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For vertical upward flow, the correlation takes the form

0.295 . -5 4
Nu, = Nu,, (1-3000y)"*", if10° <y <10 (1)
Nu,, (70005)"**, if 107 < »

For vertical downward flow the correlation gives the Nusselt number as

Nu, = Nu,, (1+30000y)"*,

var

meaning that heat transfer is enhanced when the influence of buoyancy is increased.
The term Nuy.r takes into account “normal” convection and material property terms

Nu,, =0.021Re* Pr**(p, / p, )**

and the buoyancy parameter is defined as
xX= Grb/<Re§'7 Pr)? )

It can be seen that with the buoyancy parameter from 10 to 104 the Nusselt number is
decreasing with increasing values of the buoyancy parameter (about 10 %) and above 104
Nusselt number is increasing.

This correlation takes into account buoyancy-influenced heat transfer but it does not take
into account the acceleration-influenced heat transfer impairment.

Fig. 2. Heated vertical pipe (IAEA benchmark 1). Effect of different heat transfer correlations,
calculated with APROS (Kurki 2010). Experimental data are from (Kirillov et. al., 2005)

APROS includes the four heat transfer correlations which can be used at supercritical
pressure flows - Dittus-Boelter, Bishop, Jackson-Hall and Watts-Chou. These correlations
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were used for simulating a test case (Kirillov et. al., 2005), in which the steady-state heat
transfer behaviour in a heated vertical pipe was analysed for both upwards and downwards
flows (see Figure 2). The length of pipe was 4 m, the inner diameter was 1 cm, pressure at
outlet was 24.05 MPa, inlet temperature was 352 °C and mass flux was 0.1178 kg/m?2s. In
case of upwards flow the weak impairment of heat transfer occurs. It can be seen that the
Watts-Chou correlation is able to predict this quite well, while the Dittus-Boelter correlation
gives much too high values. The reason for too high values is that the heat capacity used in
Prandtl number increase strongly near the pseudo saturation state of 24 MPa. For
downward flow all of the correlations give sensible values - again Watts-Chou giving the
closest values. It should be kept in mind that this is only one example. It has been found that
any of available heat transfer correlations cannot predict the heat transfer impairments at all
conditions.

7. Wall friction

Estimation of two-phase flow wall friction in system codes is generally based on single-
phase friction factors, which are then corrected for the presence of two separate phases
using special two-phase multipliers. The wall friction factor for single phase flow is often
calculated using the Colebrook equation, which takes into account also the roughness of the
wall

=1.74—-2lo { 18.7 28}1 (12)

1
Vi VI Re 7Dy

where ¢ is the relative roughness of the flow channel wall.

Because at supercritical pressures the variations of the thermophysical properties as a
function of temperature may be very rapid, the properties near a heated wall - where the
skin friction takes place - may differ considerably from the bulk properties. The friction
factors can be corrected to take this into account by multiplying the factor by the ratio of a
property calculated at the wall temperature to property calculated at the bulk fluid
temperature. One of the friction correlations intended for supercritical pressure is the
correlation of Kirillov

0.4
£ = (1.82log, Re, —1.64) [’)WJ (13)
Py

This correlation has been formed by multiplying the friction factor correlation of Filonenko
(the first term) by a correction term based on the ratio of densities calculated at wall and
bulk temperatures respectively. However, this correlation is valid only for flows in smooth
pipes.

Since no wall friction correlation for supercritical-pressure flows in rough pipes is available
in the open literature, a pragmatic approach was taken in APROS to make it possible to
estimate the wall friction in such a situation: the friction factor obtained from the Colebrook
equation is simply multiplied by the same correction term that was used by Kirillov to
extend the applicability of the Filonenko correlation, thus the friction factor may be
calculated as
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f = f;ol(p‘vj | (14)
P

b

It is important to notice that this correlation is not based on any real data, and as such it
must not be used for any real-life purposes before it has been carefully validated against
experimental results. Thus, this form of the correlation serves only for preliminary
estimation of the effect of friction and is mainly intended for reference purposes (Kurki
2010).

8. Flow instabilities in heated channels

In simulating flows and heat transfer at the supercritical pressure region the possibility of
appearance of flow instabilities should be taken into account. Due to the rapid changes of
density and viscosity with changing temperature near the pseudocritical line, different types
of flow instabilities may occur. These instabilities are analogous to those related to boiling in
vertical pipes, and may be of the Ledinegg or the density-wave-oscillation (DWO) type.
Useful dimensionless parameters for defining the condition for stable or instable flows in
heated pipes are the sub-pseudo-critical and trans-pseudo-critical numbers proposed in
(Ambrosini & Sharabi 2006 and 2008).

The sub-pseudo-critical number describes the sub-cooling at the inlet of the heated pipe
section, and is calculated as

N, = o (. ) (15)

Cppe

while the trans-pseudo-critical number represents the proportion of heating power to mass
flux, and is defined as

N =0

tpc

P B (16)

m._C

n - ppc

With these two parameters the threshold for instabilities and the instable and stable flow
areas can be estimated.

In the reference (Ambrosini & Sharabi, 2008) the stability boundaries of one particular
geometry as function of Nspc and Nipe calculated with RELAP5 are shown. The calculated
values in the charts have been obtained by simulating the case where the flow under
supercritical pressure flows through a vertical uniformly heated circular pipe. At the inlet,
the constant singular pressure loss coefficient of Ki, =10.5 and at the outlet the coefficients of
Kout = 0.0 and 3.0 were applied. The pressure at inlet and at outlet is kept constant, but the
heating rate is gradually increased, which results in a slowly increasing trans-pseudo-critical
number. The calculation was repeated with different sub-pseudo-critical numbers
corresponding to different inlet conditions. With a certain trans-pseudo-critical number, the
flow changes from stable to oscillating or experiences the flow excursion. In the charts the
instability threshold is presented when the amplifying parameter Zr has the value zero. The
instability values above the position, where the second derivative changes strongly,
represent the Ledinegg instabilities (Ngpc about 3). The values below Ngpc about 3 stand for
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density instabilities. As an example, two calculation results obtained with APROS have been
shown in Figures 3 and 4. In Figure 3 the typical behavior of a DWO-type instability is
shown. The result representing the Ledinegg instability is presented in Figure 4.

Stability: inlet mass flow
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Fig. 3. Example of oscillating type (density) instability (IAEA benchmark 2, Ngpc = 2.0, Kin = 20,
Kout = 20), Calculated with APROS

Stability: inlet mass flow
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Fig. 4. Example of excursion type (Ledinegg) instability (Nspc = 3.0, Kin = 20, Kout = 20),
Calculated with APROS
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9. Simulation application — European concept of supercritical reactor
(HPLWR)

In an European collaboration project, the concept of a new reactor working under the
supercritical pressure has been developed (Schulenberg & al. 2008). This concept, called
High Performance Light Water Reactor (HPLWR), has a three-pass core (Fischer & al, 2009),
which was introduced to the design for preventing the formation of hot spots in the reactor
core. The coolant flows through the core three times in the radially separated evaporator,
super-heater 1 and super-heater 2 sections. Half of the feed water coming into the reactor
pressure vessel is directed upwards to the upper plenum in order to provide neutron
moderation for the reactor core and the other half flows to the downcomer, from where it
continues to the core coolant channels. Also for the moderator, a three-stage flow scheme is
applied.

For some preliminary accident analyses of the HPLWR safety concept, the APROS system
code was used (Kurki & Hanninen, 2010). The intention of calculation was on the other hand
make a typical large break LOCA analysis and also to verify the feasibility of the tentative
protection system. The accident which was analysed was a guillotine break of one of the
four steam lines. The accident was initiated by a 2 x 100 % break between the pressure vessel
outlet and the main steam line isolation valve. Decreasing pressure at the pressure vessel
outlet (pout < 225 bar) initiates the reactor scram sequence and closure of the main steam line
isolation valves (MSIV). The time taken for fully closing the isolation valves is assumed to be
3.5 seconds. After the MSIV has been shut, the effective break size is 1 x 100 %.

The calculation results (see Figure 5) suggested that with the assumed protection strategy
and with the used safety injection capacity the reactor core of the HPLWR can be kept
sufficiently cooled-down in the case of a large break LOCA caused by rupture of one of the
four main steam lines, using the designed safety systems.
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550 T T 25 g T T T

- Evaporator - i Inlet —

500 Superheater 1 - |7 Inner lower MC

) Superheater 2 — Inner upper MC ===+ | |

430 20 Outer Lower MC =
5 400 . Outer Upper MC
S
® 350 15
3 :
= 300 r
o
= 250 10
o
=200

150 5 bk

3
100 A
e DN i
so i T | e 0

0 200 400 600 800 1000 0 200 400 600 800 1000

Simulation time [s] Simulation time [s]

Fig. 5. Results from the HPLWR LB-LOCA simulations: maximum flue cladding temperatures
(left) and pressures in different parts of the pressure vessel (right)
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10. Conclusion

With modifications described in this paper, the six-equation flow model of the system code
APROS has been updated to work near and above the critical point. By using the concept of
pseudo saturation enthalpy the two-phase structure can be maintained. The developed
model for the forced mass transfer enables the numerically stable and fast transition from
pseudo-liquid to pseudo-gas and vice versa. The model includes a selection of friction and
heat transfer correlations that the user can choose to be used at supercritical pressures. One
deficiency is that at the moment there is not any heat transfer correlation which is able to
calculate the impairment of the heat transfer reliably. In simulating the supercritical flows in
heated pipes the instabilities due to large density changes is possible. In making simulations
with system codes or other simulation tools it is necessary to know the limits of these
instabilities. As an example of the HPLWR LOCA simulation proves the developed model
can be used for the safety analysis of supercritical-water-cooled reactors.

