PH462-C5 was extensive and microstructure
changes could not be readily assessed, the limited oxidation of rod PH462-06
indicated the attack to be along the grain boundaries. The porosity in rod
PH462-E4 and in the unoxidized area of rod PH462-C5 was distributed within
the grains and with some porosity in the grain boundaries; the porosity in
rod PH462-06 was mainly in the grain boundaries, fission gas release
observed after the second and third nondestructive examinations occurred as a
result of oxidation in the grain boundaries releasing the fission gas
contained in the pores. The open porosity in the BWR fuel rod would provide
channels for the release of fission gas to the plenum as the oxidation
progressed along the grain boundaries.

Of the two BWR fuel rods that ruptured at defects, the ruptures occurred at
the extreme ends of the rods rather than in the center. In rod PH462-C5, the
rupture occurred at the bottom defect rather than at the center of the rod.
The defect at the top of the rod did not penetrate completely through the
cladding; therefore, fuel oxidation and cladding rupture did not occur. Rod

4PH462-E3 ruptured at the defect placed in the top part of the fuel rod .
(There was no defect placed in the bottom portion of the fuel rod.) Although
the statistics are limited from the small number of rods with defects, the
results from the two BWR fuel rods suggest that the location of the defects
with respect to the ends of the fuel rods (within about 30 cm) may be more
important than the location of the defects with respect to pellet / pellet
interfaces. This hfuel rod in airI4. ypothesis is supported by the results of testing a BWRAlthough this rod had two cladding defects with some

4
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rod deformation at 107 cm and between 200 and 225 cm from the bottom of the
rod caused by hydriding after the fuel rod was heated in air, extensive
cladding deformation occurred at 366 cm from the bottom of the fuel rod (at
the top of the fuel stack) because a hole was drilled into the plenum to aid
in the removal of moisture. This hole also allowed air into the plenum,
causing fuel oxidation. The location of the defects at pellet / pellet
Interfaces was thought to be important in the fuel rod behavior , but this4

hypothesis does not appear to be supported by the test results. Also, the
unrestricted air transport in PWR fuel rods and the same extent of oxidation
at defects located at pellet / pellet interfaces as at defects located away
from interfaces in both PWR and BWR fuel rods do not appear to give relevance
to the defects located at pellet / pellet interfaces.

The volume expansion arising from the formation of U 038 from U0 is36.4%. For a right-circular cylinder and isotropic expansion, 2the maximum
radial expansion is 25.3%. The radial expansion of rods PH462-E3 and
PH462-C5 was about 17%, much less than the maximum amount. Expansion of
these rods was constrained by the capsules and limited to 17 to 18%. This
constraint may have also limited the crack growth in these fuel rods. The
strain at the crack tips was between 6.3 and 7.9% when the fuel rod
deformation was 17% as a result of the capsule constraint. If the fuel rod
deformation were not constrained, a strain near 25% at the defect would
result in perhaps longer cladding cracks for the same strain at crack tips
and the same time at temperature.

Fuel rod rupture resulting from the oxidation of UO2 to form lower density
U038 is a degradation mechanism of concern at the temperatures that are
possible in dry storage. As oxygen initially diffuses into the U0 , the2
oxygen occupies interstitial positions with a small lattice expansion from
the cubic to tetragonal structure with the formation of U 0 . The oxygen37
transport occurs along the grain boundaries, as evidenced by delineation of
the grain boundaries in BWR fuel rods at low rates of oxidation. The volume
expansion from the formation of U 038 induces such a high stress on each
grain that the grains are pgpped out of the fuel pellet (fuel pullout) if not
constrained by the claddinglo. Although the PWR fuel was oxidized, the
fuel pull-out was not as extensive as in the BWR fuel. The PWR fuel was also
attacked at the grain boundaries, but the attack does not become apparent
until the fu'el is etched.

The PWR fuel cracking effectively breaks the pellets into smaller fragments,
which then oxidize individually. Although the fuel cracking characteristics
in BWR fuel rods apparently do not allow extensive axial migration of air, a
similar mechanism may operate on a localized level to accelerate the
oxidation toward the center of the fuel pellets.

After the U 037 is formed, the rate of weight gain increases due to the
increased oxygen / uranium ratio. This process has been described as a
two-phase oxidation in which the accelerated oxidation occurs after an
induction period for the formation of U 03 7 and a postinduction phase
involving the formation of U 0 . The postinduction period has been38
characterized with unirradiated materials as the formation of pnwder when
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38 1s formed. The induction period for irradiated fuel has not beenU0
completelyverified.butpreliminaryresultsindicateghatitisshorterthan
the induction period fer nonirradiated fuel. Einziger reported an

induction period of up to 1000 h for BWR fuel, but this high value does not
l7 The calculationsappear to be supported by tests with irradiated fuel

were based upon the oxidation from the fuel edge to the cen~ter. The results
show that the oxidation occurred by oxidation of each individual fragment of
a fuel pellet. The so-called incubation period can be much faster than that
indicated by tests with irradiated fuel fragments.

The density changes indicate that parabolic kinetics may be more appropriate
than linear kinetics or other mechanisms. The densities (based on
theoretical density) increased from 10.96 g/cc for U02 to 11.4 g/cc for
U 07 These densities result in a slight volume decrease of 2% and a

3Pilling-Bedworth ratto of 0.98. With a ratto less than 1.0, one may expect .