11. Nomenclature

A area, flow area (m?)
Yij volumetric coefficient of expansion
f friction factor
F friction (N/m3)
g acceleration of gravitation (m/s?)
h enthalpy (J/kg)
1 mass flow (kg/s)
Nu Nusselt number
P pressure (Pa)
Pr Prandtl number
q heat flow/volume
Re Reynolds number
temperature (°C or K)
time (s)
velocity (m/s)
volume (m3)
mass fraction
gas volume fraction
density (kg/m?3)
mass transfer (kg/s m3)
time step (s)
temperature (C)
mesh spacing in flow direction (m)

"]E’—JEQH<:‘*H

e
IS

Subscripts

b bulk

col Colebrook

8 &as

i interface

k phase k (either gas or liquid)
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kir Kirillov

l liquid

Ig evaporation, liquid to gas
p constant pressure

pc pseudo critical

sat saturation

w wall

Superscript

n new value
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Non-Linear Design Evaluation of
Class 1-3 Nuclear Power Piping

Lingfu Zeng, Lennart G. Jansson and Lars Dahlstrom
AF-Industry AB

Box 1551, SE-401 51 Gdteborg,

Sweden

1. Introduction

A nuclear piping system which is found to be disqualified, i.e. overstressed, in design
evaluation using linear analysis software in accordance with ASME Boiler & Pressure Vessel
Code, Section III (ASME, 2009a), denoted as ASME III below for convenience, can still be
qualified if further design requirements can be satisfied in refined nonlinear finite element
analyses in which material plasticity and other non-linear conditions are taken into account.
For clarity, a design evaluation using such linear analysis software will throughout this
chapter be called a linear design evaluation, and a design evaluation involving a non-linear
finite element analysis a non-linear design evaluation.

The linear design evaluation according to ASME III is purely based on stress limits. Stresses in
piping components are first divided into membrane, bending and localized stresses for
formulation consistency with beam and/or shell structures. Thereafter, stresses are further
categorized into primary, secondary and peak stresses. The primary stresses are the “not
self-limiting” part of responses typically resulted from external forces such as dead-weight,
internal pressure, earthquake and so on, and they are important to avoid catastrophic failure
and to control plastic deformation. The secondary stresses refer to the “self-limiting” part of
responses resulted typically from thermal effects and gross structural /material discontinuities,
and they are responsible for eventually progressive/incremental deformation. The peak
stresses are the combined “peak” responses which are used to control fatigue failure. In
ASME 1II, design criteria are defined in terms of stress intensity or principal stresses. For
Class 1 piping systems, the criteria are defined by the stress intensity which is the largest
absolute value of the principal stress difference, or equivalently twice of the maximum shear
stress, and for Class 2 and 3 piping systems by the largest absolute value of the principal
stresses. In connection with the design-by-analysis approach, the linear design evaluation is
performed through comparing stress intensities of above-mentioned stress categories with
their allowable limits. Among software commercially available for performing such a linear
design evaluation, PIPESTRESS from DST Computer Services S.A. (DST, 2005) is widely
used in Sweden.

Furthermore, the linear design evaluation is conducted for each of the following load sets:
Design Condition and 4 so-called Service Limits of Level A, B, C and D. For different load
sets, different design criteria and requirements are used. Through defining various loads
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into different load sets and using different design criteria and requirements, the safety
degree consideration and the occurrence probability of a given load can be introduced in the
design evaluation.

In accordance with ASME 111, non-linear design evaluation is an alternative to the linear design
evaluation. Depending on which stress intensity limit is violated in the linear design
evaluation, there are two types of non-linear analysis required in ASME III for the
alternative non-linear design evaluations: (1) collapse-load analysis and (2) non-linear
transient analysis. For clarity, such alternative design criteria and requirements which are
specified in connection with such non-linear analyses are termed hereby as the non-linear
design criteria and requirements. Such non-linear finite element analyses can generally
effectively be conducted using general-purpose finite element software, such as ANSYS
(ANSYS, 2010) and most other well recognized software.

This Chapter is devoted to describe the general procedure for the alternative non-linear
piping design and to clarify those relevant non-linear design criteria and requirements. Our
emphasis will be placed on the later task as unclear and inconsistent issues have been
observed in ASME III when non-linear design criteria and requirements applied. In recent
years, quite many non-linear analyses and design evaluations have been conducted in
Sweden for several power uprate projects. Unfortunately, most of such work has always
ended with, or can never be ended without, long discussions on such unclear and
inconsistent issues.

The Chapter is organized as follows: In Section 2, an overview on loading conditions is
given. In Section 3, we review the linear design evaluation and discuss the non-linear design
evaluation for Class 1 piping systems. In Section 4, the review and discussion are continued
for Class 2 and 3 piping. In Section 5, we briefly address the computational procedures for
collapse-load analysis and, in Section 6, we discuss the computational procedures for non-
linear transient analysis. Finally, in Section 7 concluding remarks are given. We note that the
discussion given in this Chapter is mainly based on our experiences on the application of
ASME III under Nordic conditions, see e.g. Zeng (2007), Zeng & Jansson (2008), Zeng et al.
(2009, 2010).

As this chapter covers a large amount of design rules and requirements of ASME III, an
attempt has been made to keep the presentation brief and concise, yet still sufficiently clear.
Unless otherwise stated, notations will be kept to be identical to those used in ASME III,
equations specified in ASME III will not be repeated here unless necessary, and
fundamental design requirements e.g. Pressure Design etc., will not be discussed here. In
particular, the description of the linear design evaluation will be kept brief whenever possible
and, for a more detailed description, we refer to ASME (2009), Slagis & Kitz (1986), Slagis
(1987) and references therein.

2. Load conditions

The design evaluation rules in ASME III are for Class 1, 2 and 3 piping specified in terms of
5 loading conditions: Design Condition, and Service limits of Level A, B, C and D.

Under each loading condition, loads are combined to one or several load set(s) according to
Design Specifications. The rules for load-combinations are defined in accordance with
probabilities in which corresponding loads (events) should occur and consequences that
may result in. Thus, a given load set defines the following;:
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1. Loads and their combinations to be considered in piping analysis.

2. Stress intensity limits to be used in the subsequent design evaluation.

In Tab. 1 we show an example of how these load sets are specified in Sweden. The design

evaluation must be conducted in accordance with this table and the piping design is not

qualified unless all evaluation rules specified for each load set are met.

We note that in Tab. 1 notations are of self-explaining, e.g. PD for Design Pressure and SSE

for Safe-Shutdown Earthquake etc. Rather than explaining how load-combinations are

defined in Tab. 1, which is not our purpose, we should observe the followings from this
table:

1. Loads given under Design Condition are not only static loads of Design Pressure (PD)
and Dead Weight (DW), but also dynamic loads (GV/SRV1) which represents here
those generated by opening or closing one safety valve.

2. Loads in Service limit Level A include static loads (PO+DW) and dynamic loads
GV/SRV1, where PO denotes the operating temperature. We note that GV/SRV1 are
generally not included according to ASME III, and they appear here due to additional
requirements specified in Swedish design specifications.

3. Loads in Service limit Level B include static loads (PO+DW), time-dependent loads
generated by opening or closing of seven safety valves (GV/SRV7).

4. Loads in Service limits of Level C and D include static loads (PO+DW), dynamic loads
generated by e.g. opening or closing of several safety valves, and Safe-Shutdown
Earthquake (SSE) and so forth.

Tab. 1 is only an example for our discussion purpose. In practice, more load cases and

combinations need to be considered, such as Water-Hammer loads (WH), local vibration

due to safety relief of valves, Local vibration due to chugging, Pool swell drag due to
internal pipe break, Pool swell impact due to internal pipe break and several others.

Load-combinations Design and/or Pressure Temp.
Service limit Level
PD + DW Design PD D
PD + DW + GV /SRV1* Design PD TD
PO + DW + GV/SRV1* Level A PO TO
PO + DW + GV/SRV7 (E-3) Level B PO TO
PO + DW + SRSS(GV/SRV7(E-2), WH/VO1) |Level C PO TO
PO + DW + SRSS(GV /SRV7(E-3), GV/SSE) Level D PO TO

Table 1. Load-combinations and their evaluation specifications

It should be noticed that time-dependent loads can be either given in form of response
spectra, which are the case when GV/SSE and GV/SRV or other global vibration (GV)
related events considered, or in form of time-dependent “nodal forces” F(t) which are in
most cases generated in separate fluid dynamic analyses.

Time-dependent loads F(t) can be reversing, non-reversing or non-reversing followed by
reversing, see NB-3620, NC-3620 (ASME, 2009a). In Fig.1 we show an example of non-
reversing followed by reversing F(t) caused typically by an initial water slug followed by
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reflected pressure pulses. As we will see later, some design rules, in particular, those non-
linear ones are given in terms of the types of dynamic loads. When dealing with dynamic
loads, it is therefore important to distinguish reversing and non-reversing types.

/7 Mean load

N

F(t) (N)
A

Nonreversing load

» Time (s)
T

Fig. 1. Dynamic loading of a non-reversing type followed by a reversing type

3. Class 1 piping

The linear design rules for Class 1 piping are given in NB-3600 for general rules and in NB-
3650 - NB-3656 for specific rules. When the linear design rules unsatisfied, in other words,
the piping design found to be disqualified, the piping can still be qualified if alternative non-
linear design requirements specified generally in NB-3200 Design by Analysis, where
material plasticity are treated in NB-3228, can be met. In this section, we follow the rules
specified in NB-3600 for each specific load set to clarify these non-linear design requirements.
In ASME 1II, different design requirements are, in general, specified in terms of two types of
loads: (1) Loads including non-reversing dynamic loads or non-reversing followed by
reversing dynamic loads; (2) Loads including reversing dynamic loads. The definitions for
reversing and non-reversing dynamic loads are given in NB-3622 and repeated below:
Reversing dynamic loads are those loads which cycle about a mean value and include
building filtered loads, earthquake, and reflected waves in piping due to flow transients
resulting from sudden opening/closure of valves. A reversing load shall be treated as non-
reversing when the following condition is met: The number of reversing dynamic cycles,
excluding earthquake, exceeds 20.

Non-reversing dynamic loads are those which do not cycle around a mean value, and
include initial thrust forces due to sudden opening/closure of valves and water-hammer
resulting from entrapped water in two-phase flow.

3.1 Design condition

The linear design evaluation for this load set is to evaluate Eq.(9) given in NB-3652 to ensure
the primary (primary membrane plus primary bending) stress intensity is within its limit
1.58m, where Sy, is the allowable design stress intensity value. According to NB-3228.1 or
NB-3228.3, the non-linear design requirements can be formulated as follows: If Eq.(9)
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unsatisfied, a non-linear analysis can be made to predict the collapse-load and the design
can still be considered to be qualified if the applied loads do not exceed 2/3 of the collapse-
load. The collapse-load may be predicted either by a Limit Analysis procedure specified in
NB-3228.1 or a Plastic Analysis procedure specified in NB-3228.3.

There is a fundamental difference between these two procedures. While the Limit Analysis
procedure aims at predicting the lower bound of the collapse-load, the Plastic Analysis
procedure implies a prediction of the whole load-displacement history until the structure
reaches, or passes through, its collapse point. The prediction of the collapse-load will be
elaborated in Sect. 5.

In addition to this fundamental difference, NB-3228 requires the following:

For the Limit Analysis, the material is assumed to be perfectly elastic-plastic, and the yield
stress is set to 1.55n. The yield stress can be reduced for some materials, see NB-3228.1. A
von Mises yield criterion is used. The lower bound of the collapse-load can be computed
incrementally or by other available procedures. Here, the historic behavior in the piping
during the loading process, such as plastic strains, is of no interest.

The Plastic Analysis requires that the true material stress-strain relation, including strain
hardening behavior, should be used. A von Mises yield condition is still assumed and the
initial yield stress must be set to the true yield stress Sy. The collapse-load can only be
computed by an incremental procedure and it can only be determined when (almost) the
whole historic behavior in the piping during the whole loading process is computed.
Moreover, the collapse-load in this context is a load-level that is determined using a specific
procedure given in NB-3213.25, not the load-level corresponding to the collapse point
predicted numerically, see Section 5.

The Limit Analysis is simpler but predicts, however, the lower bound of the collapse-load. It
implies generally an application of a stronger evaluation requirement. Nevertheless, it is
reasonable to use the Limit Analysis as the first choice when Eq.(9) unsatisfied.

3.2Level A

In the linear design evaluation for all load sets for which Service limit Level A is designated,
two types of requirements are to be satisfied: (a) fatigue requirements and (b) thermal
ratchet requirements, see NB-3653.

3.2.1 Fatigue evaluation

The fatigue requirements are specified in NB-3653.1 - 3653.6. In principle, the following two

conditions are verified:

1. Primary plus secondary stress intensity range.
The evaluation is done by using Eq.(10), NB-3653.1, to ensure the stress intensity range
5,<3Sm. The evaluation must be made for all load sets in Level A.

2. Peak stress intensity range.
The evaluation is done by using Eq.(11), NB-3653.2, to determine a so-called alternating
stress intensity Sax (NB-3653.3), which is in turn used to find the allowable number of
load cycles N in design fatigue curves (NB-3653.4). Thereafter, a procedure defined in
NB-3222.4(e)(5) is applied to estimate the cumulate damage (NB-3653.5). The design is
qualified if we find a so-called cumulative usage factor U<1.0. This evaluation must be
made for all load sets in Level A.

Remark: These fatigue requirements (1) and (2) must also be verified for all load sets which

are designated in Service limit Level B, see Section 3.3. When computing the cumulative
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usage factor U, all load-sets in Level A and all load sets in Level B must together be taken
into account.

Now we shall clarify what we can do if the fatigue requirements (1) and (2) cannot be
fulfilled. NB-3653.6 states that if Eq.(10) unsatisfied, one may apply a so-called simplified
elastic-plastic discontinuity analysis to evaluate Egs. (12) and (13), and the cumulative damage
factor using a slightly modified procedure, NB-3653.6 (a), (b) and (c). The design is qualified
if Egs.(12) and (13) satisfied, and U<1.0.

At this point, one may ask: What can we do if Eq.(10) satisfied, but the cumulative damage
factor in Condition (2) found to be U>1.0? ASME NB is unclear on this point. One may
realize that, in the simplified elastic-plastic discontinuity analysis, the alternating stress
intensity is increased by a factor Kc1.0 through Eq.(14), which in turn reduces the limit of
load-cycles, and consequently increases the cumulative damage factor U. In such cases, the
simplified elastic-plastic discontinuity analysis will not help in one’s attempt to further
verify the piping design.

NB-3653.1(b) states that, as an alternative to the simplified elastic-plastic discontinuity
analysis in NB-3653.6, one may apply a Simplified elastic-plastic analysis specified in NB-
3228.5. When discussing this issue, we must remark the following: NB-3600 provides design
rules/criteria for only piping. Whereas NB-3200 provides design rules/criteria which are
more general and detailed and applicable for all nuclear facility components including
piping. In other words, NB-3600 states simplified methods of NB-3200 for performing
design-by-analysis for piping. Hence, a piping component which fails to meet conditions in
NB-3600 can still be qualified if it meet conditions given in NB-3200. As far as piping
concerned, the design rules and requirements given in NB-3200 and NB-3600 should be the
same.

We look now back to Eq.(10). Recall that Eq.(10) ensures the primary plus secondary stress
intensity range being within its limit 35, By examining NB-3220 we find, however, that
none of rules given in NB-3228 seems to be directly applicable for doing a further evaluation
when U>1 found in a simplified elastic-plastic analysis. Furthermore, that NB-3200 does not
state any further design requirement if the peak stress intensity range leads to a cumulative
usage factor U>1.

Now, a question arises: Can we apply non-linear analyses to do a further design assessment
when Eq.(10), or Egs.(12) and (13), unsatisfied and/or the cumulative usage factor found to
be U>1? In Section 3.2.3, we shall attempt to answer this question.

3.2.2 Thermal stress ratchet evaluation

The thermal stress ratchet evaluation is given in NB-3653.7 which ensures the range of
temperature changes, ATy range, is within its limit. NB-3653.7 does not state any further
assessment rule if the range of temperature changes overshoots its limit. However, in NB-
3228.4 Shakedown Analysis, it is stated that a refined non-linear analysis, which will be
reviewed and discussed in detail in the next Section, can be used to further check if the
piping components can still be qualified.

3.2.3 Non-linear design evaluation

In NB-3228.4 Shakedown Analysis, both Thermal Stress Ratchet in Shell (NB-3222.5) and
Progressive Distortion of Non-integral Connections (NB-3227.3) are discussed. In NB-
3228.4(b), it is stated that the design can be considered to be acceptable provided that the
following two conditions satisfied:
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1. The maximum accumulated local strain at any point, as a result of cyclic operation to
which plastic analysis applied, does not exceed 5%.
2. The deformations which occur are within specific limits.
These two conditions will, for convenience in the later discussion, be termed as the 5% strain
limit rule.
The 5% strain limit rule is according to NB-3228.4(b) a design requirement which replaces the
following specific requirements: (1) NB-3221.2 Local membrane stress intensity being less
than 1.55n; (2) NB-3222.2 Primary plus secondary stress intensity range being less than 3Sn,
i.e. Eq.(10) in NB-3653; (3) NB-3222.5 Thermal stress ratchet, and (4) NB-3227.3 Progressive
distortion (deformation) control. In other words, this rule sets a limit of progressive
deformation in a shakedown process that may eventually take place. We note that this rule
applies for both general piping components and non-integral connections (screwed on caps,
screwed in plugs, closures etc).
By thermal stress ratchet it is meant in NB-3222.5 an action, more exactly speaking, a
response, in that deformation caused during thermal cyclic loading increases by a nearly
equal amount in each cycle. The danger does not lie in the response (deformation) caused in
any particular load cycle, but the accumulated amount irreversible (plastic part) response,
which may lead to uncontrollable progressive distortion. This may explain why ASME III
limits the temperature range AT range in the linear design evaluation, but imposes the 5%
strain limit rule when plasticity considered. In all load sets of Service limit Level A, thermal
transients (TT) are of main concern. This implies that a shakedown process is irremissible
and the 5% strain limit rule becomes the right choice.
Now, we consider again the fatigue control or evaluation. Does this 5% strain limit rule cover
also the need for fatigue control? Generally speaking, it does not! Damage due to fatigue is a
totally different damage phenomenon than that caused by material (plastic) yielding. While
the former is mostly dominated by brittle failure in form of micro-fracture and cracking, the
later is entirely a ductile failure process in which the dislocation of material crystalline
grains is dominating. These two damage mechanisms must be dealt with separately.
To answer how a Class 1 piping under Service limit of Level A should be verified through a
non-linear analysis when the linear design evaluation found unsatisfied, the author suggests

the following;:
1. If the thermal stress ratchet condition unsatisfied, the 5% strain limit rule can always be
applied.

2. If Eq.(10) unsatisfied, the simplified elastic-plastic discontinuity analysis should be the
first choice for further evaluation.

3. If Egs.(12) and (13) unsatisfied, and U>1 (evaluated by the procedure given in NB-
3653.6), the 5% strain limit rule will be applied first. If this rule unsatisfied, the design
cannot be qualified (or must at least be further questioned)! If satisfied, we shall first
notify the owner of the nuclear power plant. If the owner requests a further evaluation,
a refined approach for calculating the cumulative factor U, which is based on the
numerical results from non-linear analyses, should be suggested to the contractors (and
the owner of the nuclear power). This should be handled on a base of individual cases.
If such an approach agreed, the evaluation goes further. Otherwise, the design is
declared to be disqualified.

One may argue that the simplified elastic-plastic analysis cannot help if U>1 predicted in

Step (2) above. The point is, when the simplified elastic-plastic analysis requested in

PIPESTRESS for fatigue evaluation, Eqs.(12), (13) and (14) will be evaluated together and, at
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the same time, a updated cumulative factor U will be reported. We remind that, as discussed
earlier in Section 3.2.1, if Eq.(10) satisfied but U>1, this simplified elastic-plastic analysis
cannot alter the result U>1.

Furthermore, one may think that it may be possible that, one obtains the following results
from a linear analysis using e.g. PIPESTRESS: Eqs.(12) and (13) unsatisfied, but U<I. This
situation should actually not happen as, according to NB-3653.6, Eqs.(12) and (13) should
first be satisfied before computing U.

3.3 Level B

The linear design evaluation for all load sets for which Service limit Level B is designated, is

the same as that for Service limit Level A, see NB-3654. The evaluation requirements are

basically given in terms of loads including non-reversing and reversing load types. We

notice that the formulation in NB-3654 is unclear with regard to fatigue requirements. More

specifically, the first paragraph in NB-3654 contradicts with NB-3654.2, stating whether all

load sets in Level A and B, or all load sets in Level A and (only) reversing loads in Level B,

should all together be considered when computing the cumulative damage factor in fatigue

evaluation. We agree the following:

a. To satisfy Eq.(9) in NB-3652 for non-reversing loads, or reversing loads combined with
non-reversing loads (NB-3654.2(a)).

b. To satisfy the fatigue requirements specified in NB-3653.1 through NB-3653.6 for both
reversing and non-reversing loads (NB- 3654.2(b)).

c. To satisfy the thermal ratchet requirement given in NB-3653.7 for all load sets including
thermal loads (NB-3654.2(b)).