';

linear oxidation kinetics, but a ratio of 0.98 may not be sufficiently less
than 1.0 to preclude linear kinetics. As more oxygen is added to the fuel,

forms with a density of 8.35 g/cc. The molar volume expansion isU03836.4%, and the Pilling-Bedworth ratio is 1.36, which would indicate a ,

'

tenacious U 038 film on the U 03 7 and parabolic kinetics. When kinetic
data are obtained for a short period of time and extrapolation is required
for long-term effects, it is mandatory to know that the kinetic models are
ccrrect for the period of time to be extrapolated.

>

The oxidation kinetics in terms of the fraction reacted versus time 18 were
initially interpreted unsucessfully by the Johnson and Meh1 19 model for'

recrystallization and grain growth. The exponent varied with the fraction
reacted instead of remaining constant. Assuming that the reaction rate at
the reacting interface is linear and that the reacting particles are
spherical, the fraction reacted, X, is determined in the following
expression:

(1-X)1/3 . kt/ro (I)

where k = constant
t = time
r0 - initial particle radius.

A plot of (1-X)1/3 as a function of time would result in a straight-line
function. This model also shows that the (1-X)l/3 varies inversely with
the initial radius of the particle. The data from Harrison et al. were not

2

found to fit this mode 120,

Assuming the same spherical particle, but with parabolic kinetics where the
interface and the area of the reacting interface move inversely with the
thickness of the product, the following function is obtained: i

2(X)2/3 - X1/3 - kt/r0 2 (2)

For Equation 2, the same approach can be taken as with Equation 1. The
function plotted as a function of time would be a straight line, but this

I
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function varies inversely with the square of the initial particle size. The
above two expressions reflect a changing reacting surface area with the time
of reaction. One could still consider models based upon constant surface
area in which the fraction reacted was proportional to time for linear
kinetics or proportional to the square root of time for parabolic kinetics.
For low-temperature oxidation of U0 , the appropriate kinetic models are2
still uncertain.

The metallography of both PWR and BWR fuel indicates that initial oxidaticn
occurs with individual fuel fragments. The oxidation proceeds along the
grain boundaries with the formation of U 04 9 or U 0 . At this point,37
the surface area to be considered is that involved with the grains and not
the fuel fragment, so that a model based upon changing surface area is
involved with the process. In addition, depending upcn fragment size, two
kinetic processes may be going on simultaneously; the oxidation of U0 2 to
U03 7 and the oxidation of U 037 to U 0 -38

for the relatively short time at temperature (13,000 h), there has been no
observable deterioration in the fuel rods from creep rupture or stress
corrosion cracking (SCC) except perhaps for rod PH462-ES. Isotopic gamma
scanning indicated fuel release from the originally intact fuel rod PH462-ES,
which was also confirmed by delayed neutron measurements. This release is
indicative of fuel rod failure, but the breach may have been to small to be|

'

detected visually since it was not discovered during the visual examination.
Tramp fuel (fuel residue on fuel rods during fabrication) may be a source for
this contamination, but it was not observed on other intact fuel rods. The
breach may have developed during this testing program, but it also could have
developed in-reactor.

CONCLUSIONS

! A minute amount of fuel was released from the intentionally defected fuel
| rods, as would be expected from these perforated rods. However, isotopic

gamma-scanning indicated fuel release from the intact fuel rod PH462-ES,i
'

which was confirmed by delayed neutron measurements. This release is
indicative of fuel rod failure, but the breach may have been too small to be
detected visually since it was not discovered during the visual examination.
The breach may have developed either during in-reactor irradiation or during
dry storage testing.

The volumetric expansion associated with the formation of U 030 is 36.4%.The maximum possible expansion in the radial direction is 25.3%. This
expansion was not achieved with rods PH462-E3 or -C5, because the capsule
containing the fuel rod restricted the expansion.

In BWR fuel, the oxidation was localized and limited to within 8 to 10 cm
from the defect. Unlike PWR fuel, the fuel had not densified, the cladding
had not exhibited creepdown, and the UOp grain size was larger than that of
PWR fuel. No cause could be identified for the localized oxidation in DWRfuel.
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The gas release for rod PH462-06 indicated oxidized fuel, which was also
supported by the destructive examination. Limited oxidation also occurred
with one of the PWR rods heated in an inert atmosphere. Although these
capsules were sealed, the capsules still have a measurable leak rate from the
mechanical seals that allow air to penetrate the otherwise sealed capsules.

; The oxidation rate is limited by the partial pressure of oxygen in the'

capsule. The extent of oxidation was not sufficient after the 13,000-h
heating cycle to form U 038 in sufficient quantities to rupture fuel rods
with its accompanying expansion. The fuel was oxidized to U 0 , or49
perhaps U 03 7 with some U 0 -38

The storage of PWR fuel rods in unlimited air et 223*C has not resulted in,

|
fuel rod rupture. The fuel rod heated in an unlimited air atmosphere was I

oxidized, but not to the extent that BWR rods were and the oxidation extended I

up to 65 cm away from the defect. The fuel was oxidized to U 0 , with a37

| small amount of U 038 in rod 805-E7.

|
Similar to rod PH462-06, the PWR fuel rod heated in an inert atmosphere

! (805-G7) was also oxidized; but the oxidation was limited by the partial
| pressure of oxygen. The oxidation rate of PWR fuel is slower than that of
| BWR fuel.
I

| Even though fuel rods may be stored in an inert atmosphere, cask penetrations
| will provide leakage paths for air to enter the casks. If the inert gas is

not periodically replenishev, the oxygen can build up in the cask and oxidize!

fuel in defected rods. The current tests show that the oxidation rate is
less than the rate of leakage, but the oxidation rate would increase with the
increase in partial pressure of oxygen as it accumulated.