3.3.1 Non-reversing dynamic loads

When Eq.(9) verified, the stress intensity limit is according to NB-3654.2 set to 1.85, but no
greater than 1.5Sy. Recall that it sets to 1.55,, for Service limit Level A loads, implying a 20%
relaxation of the stress intensity limit for Level B loads as compared to that for Level A
loads.

Any direct instruction for further evaluation has not explicitly been given in NB-3654 and
NB-3223 if Eq.(9) unsatisfied. We note that the first statement in NB-3654 is “The procedures
for analysing Service Loadings for which Level B Service Limits are designated, are the same
as those given in NB-3653 for Level A Service Limits”. This should allow us, as we do for
Level A loads, to apply NB-3200 to use a non-linear analysis to predict the collapse-load, or
its lower bound, and the design can still be qualified if the applied loads are less than 2/3 of
the collapse-load. The remaining question is how various parameters, such as the yield
stress and so on, should be set in a non-linear analysis.

If the collapse-load is predicted in accordance with the Plastic Analysis specified in NB-
3228.3, there will be no ambiguity as the true material yield stress and true stress-strain
relation are used, see also Section 5.1. However, if a Limit Analysis is chosen, we may then
ask: Should the yield stress be set to 1.55n as for Level A loads? Or should it be set to a
value corresponding to the stress intensity limit 1.85n, (but no greater than 1.5Sy) that is used
in connection with the linear design evaluation?

The authors favor to set the yield stress to 1.85, (but no greater than 1.5S;) based on the
following “engineering” reasoning: (1) Setting 1.55,, as the yield stress in a Limit Analysis for
Level A loads is because the stress intensity limit for Level A loads sets to 1.5S,, which
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should be an important correlation between the linear and non-linear designs. (2)The linear
and non-linear design principles can differ in many ways, but they are set in order to
achieve, for an ideal design, the same safety margin. (3)The fact that the stress intensity limit
for Level B loads is 20% relaxed as compared to that for Level A loads in a linear design
should be “accounted or compensated” somewhere in its corresponding non-linear design,
through e.g. raising the yield stress by 20% or, equivalently the factor 2/3 to 1.2x2/3=4/5.
There are different views about the above choice in Sweden. Some colleagues advise that the
yield stress must set to 1.5S, in the Limit Analysis for all loads no matter which Service limits
they are designated to. We will return to this issue in Section 5.2.

Remark: All load sets in Level A and B (both reversing and non-reversing) must be together
taken into account when computing the cumulative usage factor U.

3.3.2 Reversing dynamic loads

The evaluation of the fatigue and thermal ratchet requirements are the same as those given
in Section 3.2. Additionally, it is required (NB-3654.1(b)) that any deflection limit prescribed
by the design specification must be met. Our suggestions for a non-linear evaluation are
described in Section 3.2.3.

Remark: All load sets in Level A and B (both reversing and non-reversing) must be together
taken into account when computing the cumulative usage factor U.

3.4 Level C

The linear design evaluation for all load sets for which Service limit Level C is designated, is
given in NB-3655. The evaluation rules are again given in terms of reversing and non-
reversing loads.

We note in advance that for Service limit Level C deformation limits prescribed by design
specifications are explicitly required to be verified, see NB-3653.3. This is required for loads
of both non-reversing and reversing types.

3.4.1 Non-reversing dynamic loads

For non-reversing loads, Eq.(9) in NB-3652 should be applied with a relaxed stress intensity
limit 2.255,, but no greater than 1.8Sy, which is relaxed by 25% as compared to Service limit
Level B.

If Eq.(9) unsatisfied, similarly to cases for Level B loads, any direct instruction for further
evaluation has not explicitly been given in NB-3655 and NB-3224.

Referring to our discussion in Section 3.3.1 for Level B loads, it should be reasonable to use
the same approach that handles Level B loads to do a further evaluation. That is, a non-
linear finite element analysis is used to predict the collapse-load or its lower bound. The
design can still be qualified if the applied loads are less than 2/3 of the collapse-load.

Again, if the collapse-load is predicted in accordance with the Plastic Analysis specified in
NB-3228.3, there will be no ambiguity as the true material yield stress and true stress-strain
relation are used. However, if a Limit Analysis is chosen, we may again ask: Should the yield
stress be set to 1.55, as for Level A loads? Or should it be set to a value corresponding to the
stress intensity limit 2.255, (but no greater than 1.8Sy) that is used in connection with the
linear design evaluation?

The author favor again, based on the same reasoning given in Section 3.3.1, the choice of
setting the yield stress to 2.255, (but no greater than 1.8Sy) or, equivalently setting the yield
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stress to 1.55, but increasing the factor = t =1.0. There are different views on
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such a choice. A few co-workers believe that the yield stress should always be set to 1.55,in
a Limit Analysis for all loads no matter which Service limits they are designated to, see a
more in-depth discussion in Section 5.3.

3.4.2 Reversing dynamic loads

The evaluation rule for reversing loads is given in NB-3655.2(b). The evaluation is done by

applying conditions given in NB-3656(b), which are given for loads in Service limit Level D.

When applying these conditions, the stress intensity limit given in NB-3656(b)(2) remains

the same, and those given in NB-3656(b)(3,4) are reduced by 30%. The fatigue evaluation is

not required.

If the evaluation of NB-3656(b) disqualified, a further assessment can be done by applying

the 5% strain limit rule described in Section 3.2.3 without any modification. This follows from

the following reasoning;:

1. When NB-3656(b) cannot be fulfilled, one checks further the conditions in NB-3656(c).
NB-3656(c) states that design rules in Appendix F can be used as an alternative to NB-
3656(a,b). One observes however that Appendix F is not specified for reversing loads.

2. Although no explicit rules found in Appendix F for reversing loads, one can fortunately
find in NB-3228.6 the following statements: “As an alternative to meeting the
requirements of Appendix F, for piping components subjected to reversing type dynamic
loading ..., the requirements of (NB-3228.6) (a)(1) and (a)(2) below shall be satisfied”.

3. NB-3228.6(a)(2) concerns the fatigue control which is not required for Level C loads. This
means that only NB-3228.6(a)(1) needs to be followed.

4. NB-3228.6(a)(1) states that “The effective ratchet strain averaged through the wall
thickness of the piping component due to the application of all simultaneously applied
loading including pressure, the effect of gravity, thermal expansion ranges, earthquake
inertia ranges, anchor motion ranges, (including thermal, earthquake etc.) and reversing
dynamic loading ranges shall not exceed 5%”. (Notice the badly formulated texts!)

Remark: There are different views on the above reasoning as Appendix F is not given for

reversing loads. A few people argue that the only alternative to NB-3655.2 is the application

of NB-3224.7, which requires fulfilling the requirements of through NB-3224.1 to NB-3224.6.

It indicates in turn by NB-3224.7 that NB-3228 Plastic Analysis, with 70% of the specified

allowable strain values, can be applied. Namely, we require (i) the maximum accumulated

local strain being less than 0.7x5%=3.5%, and (ii) &,, <0.7 - 510 , see Section 3.5.2.

an = Ex/]T]

3.5 Level D

The linear design evaluation for all load sets for which Service limit Level D is designated, is
done similarly to that specified for Service limit Level C, and the general evaluation rules
are given in NB-3656. The evaluation rules are again specified in terms of the two types of
loads as defined for Level B and C loads, i.e. non-reversing and reversing loads.

3.5.1 Non-reversing loads

For non-reversing loads, the linear evaluation rule is given in NB-3656 (a), which states that
Eq.(9) in NB-3652 should be applied with a relaxed stress intensity limit 3.0Sn,, but no
greater than 2.0S,.
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If Eq.(9) unsatisfied, NB-3656(c) can be applied, which in turn refers to Appendix F,
indicating that a non-linear evaluation can be done through the prediction of the collapse-
load or its lower bound.

Appendix F states general rules and acceptance criteria for piping analyses when Service
limit Level D considered. Roughly speaking, the requirements specified for Service limit
Level D are relaxed as compared with Service limits of Level A, B and C. Below we shall
have a close look at Appendix F.

The general acceptance criteria when material plasticity taken into account are given in F-
1340. It is stated (F-1341) that the acceptability may be demonstrated using one of the
following methods: (a) Elastic analysis; (b) Plastic analysis; (c) Collapse-load analysis; (d)
Plastic instability analysis; and (e) Interaction methods. This is, in our opinion, obviously not
a consequent and clear statement.

First, the option (a) is no longer applicable when plasticity considered. Secondly, plasticity
instability is a phenomenon that may for some cases, depending on both structure itself and
applied load, not always occur and, for other cases, can definitively occur long before the
applied load reaches its collapse point. Nevertheless, with reference to this statement and
the evaluation rule for non-reversing loads in Service limit Level C, it should be a correct
choice that we apply the option (c) Collapse-load analysis and, meanwhile, check if any
plastic instability shall take place. We note these two options can be examined in one non-
linear analysis, see below.

F-1341.3 states in connection with the collapse-load analysis that: The applied static load, or
its equivalent, should not exceed 100% of the collapse-load, or 90% of the lower bound of
the collapse-load obtained in a limit analysis.

When the limit analysis used, the yield stress is according to F-1341.3 set to min(2.3Sn,
0.7Sy), where S, is the ultimate strength (A relaxation of about 2% as compared to Service
limit Level C). Notice here that a different relaxation is used when setting the yield stress as
compared to that used for the linear design evaluation, where the stress intensity limit is set
to 3.05n, that is, a relaxation of about 33% as compared to Service limit Level C. Apparently,
the advice of setting the yield stress to 1.55nis not appropriate here.

F-1341.4 states that “the applied load should not exceed 70% of the so-called plastic
instability load P;”. Generally speaking, P can only be determined if an incremental
solution, with both material plasticity (true stress-strain relationship) and large deformation
taken into account, applied to numerically trace the response history. However, it is
generally not an easy task from numerical point of view, and requires finite element
software that are able to accurately handle various difficulties in so-called “path-searching”,
such as snap-back, snap-through and so forth, see Fig. 2, where local buckling or instability
appears, resulting a temporally and partly lost of the load-carrying capacity. Notice that if
thin-walled piping structures are under consideration, instability phenomena can in most
cases occur before the collapse-load reached, and P; can then be much less than the collapse-
load if there exist any material or geometric imperfection. Hence, it is equally important to
verify Prand the collapse-load. Unfortunately, it is often the case that plastic instabilities
cannot be accurately predicted and P;cannot be observed in numerical results.

In Fig.2, two careless finite element (FE) solutions are shown. Both solutions fail to predict
the plastic instability phenomena. While the solution which diverged early leads to a much
conservative design, the other solution may result in a catastrophic design.

Fig. 2 also indicates that both the collapse-load and plastic instability load can be predicted
in the same non-linear analysis through tracing the responses history. This implies that a
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collapse-load analysis should be the first choice. Whereas a limit analysis should be avoided
when the non-reversing loading considered and Eq.(9) in NB-3652 unsatisfied. Otherwise,
one cannot be sure if plastic instability is under control.

Force (N)
A
PC __________________________ _ _Collapse load
Two careless FE -solutions ’. .FE -solution diVerged
_/
Py Ve,

Initial plastic instability

. Displacement
~ (mm)

Fig. 2. Load-displacement relation including plastic instabilities typically observed in
structures of thin-walled members and two careless FE-solutions

3.5.2 Reversing dynamic loads

For the reversing loading, the linear design evaluation is done by evaluating conditions given
in NB-3656(b)(1)-(5). The fatigue evaluation is not required as for load sets in Service limit
Level D.

If the linear design evaluation disqualified, a further assessment can be done according to NB-
3228.6 (a)(1)-(2). The design is qualified if

1. the 5% strain limit rule is satisfied, NB-3228.6(a)(1); and

2. athermal ratchet limit is satisfied through NB-3228.6(a)(2)

< SalO

E =
an E\/ﬁ

Above, ¢, is an effective cyclic single-amplitude strain, S,;, is the allowable fatigue stress
limit at 10 cycles according to the design fatigue curves given in ASME III Appendix I, and E
the Young's modulus, N>10 the number of cycles for general reversing dynamic loads
prescribed in design specifications, and N=10 for earthquake events.

For computing ¢,, a procedure described in NB-3228.6(a)(2) should be applied. This
procedure requires operating at material-points of interest, e.g. element’s Gaussian points,
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where the results of strain components are available, over a typical load cycle which is

considered to be of interest. Denote one chosen material-point by p and the procedure can be

summarized (in a standard tensor notation) as follows:

Step 1. Extract and record the strain results gil;» at all considered time-steps k=1,2, ..., N ina
complete load cycle of interest.

Step 2. Calculate the strain change Agl-’]‘. between each time-step k and a reference time-step
ko, e.g. ko=1. That is, for each k # k,, we calculate Ak =gk —gho

Step 3. Calculate the (von Mises) equivalent strain change at time step k=#=k,, ie.

ij = €ij ij -
k|2 5 kak
As,, = gAgijAgi]v .

Step 4. Find the maximum equivalent strain range by

ax = max(Agk ), k=1,2,...,N.

& eq

mq

Step 5. The effective cyclic single-amplitude strain is &,, = %gmax .

Notice that it is important to find the material-point at which the maximum equivalent
strain range takes place. Notice that software e.g. ANSYS does not directly provide such
output. Additional efforts must be made in order to evaluate this quantity.

4. Class 2 and 3 piping

The linear design evaluation rules for Class 2 are given in ASME III, NC-3652 - 3655 and
relevant rules are given in other items in NC-3600. The following discussion will first be
made by following the rules given in NC-3600. Thereafter, we describe alternative non-linear
design evaluation rules for Class 2 piping.

The rules for Class 3 piping (ND-3600) are basically the same as those for Class 2 piping
(NC-3600) and their difference is minor. They are, however, also applicable for Class 3
piping.

Similarly to Class 1 piping, different design requirements are, in general, specified for loads
including non-reversing dynamic loads or those including reversing dynamic loads.

4.1 Linear design evaluation

The linear design evaluation rules for all load sets in Design Condition, Service Limits of
Level A, B, C and D, are given in NC-3652 - 3655. These rules are summarized below. We
remark in advance that, except for Service limit Level D, no further design assessment
instruction has been provided if the linear design evaluation disqualified.

Design condition

For the Design Condition the effects of sustained loads should satisfy Eq.(8) in NC-3652 to
ensure the primary stress intensity within its limit 1.5S, where Sy, is the basic material
allowable stress at design temperature. In addition, the moment term M, in Eq.(8) should be
given based on conditions according to NCA-2142.1(c) Design Mechanical Loads.

We note that for Class 1 piping the stress intensity limits are always defined in term of Sp.
Notice the difference that for Class 2 the “hot” allowable stress Syis in use. This happens for
all load conditions, see below.
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Level A and B

The design requirements for Levels A and B are given in a badly formulated text. In
particular, requirements given in NC-3653.2 are confusing and can be interpreted in several
ways. We agree the following interpretation:

For the Service limit Level B, the effects of sustained loads, occasional loads including non-
reversing dynamic loads should satisfy Eq.(9) in NC-3653.1 to ensure the primary stress
intensity within its limit 1.85.

For the Service limit of Levels A and B, the effects of thermal expansion should satisfy
Eq.(10), and the effects of any single non-repeated anchor movement Eq.(10a), see NC-
3653.2. As an alternative to the fulfilment of, Eq.(10), Eq.(11) shall be satisfied.

For the Service limit of Levels A and B, the effect of reversing loads must always meet the
condition given in Eq.(11a) in NC-3653.2(d).

Level C

For the Service limit Level C, the evaluation rules are also specified in terms the two types of
loads as defined for Class 1 piping, i.e. non-reversing and reversing loads.

The effects of the non-reversing loads should satisfy Eq.(9) with a relaxed stress intensity
limit 2.255 (but no greater than 1.8Sy).

For the reversing loads, conditions given in NC-3655(b) should be satisfied, using the
allowable stress in NC-3655(b)(2), and 70% of the allowable stresses in NC-3655(b)(3-4).
Furthermore, deformation limits given by design specifications should be verified.

Level D

For the Service limit Level D, the evaluation rules are again specified in terms of the two
types of loads as defined for Class 1 piping, i.e. non-reversing and reversing loads.

NC-3655(a) requires that the effects of the non-reversing loads should satisfy Eq.(9) with a
relaxed stress intensity limit 3.0S, (but no greater than 2.0Sy). For the reversing loads,
conditions given in NC-3655(b) should be satisfied. NC-3655(c) states that “the rules given
in Appendix F, where non-linear design requirements are given, can be used as an
alternative to verify both non-reversing and reversing loads”.

4.2 Non-linear design evaluation

The review that we made in Section 4.1 indicates that, except for Level D, no further
evaluation instruction has been provided if the linear design evaluation disqualified. The
question becomes: For other load sets, can we apply non-linear analyses to further assess the
piping design as we do for Class 1 piping?

It has been discussed and argued that piping and vessels are similar, and one may apply
NC-3200 Alternative Design Rules for Vessels to do such job. Hence, evaluation rules given
in Appendix XIII, and in particular those given in Appendix XIII-1150 Plastic Analysis,
Limit Analysis and Shakedown Analysis, can directly be used as advised in NC-3221.1.

We note that there is one major difference between design rules for Class 2 vessels (NC-
3300) and piping (NC-3600), see e.g. Slagis (1987). Vessels are required to meet stress limits
on “primary” stresses only. Whereas for piping, thermal expansion stresses including
concentration effects are explicitly evaluated against relevant limits through Eqs.(10-11), see
NC-3653.2, which is a control on fatigue. From this point of view, it is not appropriate to
apply NC-3200 Alternative Design Rules for Vessels for Class 2/3 piping.
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4.2.1 A Class-upgrade alternative
When Level D considered, the application of Appendix F to verify a Class 2 piping in cases
when the linear design evaluation disqualified is, in fact, equivalent to consider the Class 2
piping as Class 1. This can be straightforward realized by carefully examining how a Class 1
piping is verified for Level D, see Section 3.5. This observation is, to the authors” point of
view, important as it implies two design principles for Level D when material plasticity
taken into account:
1. The Class 2 piping is considered as a Class 1 piping.
2. The design requirements specified for Class 1 in accordance with the considered load
set, without any modification/relaxation, are applied.
One may naturally ask why these principles are only applied to Level D, but not to all load
sets. There are different guesses/explanations and attempts to justify them. To find the
answer is not the scope of this report. We note only that the load sets in Level D includes
loads resulted from the most extreme accidents e.g. the lost of coolant, leading generally to
(large amount) plastic deformations, which implies consequently that the linear design
evaluation that is purely based on stress limits becomes for some cases too easy to be
violated, and can no longer play an appropriate role as a criterion to justify the acceptability
of the piping design.
Our experiences have indicated that design evaluation for Class 2 piping with material
plasticity taken into account for all other load sets has been of a great concern and become a
natural request. Under the circumstances that no clear rules have been given for load sets of
Design Condition and Levels A, B and C, we think it should be a reasonable alternative to
apply the above two principles. One may argue that such an alternative is conservative and
possible involves partly unnecessary work. To compromise these, we think it should be
reasonable to partly introduce a “relaxation” in the second principle above.

4.2.2 More on the Class-upgrade alternative

The difference between the Class-upgraded alternative, discussed in the previous section,
and the argued alternative discussed in Section 4.2.1, needs possibly to be further clarified.
These two treatments are fundamentally different. To apply NC-3200 Alternative Design
Rules for Vessels for Class 2/3 piping does not have a principal support. They are made for
vessels and there are, as discussed earlier, differences between vessels and piping.

However, to raise a Class 2/3 piping to Class 1 does not fundamentally change the type of a
structure, but only strengthens the design requirements or design safety considerations. The
strengthened design safety will be loosen or, speaking in more appropriate words, balanced
through relaxing those individual Class 1 design requirements. There may be many ways to
relax those requirements and will, in some cases, have to find an “engineering” compromise
between requirements for Class 1 and 2/3. The relaxation needs to be done on a base of
concrete “individual case” and engineering judgments, which should be documented in
detail. We believe that it coincides with the general design principles that ASME III has
built.