In both the PWR and BWR fuel rods, oxidation paths were along the gas gap and
cracks in the fuel so that the pellets were oxidized by oxidation of the

|

individual pellet fragments. This process enhances the oxidation of the fuel
; stack over what would be expected from rates determined from out-of-pile
i

| tests on fuel fragments and applied to intact fuel pellets. As the fragments
are oxidized, the attack is along the grain boundaries, releasing fuel grains
in the case of BWR fuel.

A number of different kinetic models for the oxidation of U02 have been,

| proposed, but none of them satisfactorily fit the oxidation data because the
oxidation kinetics are not really understood. Also, some parameters, such as
surface area, are not considered. The kinetic models verified for long
periods of time relevant to dry storage will be required to properly evaluate
dry storage of nuclear fuel.

The results from this program show that U 03 8 with its significant
expansion characteristics can still form at temperatures below 250*C,

Only U 0 , with its low expansionresulting in fuel rod rupture. 37
characteristics, was expected to form at a specific temperature below 250'C
from which a conservative licensing position could be developed. However, a

l specific temperature could not be determined for establishing a licensing
position. Further studies are required with irradiated BWR and PWR fuel to
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determine the oxidation kinetics and mechanisms at temperatures below 250*C
for long-term periods simulating dry spent fuel storage conditions. These
tests have been particularly useful in providing data with defective fuel
rods in an air atmosphere, but the test times were too short and the
irradiated fuel rods were perhaps too old to provide much information on
potential failure of intact fuel rods during long-term storage.
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TABLE 1. DEFECT LOCATIONS

aDefect Locations
Defect Number 1 Defect Number 2 Defect Number 3 _

Location Orientation Location Orientation Location Orientation
Fuel Rod (cm) (*) (cm) (*)

_ (cm) (*)

805-E7 36.8 90 179.1 240 - --

805-G7 27.9 200 205.1 0 -- --

PH462-06 52.1 90 224.8 270 -- --

PH463-C5 66.8 0 236.2 0 401.3 0

a. Measured from the top of the fuel rod.

TABLE 2. FUEL R00 STORAGE CONDITIONS
_

Reactor Assembly and Capsule Capsule Pressure
Type Rod Number _ Atmosphere

__ (MPa) Fuel Rod Condition

PWRa 805-G7 Ar/1%-H. 0.1 Defected (2 holes)

PWR 805-E7 Air 0.1 Defected (2 holes)

PWR 805-00 Ar/1%-He 0.1 Intact

PWR 805-88 Air /ly,-He 0.1 Intact

BWRb PH462-06 Ar/1%-He 0.1 Defected (2 holes)

BWR PH462-E4 Air /1%-He 0.1 Intact

BWR PH462-E5 Ar/1%-He 0.1 Intact

BWR PPH462-CSC Air 0.1 Defected (3 holes)

.

a. PWR is the H. B. Robinson fuel,
b. BWR is the Peach Bottom fuel,
c. After the 2nd furnace campaign, this rod replaced PH462-E3.
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LESSONS LEARNED FROM A NUREC-Oll' RI'. VIEW

OF HIGil-RANGE EFFLUE!n HONITt na SA'iplERS

Anti r e w P. Ilu l l ,

Safety and Environmental Protection Divinton
llrookhaven National 1.aboratory, l'pton, NY 11913

.fohn R. Whito,

Emergency Preparcitneg9 an 1 Raillological protection liranch
USNRC Region I, 611 Park Ave.
Eing of Prunnin, pA 19406

A!)STRACT

Shortly after the onnet of the nc e t ile nt on 1/2H/19 at Unit 2
of the Three Hile Inlanil Nuelcar power St at ion, t he upper range

capab(11 tics of its rent-timo monitorn for gancoun, r ail l o t o<l i ne
and particulato effluenta to the atmosphere were c u c c cit eil .
Suhacquent ly, the NRC requireil caten<lcil range gaseoun ef f luent
monitorn and an improvcil capability for the obtaining of f reipsent
aanplen of radiotodineg anil particulates at the c onc e nt ra t i onie
that w<iuld be anticipated in effluent streams uniler accittent
con (litions (NUREG-OS1H, NUREG-0660, NUMEG-0131, itemn !!.F.1-1 +
!!.F.1-2).

In 19H) an on-a t te post-implerientation review of their
ingtallation and operation was initintcil by the NRC Hegion 1. The
renults from ninctcen auch reviewn indicate that the licenneen
have adopted a variety of approaches to meet the NRC'n
requiremente ranging from the inntallat ion of complet ely new
connercial modulen to improvined addition * to eninting monitors
and nanplern. Some advantagen and <lrnwharks of theno varioun

approachen are nummarized.
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" 1. INTRODUCTION
E
- As evident from a 1971 survey, concern for the adequacy of the installed
E effluent monitorn at comercial nuclear power reactors preceded the accident

at the Three Mil 1979 by
almost a decade.y Island Nuelear Power Station (Dti) on March 28,z

Subser,uently, criteria for extended range monitors for

study by Battelle Northuent Laboratories. gates were developed in a follow-up
radiogases, radioiodines and radioparticu"-

In 1914 these criteria were;
incorpor9ted in a propoced ANS1 Standard,3 which was finalized and publishedE

in 1978.''
3 in 1977, the U.S. Nuclear Regulatory Cominnion (NHC) innued Revinton I

, SI
standard by reference.g 1.97 which incorporated the criteria of the AN
to its Regulatory Guidm