5. Collapse-load analysis

As we discussed in Ch. 3 and 4, an alternative to the fulfilment of Eq.(9) in NB-3652 for Class
1 piping (Design, Level B, C and D), and of Eq.(9) in NC-3653 for Class 2/3 piping (Level D),
is to apply a non-linear finite element analysis to predict the collapse-load, and to ensure
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that the applied load does not exceed a certain percentage of the collapse load. We shall here
discuss such a non-linear evaluation in a more detailed setting.

One must first realize that a collapse-load analysis deals only with cases when applied loads
are static, such as PD+DW and PO+DW+D/B shown in Tab. 1. We remember, however, that
ASME III suggests that it may also be applied for cases where non-reversing dynamic loads
are involved. We notice that a direct application of a collapse-load analysis when dynamic
loads involved is not possible. In the following, we shall first focus us on cases with static
loads.

LoadP

A

P. Collapse - Load

\

‘Collapse-point” according to ASME III (II-1430)

. =tan™' (2 tan (De)

A

v

Response/Displacement (d)
Fig. 3. Load-response history and the collapse-load

5.1 General

When plasticity and/or geometric non-linearities taken into account, a structure will loose

its load-carrying capacity when the applied load P reaches a critical level, or collapse-load,

P.. To determine the collapse-load, it is required to numerically predict the load-response

history, see e.g. Fig. 3 for the simplest cases, from an early stage A until the collapse point C

and, in many cases, until a stage D far after the collapse point. The numerical prediction of a

load-response history in connection with finite element analysis is not a simple task as

pointed out in Section 3.5.1 and relevant publications (Jansson, 1995). For a comprehensive
discussion of corresponding computational procedures and numerical difficulties, we refer
texts e.g. Bathe (1996) and Crisfield (1996). We remark the following:

1. At the collapse point the so-called tangent stiffness matrix is singular, implying usually
a divergence of solution or computation. However, a diverged solution or computation
does not necessarily imply that the collapse point has been reached or passed through.
The divergence can be resulted by instability as mentioned in Section 3.5.1 or many
other reasons.
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2. A load set includes generally several loads. When plasticity taken into account, the
structural responses (deformation and stress state) depend on how and in what order
these loads are applied.

3. The “collapse-load” defined in ASME III is generally less than the true collapse-load,
ASME PVB Code, Section 1I-1430 (ASME, 2009b). This implies that one cannot
determine the collapse-load by simply taking the load-level at which a computational
divergence occurred, see also Fig. 2.

4. In practice, when a piping system found to be “overstressed” somewhere in the piping
system, one attempts to avoid to analyze the whole piping system in a non-linear finite
element analysis. (We do analyze the whole piping system in many cases.) Instead, a
critical part, for example, a bend or a T-branch, where the maximum overstress taken
place, is first identified, and “cut” out from the piping system. Thereafter, a refined
finite element model using e.g. 3-dimensional or shell elements is built for this critical
part. Finally, relevant displacement solutions on the “cut” faces from the linear analysis
are used as boundary conditions for the refined finite element model. This means that,
the collapse-load analysis is made on a component level.

5.2 Plastic analysis according to ASME Il

The prediction of the collapse-load according to ASME III should be done in accordance
with the Plastic Analysis specified in NB-3213.25, 3228.3 and Appendix 1I-1430. Below we
first discuss the modeling issues and, thereafter, describe briefly how the “collapse” load
according to NB-3213.25 can be determined.

NB-3228.3 states that the true material stress-strain relationship should be used. Explicitly, it
means that the true yield stress and strain hardening rule should be used. It has been
observed in earlier performed work that the material is modeled by specifying the following
when using non-linear finite element software e.g. ANSYS: (1) the true yield stress in a von-
Mises material and, (2) a small plastic modulus (e.g. 10 MPa) in bilinear kinematical
hardening. Strictly speaking, this is far away from what NB-3228.3 requests. In such a
modeling, no hardening has been taken into account.

Notice that for some metals strain hardening is significant and, in addition, exhibits a strong
Bauschinger’s effect. In such cases, a correct prediction of the response history can most
likely not be made without considering hardening effects. This will particularly be true if
cyclic loading and shakedown process should be modeled, see Section 6. Intuitively, one
may think that the prediction of the collapse-load is in nature static analysis, where external
loads are increased incrementally and, hence, repeated unloading-loading processes are not
involved. This leads, in turn, to a conclusion that hardening effects are not important. Such
reasoning is fundamentally wrong. The following facts must be reminded: While increasing
external loads, the development of plastic deformation somewhere in a structure, changes
the way that the structure carries the external loads. Consequently, stresses in the structure
must be redistributed. That is to say, stresses at some material-points will increase and at
some other material-points decrease. In other words, some material-points undergo a
loading process and some others an unloading process. The loading and unloading
processes will, depending on the structure and applied loads themselves, repeatedly take
place during the entire course of the development of plastic deformation.

NB-3228.3 suggests also taking large deformation into account in predicting the collapse-
load. This is explicitly required especially when Service limit Level D considered. For this
case plastic instability should be examined, see Section 3.5.1.
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Again, we remind that the load-level, at which the computation diverges, cannot be
considered as the collapse-load. Instead, a load-displacement curve should be plotted, see
e.g. Figs. 2 and 3. Thereafter, the “collapse point” should be determined using a procedure
described in NB-3213.25. In Fig. 3 this procedure is illustrated, where P, and P. stands for
the “collapse” load according to ASME III and the true collapse-load, respectively. As
illustrated, Pc. can be far less than the true collapse-load P, which will definitively be the
case if thin-walled structures dealt with.

5.3 Limit analysis according to ASME

The Limit Analysis described in ASME III differs from the Plastic Analysis discussed
previously in two aspects: (1) In the Limit Analysis, an elastic-ideally-plastic material is
assumed, and (2) the yield stress & needs not necessarily be set to the true material yield
stress Sy, instead, to some allowable stress value which, for example, is 1.55, for Class 1
piping when Design Condition considered, and min(2.3Sy,, 0.7S.) for Class 1 piping when
Level D loads considered.

In this sense, the limit analysis specified in ASME III provides only a useful estimation of the
lower-bound of the collapse-load. Other related results, e.g. plastic strains at particular
material points, are much less reliable and, thus, should not be used for decisive judgement
purposes.

We have mentioned earlier that the setting of the yield stress in a Limit Analysis has only
been explicitly stated in ASME III for two cases: Class 1 piping when loads of Design
Condition considered, and Class 1 piping when Level D considered. We have suggested
that, for other cases, the yield stress can be set to the stress limit value that is used in
connection with the linear design evaluation. Namely, we suggest to set & for Class 1 piping
to 1.55m, min (1.8Sy, 1.5Sy), min (2.255y, 1.8Sy), min(2.35y, 0.7S,) for Design, Level B, C and
D loads, respectively. In such a way, the yield stress & depends on the piping Class, the
load set under consideration, and the design requirement (equation number) which is not
satisfied in the linear design evaluation. And so will be the predicted collapse-load.

Suppose that a piping system is subjected to a non-reversing load P, which should be
considered as a load in four different conditions: Design, Level B, C, and D conditions,
respectively. The above suggestion can be more clearly illustrated in Fig. 4, where Py, Pp, Pc
och Pp denotes collapse-loads are predicted in the Limit Analyses.

In Fig. 4 we also illustrate the consequence if the yield stress is always set to 1.55n in the Limit

Analysis. That is, it always requires P S%PA no matter which Service limits a load P is
designated to.
Alternatively, as discussed in Sections 3.3.1 and 3.5.1, we may set the yield stress & to 1.55n

in the Limit Analysis and, instead of using the factor 2 Wwhen determine the “collapse-load”,
3

we use a “relaxed” factor, % (for Level B loads) and 1.0 (for Level C loads).

In a common engineering language, the design philosophy may be interpreted as below:
Under a normal operating condition (Level A), stresses in piping components shall be kept
low within elastic range. In connection with emergency events (Level C), various
components can be subjected to so high stresses that those components, which undergo a
sufficiently high deformation, may continue to be used if certain specific tests can be passed.
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In connection with faulted events (Level D), components which undergo a sufficiently high
deformation should be replaced by new components. We consider that our suggestions
coincide with the design philosophy upon which AMSE III has been built.

Load P
A
The true collapse point
U
™ X Rs- min2.35,,;,0.75y,)
L B s G =min(2.255,,1.85 )
Pl G =min(1.85,,1.55)
=15 Sm
2
2 P, x
2
P<=P
3 A
Y >
Response/ Displacement (d)

Fig. 4. Principal sketch of using a Limit Analysis to predict the collapse-loads for Design, Level
B, C, and D, when yield stresses set to different &

6. Non-linear transient analysis

For reversing loads, a non-linear evaluation requires generally to use a non-linear finite
element analysis to trace transient structural responses. This is directly applicable for all
load cases which do not include any dynamic load defined by floor response spectra.

For such cases, the first essential goal of the evaluation is for most cases to examine if the 5%
strain limit rule can be satisfied. When material plasticity involved, the non-linear transient
analysis should be conducted with direct integration algorithms such as Newmark's
integration, see e.g. Bathe (1996) and Crisfield (1996), as the tangent stiffness (matrix) has to
be updated at each time-increment. Notice that it is the Plastic Analysis specified in NB-
3213.25 that we conduct in a non-linear transient analysis, which implies that the true
material stress-strain relationship, i.e. the true yield stress and the true strain hardening
behavior, should be used.

Unlike a collapse-load analysis which can be conducted on a component level, a non-linear
transient analysis must always be conducted on the whole system level. Furthermore, when
the non-linear analysis is made on the whole piping system, it is normally not possible to
model all components with sufficient accuracy, as too simple element models may be used
for certain components, for example, T-branches and bends. In such cases, in addition to the
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non-linear transient analysis, one needs possibly cut these components out from the whole
piping system and try to find their equivalent “static problem” and to predict their
“equivalent” collapse-loads.

In non-linear transient analysis, one focuses on historic transient responses, such as transient
stresses and strains. Hence, the use of realistic non-linear material models is of vital
importance. Among several important issues, the strain hardening behavior of piping
materials have been intensively discussed in recent years.