At that tima. the NRC indicated its intention to-

3 implement the guide for all nuclear power plant applications then currently _

under review and at all operating reactorn. The acope for the latter was to
- be determined by the NRC Staff on a cane by came banin.-

g Only limited progrens in thin implementation, which had not extended to
the TM1 reactorr., had been made at the time of the Pil accident in 1979.a

E During it and shortly after major fuel claddine, damage occurred (at about two
effluE hours af ter its onnet), the concentrations of radioganen in the plantmonitorn.gntstrena exceedro the upper range of the inntalled gaseous effluentg The upper range capability of the installed radioparticulate and radiotottne=

! monitors was also exceeded at about the name time, due to the background from
A the extraordinary concentration of radingamen. The nubacquent retrieval of

stack effluent particulate and radiotodine namplen for analynin was impeded by
the high radiation fields at the location where they were installed.g

=
- In its evaluation of thin aspect at the accident, the TMI-2 lennonsg
B 1.carned Tank Force observed that at the time of the accident only 20% of the
7 then operating plants haj monitorn that would have stayed on scale undcr the

TMI accident conditionn. They also observed that pot ential rr leasen f rorse,

I pontuinted accidents could be neveral ordern of magnitude larg,. than
- encourtered at Dti. The Tank Force recomended the prompt adoption, in ita
$ enttraty, of the then recently published ANSI Standard on emergency

|
instr umentation, except that they adjudged that real-time monitorn for large
concentrations of part iculates and radiotodinen were not practical.

1

An action plan, incorporating thene and other recomendagions of the Tank
Force wan subacquently adopted by the Cominnion in mid-19HO. Clarifigation
ot' the plan, known an NUMEG-0731, was provided later in that name year. Itn

3 hanic requirements with regard to noble gas ef fluent monitorn are contained in
E tta Section ll .F.1. , At t achment 1, from which Table I in execrpted. The
: requirements for the mampling and analysis of particulates and radiotodinen in

{
plant ef fluents are contnined in Sect ion !!.F.I, Attachment 2, from which
Table 11 in excerpted. Aa implementation dato of January 8, 19H2 wasa
specified f or both !!.F.1-1 an t !!.F.1-2.=
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- Responsibility for the post-implementation review of these selected
.. NUREG-0737 items was assigned by the NRC Of fice of Inspection and Enforcement
-

to the NRC's regional of fices. In mid-1983, the NRC's Regicn I contracted
-

with the Safety and Environmental Protection Division of Brookhaven National
_ 1.aboratory for technical assistance in the performance of these reviews. IUch
-

has required the identification, acquisition and documentation of the licen-
see's commitments, clarificationn, schedules and orders. A subsequent on -s t t e

: inspection included physical verification and validation of the installation
_ and operability of equipment, as well as verification of the adequency of the
'
-- licensee's proceduren and of the qualif1 cation and training of licensee's
; personnel.

At the present time, on-site reviews have been completed at the rate of,

- about one per month for nineteen of the twenty licensee siten in Region I,
which currently contains a total of twenty-five operating reactors. Dicy are"

" located in four of the New England statent New York, New Jc sey, Pennsylvania
and Maryland.

,
11. A PPROACil

Before the on -s i t e reviews commenced, the individual elements that should,

be included in the overall review ef f ort were considered in a Management Overnight
-

and Readiness Tree (MORT). A portion of it in shown in Figure 1.

Following this, a specific net of instructions and/or questions related'

'

to each review component was prepared. These included noch sub-categories as
design, monitoring system, procedures, structureg, hardware and support
services, readout and recording, personnel and tentning. An example for the
monitoring system in shown in Table 111.

111. FINDINGS

'

A summary of the installed high-range noble gas monitorn, according to
; their location (on-line or off-line), type of detector, and vendor in ahown in

Tablo IV. It in evident that the Region I licenneen have chosen a variety of
approaches to comply with the requirements of item II.F.l-l. The typical

- Bolling Water Reactor (BWR) contained either one monitored relenge point under
accident conditions, the unit vent, or a accond monitored release point for
the standby gas treatment systen no shown in Figure 2 (for the Shoreham
Nuclear Power Station). The Pressurized Water Reactorm ( PWR) we re more

. variabic fron one monitored unit vent and a nain steam line monitor found at
Millntone 2, to the three monitored vents and nteam relief monitor at the
Beaver Vaticy Station, av shown in Figure 1.

'

Two licennees installed on-line monitore, using lon chamberg in or
immediately adjacent to atacka or ducts, while ne veat een inntalled off-line
monitors. Of the latter, five installed " gag only" high-range monitorm an

- additions to their pre-existing low-range monitors. A nchematic of such a
f monitor which utilites an ton chamber, in shown in Figure 4. Twelve licenseen'

installed commercially available integrat ed moni t ors wit h modulen f or bot h
.

.
411

__



- . _:
_

.

k monitoring and sampling. A block diagram of one (tb; General Atomics WRGM) is
shown in Figure 5 and a view of another (the Kaman KIX;M-HR) in Figure 6.

y

These installations have also incorporated a variety of approaches tc the
problem of achieving the required full-range sensitivity. Typically, threey

overlapping-range detectors have been provided, as shown in Figurg 7 (for the
In order to achitve the upper limit of 10 uCi/cm

GgralAtomicsWRGM).
( Xe equivalent). most of these monitors are designed eo that that a limited
volume of gas is viewed by their high-range detectors, compared to that viewed_*

( by their mid- or low-range detectorn. An example, for the enhanced high-range
detector of the Kaman HRH, in shown in Figure 8.'

Although item II.F.1-1 was not specific on calibration of noble gas
to the required upper range, the NRC han provided somemonitors y# recognized the problem of the availability of nuitable noble
{Xe ,

guidance.'

at sufficient concentrations and of their utilitation bygases, i.e.

i-
licenseer if they were available. Therefore, the Staff reconmended that ag
one-time " type" calibration in the laboratory over the intended range he

_ performed and that the ttaanfer procedure of ANSI N 321-1978 be utilized in
-_ conjunction with solid nources at appropriate energies for on-atte
-

calibrations.
-

E As suggested by Table V, most of the vendora jpgear Ipve performedto

_

only a "one point" primary calibration, utilizing Xe and ''Kr. They have
with nolid with a

then performed a number of transfer calibr.gonsCd (0.08HMcV), g reen
'"

Ce (0.lfd Mev),
gngeofactivitiej)4ndenergien, nuch ag0/

Cr (0.320 MeV), Cs (0.662 Mov) and Co (1.17 and 1.31 Mev) to e4t ablish#

F
E the energy response and/or range capab!lity of a given detector.
m

f the +ampling arrangements which have been provided to|E A nummary o
achieve compliance with iten II.F.1-2 and which have been reviewed to data in
shown in Table VI. Again, a variety of approachen tu evident. Some licennaen

k (including the five who have utilfred "gan only" monitorn to comply with Item-

_ II.F.1-1) installed independent nampling facilities. One licennee wrote
-
- emergency nampling proceduren which incorporated pre-rxinting unnhielded

routine samplern. Five added addit ional shielded particulat e and todine
[
- nample positionn which were connected to an exinting low-range nample line,
R while one added a pre-f abricated eultiple nample posit ion module.
-

inat alled integrated monit or/mimplern which cont ainEE Eleven licen=cen haveg
j micro processor enodulen that provide for the aut omat ic or remot e rollection of
- 1 nample at one of three individual nample positions, as also shown in Figure

i. Another licensee located itu integrated unit in what would be a high-
radiation field during pont accident conditions, no elected to create another

integratedmongtorHamplern typicallymorn remoto nampling station. These
provide for a much reduced flow of a few hundred cm / min, as compared to the
customary 1-2 cfm provided for low- and mid-range nanpling. Thin la done in

collected at' fororder to limit the total amount of activity that would be
100 uCl/rmconcen.rntions which approach the upper degign critetton of

the ntipulated 1 % toute sampling peitod.
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IV. 1.ESSONS 1. EARNED

A. HIGH-RANGE NOBl.E CAS MONITORS

Oversimplifications in the methods for the conversion of the direct indi-
cations of the installed gas monitor, typically in epm or mR/hr, to effluent
concentrations and/or rates of release were among the principal shortcomings
encountered in the reviews.

As indicated in Table 1 the guidancQn NUREG-0737, II.F.1-1 states" Design range values may be expressed in Xe equivalent values for monitors
employing gamma radiation detectors" (as most do). This concept has not been
generally understood or employed by vendors or by the reviewed licensees. In
geinstgees,theyhaveemployeduninterpretedactualcalibrationdatafor

Xe or Kr to establish detector response, without a recognition of their
limitations. The former emits low energy photons, with a mean energy of 0.045
MeV per disintegration. Thus. theymaybesiggficantlyabsorbedinthe
housing or walls of a detector. In contrast, Kr is principally a beta
emitter, with accompanying bremstrahlung gama radiations and a 0.51 MeV
photon with a yield of only 0.4%. 'this is apparent f rom Figure 9, which
illustrates the direct response with distance of Eber11na's high-range
detector to each of these nuclides. When corrected respectively f or
absorption and bremstrahlung, the true response of this detector is about
midway between the two curves, so using one point from either would Icad to a
factor of two error. An even greater difference in energy response which is
presumably related to the same cause, is shown in Figure 10, which is a
calculated response for a Victorcen-847 fon chamber installed adjacent to a
duct at the TMI-! Station.

Beyond this, these uninterpreted calibration data have also been employed
to calculate release rates (in uC1/sec), without regard to the variable energy
response characteristic of the detector on which they are based and in the
geometries in which they were installed. This response characteristic may be
closo to linear with energy, as shown in Figure 11, f or the Kaman KDGM-IIR, or
may be <|uite non-linear as shown in Figure 12 for the General Atomics WRGM.

All of the reviewed Itcensens gad instgtled monitors which in principlemet the upper' range criterion of 10 uC1/cm (sco Table 1). llowever, only two
had calibrated the inngalled high-range monitors on-site at concentrations
approaching 10$ uCt/cm . The vendor calibration information supplied by
Kaman, as shown in Figure 13, suggested that a test with g ual radinganes
approaching these concentrations had been grformed with Xe. Ilowever, on
the basis of field testing which employed Kr it t thismonitorcaninfactmeetthespecifiedupperrange.j,questionablethatA similar fall-off at
high concentrations was reported by a consultant to a Region I licensec in a
field calibration of the high-range detector (SA-9) of the Eberline Sp!NC.

Some licensees recognized the variable energy response of high-range
monitors by the provision of corrections in their software for making off-site
donc assessments. Ilowever, this does not provide guidance for a reactor
operator or supervisor who may have to make manual calculations of effluent
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release rates before skilled post-accident dose assessors are likely to be
available.