The ultimate strength of the many materials that are listed in ASME is about twice as much
as their initial yield strength and, for some exceptional cases, more significant hardening
effects can be observed. For example, the yield stress is 35 ksi, whereas the ultimate strength
reaches 90 ksi for materials SB-581 through SB-626, see Tab.1B, Division II, Part D (ASME,
2009Db). To predict a correct transient response, the strain hardening effect is an important
part in a non-linear transient analysis as cyclic loading and possibly a shakedown process
are of main concern.

The strain hardening behaviour is better illustrated in Fig. 5, where two typical hardening
rules, i.e. isotropic and kinematic rules, associated with von Mises yield criteria are shown
on a deviatoric plane. In isotropic hardening, the von Mises yield surface expands in the
radial direction only during the development of the plastic deformation. (The “initial”
cylinder expands and forms the “current” one.) In kinematic hardening, however, the size
and shape of the yield surface remain unchanged, but the centre of the yield surface (the
central axis of the cylinder) moves during the development of the plastic deformation. (The
“initial” one moves and forms the “current” one.) In this way, the kinematic hardening rule
allows to include the Bauschinger’s effect. There is a third available rule which is a
combination of the isotropic and kinematic rules, and requires a more elaborated material
test-data when it should be used.

The “current” yield surface al ~
{isctropic hardening)

'y
. i
7

The “current’ yield surface
{ (kinematic hardening)

The initial yield surface

a, o,

Fig. 5. Isotropic and kinematic hardening behavior on a deviatoric plane

Linear or multi-linear kinematic hardening models in commercial finite element software,
e.g. ANSYS or others, are frequently found to be used for non-linear piping analysis. It has
been, however, shown in recent reports by Rahman et al. (2008), Hassan et al. (2008) and
Krishna et al. (2009) that such non-linear finite element analyses can only provide a
reasonable modeling of plastic shakedown phenomena after a few initial load cycles. For
continuous ratcheting responses, such analyses cannot provide reasonable results, neither
for the accumulated local strain nor for the global dimension change. They showed through
experiments on straight and elbow pipe components that several nonlinear constitutive
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models available in most general finite element software, such as Chaboche (1986), Ohno
and Wang (1993), and other more recently developed models (Abdel Karim and Ohno, 2000;
Bari and Hassan, 2002; Chen and Jiao, 2003) can provide a much improved prediction.

7. Concluding remarks

We have in this chapter categorized the design evaluation given in ASME III for nuclear
piping of Class 1, 2 and 3 into the linear design and non-linear design evaluations. The
corresponding design requirements, in particular, those non-linear design requirements, have
in the report been reviewed, analyzed and clarified in association with every defined load
set, through Design Condition to Service Limit Level D. Efforts have been made to formulate
the non-linear design evaluation requirements in a format so that they are easy to be
followed, understood and applied in connection with piping analysis.

The non-linear design evaluation requires in principle two types of non-linear finite element
analyses: collapse-load analysis and non-linear transient analysis. We have in the chapter
attempted to describe in detail their computational aspects in a close accordance with the
requirements given in ASME III

The design requirements given in ASME III for nuclear piping have been developed in more
than several decades. However, it has been a known issue that its formulation and
specification of design requirement items are far from fully clear, which are caused by
endlessly nested references in multiple levels to a large amount of contents. This is,
unfortunately, particularly true when design-by-analysis rules are considered. We hope this
chapter should be able to serve as a constructive source for a better understanding of and a
potential improvement for the design requirements for nuclear power piping.
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The Text-Mining Approach Towards Risk
Communication in Environmental Science

Akihide Kugo
Japan Atomic Energy Agency
Japan

1. Introduction

As the failure of waste management had endangered the public safety, public concerns and
awareness regarding waste disposal facilities which may bring dioxin pollution risk, PCB
risk and other toxic threat have grown so much. A long-life radioactive waste disposal
facility also becomes one of the public concerns. As the high level radioactive waste is not so
familiar with the public, it brings the sense of fear of unidentified materials among local.
Therefore, the site selection of high level radioactive waste (HLW) final disposal facility
faces much difficulty in the world except in Finland and Sweden.

If concerns of environmental topics of the daily life could be properly connected with
nuclear power issues, people would certainly be easy to participate in the discussion about
the necessity of such facilities.

Therefore, the author investigated the relationship between the nuclear power issues and
environmental topics such as household waste management or the precautionary principle
analyzed by text-mining method. In this method, the author conducted the investigation
cooperated with university students as subjects. The elements of this experiment consist of
lectures on environmental topics, keywords of each lecture submitted by the students, and
questionnaire survey result on nuclear power generation answered by the students.

Many researches on the risk communication regarding nuclear power issues have been
implemented. For example, Kugo analyzed the public comments and discussion by using a
text mining method (Kugo, 2005, 2008). Yoshikawa also introduced the researches on the
human interface of the computer-aided discussion board (Yoshikawa, 2007). These
researches aimed to grasp the representativeness of the public opinion by analyzing
majority of the subjects.

However, the problem that the research data were not necessary reliable in term of the
representativeness of the public because of the fluctuations of subjects” opinion existed. For
example, a person has the tendency to make a decision in a heuristic way in case of
requiring a prompt answer. Therefore, the new point of the method of this analysis was that
the author did not include the information of the majority of the subjects but the minority
based on the assumption that the reliance of the information of minority subjects was higher
than those of the majority since the minority submitted the keywords without heuristic
decision making.
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2. Method and result of analysis

First, the author gave lectures on the risk perception and desirable autonomous ideas in the
area of various environmental sciences including nuclear power generation issues at a
university class. Students submitted a keyword that they considered as the best
representative for each lecture. The keywords submitted were classified into two groups by
cluster analysis and correspondence analysis on the keywords-subjects cross table. These
analyses result to calculate the eigenvalue of the cross tabulation.

On this calculation process, every small part of the keywords-subjects cross table called a
cluster. A relative relation of a cluster could be grasped, plotting two compounds of the
eigenvalue of clusters on the x-y axis position. Chi-square distance could easily be calculated
by using these x-y data. By chi-square distance from the centre, it could be majored of the
representativeness of the students.

This result of the analyses indicated that the keywords of frequent occurrence locate near
the centre of the chart and the keywords of less frequent occurrence locate at a
circumference part. Based on the keyword cluster deployment on the chart and its
characterization, the arrangement of the keyword cluster can be interpreted along with the
assumed mental model.

Students whose consciousness level was low would choose keywords that were easy to find
through the lectures (lecture titles, word appeared on the delivered documents, etc.). In that
case, the frequency of chosen keywords would be high because those keywords were
limited to in the documents. On the other hand, students whose consciousness level was a
little higher would choose keywords that were emotional or used in the discussion during
the lectures. If these keywords depended on the students internal idea, not limited to in the
documents, the frequency of these keywords occurrence would be less than that of
keywords chosen by low-consciousness level students. Thus, the author paid more attention
to the less frequency keywords and students who submitted these keywords.

Second, the author conducted the questionnaire research pertaining nuclear power
generation and high level radioactive waste (HLW) disposal management at the end of all
lectures. The concepts of the questionnaire consisted of necessity, approval for facility
installation, and acceptance of adjoining facility. The students selected number of answer
from “yes” to “no” by seven grades. Consequently, two groups of the students above
described were characterized by ANOVA (Analysis of Variance) respectively. One was
passive, and the other was active toward the attitude of acceptance of a nuclear facility.
Third, by using keyword cross table, the author analyzed the correlation between the
keyword groups of the lecture at each theme. Thus, the communication points could be
extracted by paying attention to the correspondence of the pair of keywords chosen at two
themes of lectures. In this paper, the author shows the results of two cases such as keywords
group of the theme of nuclear power generation and household waste management, and the
theme of nuclear power generation and the precautionary principle as examples. The
concept of this correlation analysis shows in Figure 1.

2.1 Lectures on environmental science and keywords and assumed mental model

The students received the series of fifteen lectures (ninety minutes per a lecture) on
environmental science. In these lectures, they discussed various themes such as global
warming, waste problem, ozone hole, dioxin poison, radioactivity, precautionary principle,
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and some other themes. The basic concept of these discussions was that we should have
objective viewpoint not to avert the risk but to face it. After every lecture, students
submitted the most impressive keyword in the theme with a message of the reason. The
number of keywords was one hundred and sixty seven in total. The effective number of
students who attended the whole lecture was fifty.

Cluster I Cluster I Cluster Il Cluster I' Cluster V Cluster VI

Lecture I keyword Akeyword Bkeyword C<eyword Ckeyword E keyword F
2 x1i 2 X2i 2 X3i > X4i > X5i 2 X6i

Lecture II total 10 ] 5 1 2 1

keyword a [ 2 xi1 8 7 1 } .

keyword b | 2 xi2 5 1 3 1

keyword ¢ | 2 xi3 2 1 1

eyt 1 |}
= 2 xi6 1 1

-

Fig. 1. Concept of the keyword cross table analysis by the keywords of two lectures

Table 1 gives the themes of fifteen lectures and the number of the submitted keywords at
every lecture. In this research of the relationship between the theme of “nuclear power
generation” and “household waste management” and the relationship between the theme of
“nuclear power generation” and “the precautionary principle”, the author tried to find the
students’” common value in their internal mind. Table 2 shows the submitted keywords at
above designated three lectures.

Theme of Lecture Number of submitted keyworc
# 1  System of global environment 21 /54 students
# 2  Global warming 18 /55
# 3  Precautionary principle 13 /57
# 4  Dioxin 17 /55
# 5  Household Waste management 13 /55
# 6  Ecological footprint 10 /56
#7  Ozonehole 9 /53
# 8  Energy 17 /53
# 9  Radioactivity 10 /53
# 1 0 Nuclear power generation 9 /50
# 1 1 Earthquake 9 /49
# 1 2 Environmental Sociology 11 /46
# 1 3 Safety and Relief 10 /49
# 1 4 Others - -
# 1 5 Questionnaires survey -

167 total

Table 1. Theme of lectures and the number of submitted keywords at every lecture
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lecture on lecture on lecture on
Nuclear Power generation Househould Waste management the Precautionary principle
Friburg (the name of city) 3R(Reduce,Reuse,Recycle) Zero risk
MOX Fuel utilization in LWRs Quantity of disposal waste Dioxin
Nuclear fuel cycle Incentive Dioxin news report
Nuclear Power generation Globalization Risk
Nuclear energy revolution Discharge of the waste Problem of risk
Insecurity or understanding among citizen ~ Plastics Risk communication
Renewable energy Recycle Risk management
Public opinion poll Circulative society Risk information
Radioactive waste Disposal cost Risk cognition
Thermal supply system Risk analysis
Waste Environmental hormone
Responsibility for disposal Dioxin concentration
Illegal disposal Precautionary principle

Table 2. The keywords at the designated lecture

”oou

The assumed basic mental model that consists of “instinct (inner part of mind)”, “emotion

(middle part of mind)”, and “reason (outer part of mind) shows in Figure 2.