As indicated in Table V, three licenseca selected the Eberline SPING-4 as
a high-range monitor for effluent nobic gasses. During the reviews, it was
ascertained that the micro-processor of this monitor is not radiation
hardened, making it doubtful that it would operate reliably in high-radiation
fields. However, in one case the monitor was supplemented by the Eberline SA-

-
10 and SA-9 mid- or high-range detectors, for which the sensitive components,

were remotely located. When the SPING-4 component of this unit stases high-
:

J
radiation fields, it is isolated from the sample stream, thus increasing its

i reliability of function throughout an accident sequence.
s

>
In several instances, licensees with installed micro processer controlled

: high-range gas monitors were found to have a limited number of plant personnel

{
with aufficient training to be able to retrieve data beyond that routinely
displayed. Although this ability is not a requirement , these data could bc

3

informative in the event of an accident. The review also revealed that.i
several of these monitors had sxperienced frequent and/or extended down time

p of their automatic features, apparently due to the failure of their flow
i sensors.

7 Except for those with in cgrated units which function automatically,
5 provision and/or procedures had not been incorporated by licennees for the
h isolation and/or purging of their low-level gas monitors, should their range
q, be exceeded. Thus their recovery and availablity would be doubtful following

h
an accident as effluent concentrations declined to within the low-range

e region.

B. SAMPLING AND ANALYSIS OF PLANT EFFLUENTS
r

The principal deficiency encountered in the review of arrangements f or
the sampling of radioiodines and particulates was the inability of licensees,

to document that their sampling systems could collect representative nam-
ples. This is particularly no for those with long nampling linen, in whichg considerable deposition losses of elemental radiciodinen could occur even whena
they were installed in accordance with the design guidance of ANSI N13.1-1969.

[
The transminston of elemental todines through long sampling lines has .

been measured under controlled conditions in the laboratory by ifnrein et al.
.j

L Thcir studien suggest that it depends upon the relative rates of deponition
T and renuspension from their walls. Transmission f actorn greater than 50% were

found for 1" sampling lines at flow rates of 2-3 cim, f or in jection periods of
several hours. Ilowever, thene studies did not indicate how long it took to-

reach equilibrim between deposition and renunpension af ter an initial
injection. Only a small fraction (<!%) of the injected elemental fodine wasm

[ transmitted through the 1/4" nampling line with a 0.06 cfm flow rate an

utilized in the Cencral Atomics WRGM, which in nhown schematically in Figure
i
i 15.

k
.:

-

K
K.
-
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The NRC's proposed guidance suggests that the closest approximation to
representativeness may be achieved at equilibrium, when deposition and re--

entrainment or re-suspension are equal. This could be expected to occur most
I rapidly in a continuously operated system, rather than one in which flow is

initiated only upon the occurrence of higher-range concentrations. The Kaman"7

. and the Eberline AXM-1 monitors approximate this in that, upon an indication

ofabnormalgasconcentrations,gheyisokineticallyobtainasmalllocalside-
stream flow (of a few hundred cm / min) from the low-range monitoring / sampling

, line, in which a much greater flow (1-2 cfm) is maintained.

From the reviews, it has been apparent that most architect / engineers and
licensees have been aware of the need for the heat tracing of sampling lines

|| when they are exposed to " outdoor" conditions. Ilowever, it was apparent that
many of them have not reaognized a similar need for the heat tracing of long

,_

indoor horizontal sampling lines in which condensation could occur, especially
__

under the high moisture loads of some accident sequences. In a few reviews
condensation was found in the sampling medium of sampling positions.

7 Although IIF.1-2 calls f or continuous sampling, the procedures of f our
2 licensees c111ed only for the analysis of a grab sample to be collected post-

jg accident over a short period of time (to limit the amount collected to the
capability of their laboratory Ge-Li analysis systems), with no indication in

E their procedures of how they would evaluate the preceding sample to establish
the total amount released from the onset of accident conditions.

,

s

( In six instances, which included the three SPING-4s, the two SAI RAGEMS
and one licensee devised installation, the filter assembly for the collection,_

of particulates and iodines was unshielded. None had conducted an analysis to"

assure that with such an arrangement, the sampics could be collected, retained
and transported within the CDC-19 dose limits (5 rem whole body and 75 rem to
the extremities). It should be noted that by two successive 1/200 dilutions,"

_
" the RACEMS should collect only relatively low activity samples under all

accident conditions.-

-
- All of the licennees had Ag-Zeolite collection media avsilabic for

sampling under accident conditions. Almost all of the installations provided
,

for isokinetic sampling at normal stack flow raten but only a few could

[ maintain it if large deviations from these flows were to occur under accident
_ conditions. Of those that could not, none had developed correction factors,

g as called for in item II.F.1-2.
r

Only a few licenseen had developed adequate procedures for the analysis
,

of " hot" sampics, in which the collected activity might considerably exceed-

the upper limit which could be analyzed by their GeLi counting and analysis
systems. Although several had established procedures for counting natplen

. with greater than normal activity in a geometry distant from the detector,

only a few would be able to cope with an 8g-170 C1 nample of radiciodines"

collected at a contentration of 100 uCt/cm at flow rates of I-2 cfm for the
- stipulated 30-minuto sampling period.
_

b

"
_
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VI. COFotENTS AND RECOMitENDATIONS
L

A wide variety of approaches to the monitoring of noble gasses and the
,

sampling of particulates and radiciodines in high concentrations have been-

encountered in the nineteen reviews which have been conducted over the past
7

~

two years.

< If the monitoring requirements were solely those for the noble gaasen,
ion chambers would seem the most straightforward detectors, in view of their

- simplicity, wide range capability, and linear energy response characterts-
tics. Ilowever, they are relatively insensitive and therefore require a large
volume of contained gas which is difficult to shield from extraneous .

.

radiations, as illustrated by Figure 15. The 0.1"-thick steel wall in which
_

thisdetectork331 cated has a large absorption for low energy photons, such
as those from Xe, compared to a much smaller absorption of the higher
energy photons from shorter-lived noble gases.

The integrated monitoring / sampling devices which incorporate micro-6

processor data handling and control accomplish the full range requirements of
Item II.F-1.1 by routing the flow to more then one detector, each of whici is

_

designed to be sensitive to port *.ons of the full range requi remen t . This
i
- permits the isolation of the low-range detector during periods of high
. concentrations. It also facilitates the routing of flow to a selected

shielded filter assembly at the same time. Their ability to store and to
- provide a history of release rates over time makes them attractive for both

routine and accident monitoring. Additionally, the use of a monitor for
. every-day purposes adds to its reliability f or accident monitoring. If not so

utilized, they require regular surveillance and maintenance to assure theiri
E availability.

E
To minimize the ambient pos t -ac c ide n t radiat.on fields, most of the post--

E accident monitors and/or samples are located at considerable distances from
_

the points of effluent release, thus necessitating long sampling lines
(typically 1" x 100-250'). This creates a dilemma between the desirability ofr-

{ maintaining a high flow rate in the sample line so as to minimize deposition
; losnes and the desirability of minizing the amount of collected radioactivity
g on the sampler. It is solved in some monitors, by the provision of a second

;; stage of isokinetic sampling with a probe situated within the high-flow line
with a much smaller flow (a few hundred|| cignetothesamplinghead,butcm / min) through the high-concentration sampler. This seems desirable on theg

j grounds of both convenience in handling and analysis and of AI. ARA
considerations.

m
n
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TABLE 1

HICH-RANCE NOBLE GAS EFFLUENT MONITORS

REQUIREMENT Capability to detect and measure concentrations of noble gas
fission products in plant gaseous effluents during and following
an accident. All potential accident release patha shall be
monitored.

PURPOSE To provide the plant operator and emergency planning agencies
; with information on plant releases of noble gases during and

following an accident.

DESIGN BASIS MAXIMUM RANCE
|

Design range values may be expressed in Xe-133 equivalent values for monitors
| employing gasma radiation detectors or in microcuries per cubic centimeter of

| air at standard temperature and pressure (STP) for monitors employing beta
j radiation detectors (Notes 1R/hr 81 f t = 6.7 Ci Xe-133 equivalent for point

| source). Calibrations with a higher energy source are acceptable. The decay

| of radionuclide noble gases after an accident (i.e., the distribution of noble
i gases changes) should be taken into account.
i

510 uct/cc Undiluted containment exhaust gases (e.g., PWR reactor building
i purge, BWR drywell purge through the standby gas treatment
! system).

Undiluted PWR condenser air removal system exhaust.

010 uCi/cc Diluted containment exhaust gases (e.g., > 10:1 dilution, as with
auxiliary butiding exhaust air).

f

| BWR reactor building (secondary containment) exhaust air.
|
| PWR secondary containment exhaust air.
i

310 uC1/cc Buildings with systems containing primary coolant or primary
; coolant of fgases (e.g., PWR auxiliary buildings, BWR turbine
I buildings).

PWR steam safety valve discharge, atmospheric steam dump valve
discharge.

2'

| 10 uCL/cc Other release points (e.g., radwaste buildings, fuel

| handling / storage buildings).

|
t
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TABLE I (continued)

DESIGN CONSIDERATIONS

Of f-line monitoring is acceptable for all ranges of nobic gas
concentrations.

2In-line (induct} sensors are acceptabic fqr 10 uCi/cc to
10 uCi/cc noble gases. For less than 10" uCi/cc, of f-line

monitoring is recommended.

Upsteam filtration (prefiltering to remove radioactive iodines and
particulates) is not requi' towever, design should consider all
alternatives with respec spability to monitor effluents
following an accident.

For external mounted monitors (e.g., PWR main steam line), the
thickness of the pipe should be taken into account in accounting
for low-energy gamma detection.

REDUNDANCY Not required; monitoring the final release point of several
discharge inputs is acceptable.

SPECIFICATIONS

(None) Sampling design criteria per ANSI N13.1.

POWER SUPPLY

Vital instrument bus or dependabic backup power supply to
normal ac.

CALIBRATION

Calibrate monitors using gamma detectors to Xe-133 equivalent (1
6.7 Ci Xe-133 equivalent for point source).R/hr @ 1 Ft =

Calibrate monitors using beta detectors to Sr-90 or similar long-
lived beta isotope of at least 0.7 MeV.

DISPLAY Continuous and recording as equivalent Xe-133 concentrations of
uCi/cc of actual noble gases.

QUALIFICATION

The instruments shall provide sufficiently accurate responses to
perform the intended function in the environment to which they
will be exposed during accidents.

From Ref 9

420
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TABLE 11

SAMPLING AND ANALYSIS OR MEASUREMENT OF HIGH-RANGE RADI0 IODINE AND
PARTICULATE EFFLUENTS IN GASEOUS STREAMS

EQUIPMENT Capability to collect and analyze or measure representative
samples of radioactive iodines and particulates in plant gaseous
effluents druing and following an accident. The capability to
sample and analyze for radiotodine and particulate effluents is
not required for PWR secondary main stream safety valve and dump
valve discharge lines.

PURPOSE To determine quantitative release of radioiodines and particulates
for dose calculation and assessment.

DESIGN BASIS SHIELDINC ENVELOPE

210 uCi/cc of gaseous radiciodine and particulates, deposited on
sampling media; 30 minutes sampling time, average gamma energy (E)
of 0.5 MeV.

SAMPLING MEDIA

Iodine > 90% ef fective absorption for all forms of gaseous iodine.

Particulates > 90% effective retention for .3 micron diameter
particles.

SAMPLING CONSIDERATIONS

Representative sampling per ANSI N13.1-1969.

Entrained moisture in effluent stream should not degrade adsorber.

Continuous collection required whenever exhaust flow occurs.

Provisions for limiting occupational dose to personnel
incorporated in sampling systems, in sample handling and
transport, and in analysis of samples.

ANALYSIS Design of analytical facilities and preparation of analytical
procedures shall consider the design basis sample.

Highly radioactive samples may not be compatible with generally
accepted analytical procedures; in such cases , measurements of
emissive gamma radiations and the use of shielding and distance
factora should be conuidered in design.

!
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TABLE III

EXAMPLE OF REVIEW GUIDE FOR HICll-RANGE NOBLE CAS
EFFLUENT MONITORS (li.F.1-1)

Monitoring System

A. Are monitors located at all effluent pathways and do they meet the
following range requirements?

5containment exhaust, undiluted, 10-6 to 10 uCi/cc?-

5
- condenser air removal system exhaust, undiluted, 10-6 to 10 uCi/cc?

auxiliarybuildingandotherswithsystegstocgntiningprimary-

coolant or primary collant offgases, 10- to 10 uCi/cc?
3steam safety valve discharge *, 10-6 to 10 uCi/cc?-

3atmospheric steam dump valve discharge *, 10-6 to 10 uCi/ce?-

* Main steam line monitors located upstream of the valves are acceptable,
if considerations have been given to account for low energy gammas.

2radwaste building exhaust, 10-6 to 10 uCi/cc?-

2fuel handling / storage exhaust, 10-6 to 10 uCi/ce?-

Do the ranges of instruments overlap to cover the entire range of ef fluentB.
from normal (ALARA) through accident conditions?

C. Are the detectors acceptable?

D. Does the sampling system design conform to ANSI N13.l?
2

E. Is offline monitoring used for detecting less than 10 Ci/cc? ,

2 5(In-line monitoring is acceptable for 10 uCi/cc to 10 uCi/cc)? >

F. Can the system detect and measure compositions of noble gases ranging from
fresh to 1-day old with an overall system accuracy of less than 27

422
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TABLE III (continued)

Verify:

51. that noble gas effluent monitors with an upper range capacity of to 10
uCi/cc (Xe-133) are installed,

52. that the range extends from normal conditions (ALARA) to 10 uCi/cc (Xe-
133),

3. that the system provides continous capability during and following an
accident,

4. that a design description of the system identifying the specifications in
accordance with Table II.F.1-1 is available,

5. that procedures and calculational methods are established,

6. that instrument ranges will overlap to cover the entire range of
effluents, from normal thru accident conditions.

423
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TABLE IV

SUMMARY OF INSTALLED MID- MD HIGil-RANGE NOTsLE CAS MONITORS

Operating Data Background

No. Range Detector Vendor v. ode l Mode Processor Subtraction

On-Line

2 Mid/fligh Ion Chamber (1) GA RD-2A Continuous No No

(1) Victorcen 847

Off-Line

Gas Only

i Mid/High Plastic NMC GA-270 Iligh Alarm No No

s
N
A 1 Mid GM Victorcen

High Ion Chamber Victoreen 847 Continuous No No

3 Mid/High Ion Chamber Victorcen 847 Continuous No No

Integrated Gas Monitors and Particulate-Iodine Samplers

5 Mid Cd-Te GA WRCM High Alarm Yes No

High Cd-Te

3 Mid GM Eberline SPING-4 Continuous Yes Yes

High GM

2 Mid GM Kaman KGM-!!RH High Alarm Yes No

High GM

1 Mid/High Ge-Li SAI RAGEMS Continuous Yes NA

1 Mid GM Eberline AXM-1 High Alarm Yes Yes

High GM

__
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TABLE V

CONCENTRATIONS FOR VENDOR CALIBRATIONS OF II F.1-1 HIGH RANGE MONITORS

133 85Xe Kr

Concentrat}ons Concentrat}onsuCi/cm uCi/cm

Eberline

Mid-Pange SPING 0.13 0.47
NGD-! (SA-13)

High-Range SPING
AXM-1( SA-14 ) 0.26 1.47

'SA-15, SA-9 1.75 9.98

General Atomics

Mid/High Range-WRCM 0.65 11.1*

Kaman

Hi gh-Range-IIRil 5x10' l.5x10 5

* Based on calibration data supplied by vendor as inferred for NBS,

Reference Date.

|
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TABLE VI

SAMPLING AND ANALYSIS OF PLANT EFFLUENTS, II.F.1-2

Independent Utility Design
Sample

No. Range Vendor Model Positions Shielded Filter Selection Remarks

(In each instance)1 Yes-

5 - -

Vendor Design

1 - NKO Ind. MAP-5 3 Yes Local / remote control Timed sample

1 - Kaman HRH 1 Yes

Integrated Units <

$
* 4 Mid/High CA WRGi ? Yes Local / remote control Timed sample

3 Mid/High Eberline SPING-4 1 No Fixed

2 Mid/High Kazan KCM-HRH 3 Yes Automatic (GM Monitor) Automatically
timed sample

3 All SAI RACEMS 1* Yes Automatic

1 Mid/High Eberline ADf-l 1 Yes Fixed (GM Monitor)

*The remaining licensee to be reviewed has installed this system

I

;
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