Level of consciousness
high

Rational words

Stﬁdegt rationally considers the subject of
discussi‘oq and selects a suitable keyword.

\I‘:‘motional words\\

Student expresses their emothn ina
keyword.

Instlnctlve words

Student selects a keyword that was easily fbund in the
book and the delivered documents at the class

low

many less Number of people
Fig. 2. The mental model of keywords chosen at the lecture (assumption)

If a student whose consciousness level was low submitted a keyword by request, he would
try to choose a keyword that was easy to find through the lectures (lecture titles, words
appeared in the book or the delivered documents, etc.). This action should be the
appearance of representative heuristic decision making, in other words. Consequently, the
frequency of occurrence of the keywords would be high.

On the other hand, students whose consciousness level was higher than the former would
choose keywords that were emotional or used in the discussion time. The frequency of
occurrence of these keywords would be less than that of keywords of low-consciousness
level students. These words were not limited to in the documents but depended on the
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students’ internal idea. If a student’s consciousness level were much higher than the other
levels, the frequency of their keywords would be less than those of keywords of students
whose consciousness levels were low or middle, since their keywords choice based on their
own opinion.

After the lecture on nuclear power generation, the author implemented correspondence
analysis and cluster analysis on the basis of “keywords - subjects cross table” in order to
apply the assumption of the above described mental model.

If the mental model were well, the words chosen by many students would be the title of the
lecture (i.e. nuclear power generation). The number of students who chose the keyword of
“nuclear power generation” was twenty-seven, which was the most. The number of
students who chose the keyword of “MOX Fuel utilization in LWRs” was eleven, which was
the second. The numerical information about the number of keywords submitted in the
lecture titled “nuclear power generation” shows in table 3.

In accordance with the assumed mental model, the keyword of “Insecurity or
understanding among citizen”, “Renewable energy”, Public opinion poll”, and “Nuclear
energy revolution” might carry the subjective image or the meaning of something
emotional. Conversely, “Nuclear power generation” and MOX fuel cycle”, “radioactive
waste” and “Friburg” might carry the objective image or neutral meaning. However, this
understanding remains vague for the student classification. Therefore, in order to
classify these keywords along with above described mental model, the author
implemented text-mining analysis described next section.

Keywords of the lecture titled by "nuclear power generation"  Number of subjects
Nuclear power generation 27
MOX Fuel utilization in LWRs 11
Nuclear fuel cycle 3
Radioactive waste 3
Friburg (name of the city) 2
Insecurity or understanding among citizen 1
Natural renewable energy 1
Public opinion poll 1
Nuclear energy revolution 1
50

Table 3. Numerical information of keywords of the lecture on nuclear power generation

2.2 Text mining for keywords

The method of textual data mining was useful for analyzing public opinion. Ohsumi and
Levert reported the results of textual data mining method (Ohsumi and Levert, 2000). The
summary of the text mining method that consists of cluster analysis and correspondence
analysis shows below.

Every lecture gave the information of keyword list and their occurrences. This frequency of
occurrence data calls a contingency table. This “mxn” contingency table indicates
frequencies of the appearances of “n” different keywords of “m” different students in the
class.
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In other words, the co-occurrence data represent a matrix X which has m rows and n
columns, or “mxn-dimensional vector F”.

(ﬁ) (fijzo,iel,je])

mxn

1={1,2,..,m}, J={1,2,..n}
By using Chi-square statistics, the dimension of deviations from the expected values can be
identified.

Profiles: diag : diagonal matrix

Py =(P;) (iel je]) N- iiﬁ (=)

P =diag(P,) (iel) i=1j=1

P, =diag(P,;) (jeJ) Zﬁ Zf,
f1+ = f*] _

"N N e TN
The data matrix (Matrix X (m, n)) shows below based on above matrix or two-way table.
X :(xij) (ielje]) = pU,— NP+ = ,—ql] NP+
e pl+ p+
Matrix X (m, n) is the same for the equation below.

n%rz(yij) (ielljej) ylj:\/%:\/% (pi+¢01p+j¢0;fi+¢0/f+j¢0)

Then, Matrix Q (m, n) replaced like below.

Q -r/pp}"

mxn

Consequently, Matrix V (m, n) attributes to extracting an eigenvalue.
t .
_1/2 1 1/2 Q' =transposed matrix Q
V =QQ=PF;"/?p,P;'P,P}/ P .
mxn Py = transposed matrix P

Row and column coordinates can be plotted on the single screen by using component scores
such as (Zi, Zi’) and (Z*x, Z*y’).

n P
! ( j 4 (el k=12,..K)
\/>] =1 1+
1 7)’1 1] ) )
\/* ka (jel k=1,2,..,K) A :eigenvalue
k i=1

The graphic presentation based on above calculation clearly shows the relationships
between the keywords and students, with distance on the map being a representation of
correspondence.
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Such plotting does not indicate the relationship between row points and column points but
only the distances between row and column points.

The result of analysis shows Table 4 that indicates the numerical information of the clusters
and Table 5 that indicates the numerical information of the keywords. It also illustrates on
the graphs shown in Figure3 and Figure 4. As shown in Table 4 and Table 5, fifty students
were divided into five groups; the nine keywords were divided into five clusters in other
words. Namely, The largest cluster of “I” (Cluster I) contains two keywords such as “the
nuclear power generation” (theme of the lecture) and “MOX Fuel utilization in LWRs (Plu-
thermal)” chosen by thirty-eight students. It should be safe to say that Cluster I represented
the group of students who had chosen instinctive keywords. Therefore, Cluster I located in
the vicinity of the centre by Chi-Square Distance (0.20).

The second cluster of “II” (Cluster II) contained only a keyword such as “insecurity or
understanding among the citizen” that was chosen by a student. This cluster located far
from the centre by Chi-Square Distance (3.68).

The third cluster of “III” (Cluster III) contained two keywords such as “nuclear energy
revolution” and “Freiburg” that were chosen by three students. This cluster located more
distant from the centre by Chi-Square Distance (5.57).

The fourth cluster of “IV” (Cluster IV) that contained three keywords such as “renewable
energy”, “radioactive waste” and “public opinion poll” that were chosen by five students.
This cluster located far from the centre by Chi-Square Distance (7.92).

The fifth cluster of “V” (Cluster V) that contained only a keyword such as “nuclear fuel
cycle” that was chosen by three students. This cluster located in the longest distance from
the centre by Chi-Square Distance (10.07).

The relation between the Chi-Square Distance of each cluster and the number of student that
belonged to the cluster shows in Figure 5.

Then, author interpreted the meaning of cluster deployment on the screen as follows.

The keyword of the title of the lecture (“nuclear power generation”) was chosen
heuristically by most of the students. Therefore, the students who belong to the Cluster I did
not have considered the theme so seriously. The author concluded Cluster I as an instinctive
group. The keywords of “insecurity/understanding among citizen” (Cluster II) and
“nuclear energy revolution” (Cluster III) could be holding the connotation of unstable
condition. Students who belonged to these clusters must have expressed their emotion
towards the subject of discussion. Thus, Cluster II and Cluster III that contained the
emotional keywords were categorized into non rational groups. On the other hand, Cluster
IV that contained the keywords of “renewable energy”, “radioactive waste”, “public opinion
poll”, and Cluster V that contained “nuclear fuel cycle” hold no subjective message.
Students who belonged to these clusters must have grasped the topic of discussion and have
expressed their result of consideration. Thus, the author concluded these Cluster IV and
Cluster V as rational groups.

The curve of Number of Subjects - Chi square Distance relationship shown in Figure 5 had
the consistency with the assumption of the mental model shown in Figure 2.

As the author considered the assumed mental model fit well, the author could classify the
students into two groups along with the cluster deployment to investigate the attractive
discussion points. The students who belonged to “Cluster 1”, “Cluster I1”, and “Cluster III”
named the Passive group. The students who belonged to “Cluster IV” and “Cluster V” named
the Active group. The concept of this classification shows in Figure 6.
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The author investigated the difference in an attitude between Active group and Passive group
by using questionnaire survey, which referred nuclear power generation and radioactive

waste management, as described in the next section.

Number of Chi-squqre

. . X-axis -axis
subjects distance y

Variation Portion of
withina  cluster

cluster size
Cluster I 38 0.20 -0.11 0.44 0.011 0.22
Cluster II 1 3.68 1.47 -1.24 0.000 0.11
Cluster III 3 5.57 -2.31 -0.46 0.015 0.22
Cluster IV 5 7.92 0.02 -2.81 0.017 0.33
Cluster V 3 10.07 3.17 0.04 0.000 0.11
total 50 - - - 0.032 1.00

Table 4. Numerical information of the clusters of the keywords at the lecture on "nuclear

power generation", based on the cluster analysis

Clusters

4 A

1 Cluster|

A

m ClusterV

r T T T U T T
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4 -

Cluster il 17 O Cluster Il

‘ T ’ T 1
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Fig. 3. Cluster deployment based on the cluster analysis of the keywords submitted at the
lecture on “nuclear power generation”. The area of the circle shows the number of students
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Portion of Number Chi- axis axis
Keyword keyword of square y Cluster
size subjects distance
Nuclear Power generation 0.54 27 0.9 -0.08 0.51
MOX Fuel utilization in Cluster 1
0.22 11 3.6 018 0.27
LWRs (Plu-thermal)
Insecurity or understanding 0.02 1 49.0 147 -1.24 Cluster II
Nuclear energy revolution 0.02 1 49.0 -1.74  -0.04
Cluster III
Friburg (name of city) 0.04 2 24.0 -2.60 -0.67
Renewable energy 0.02 1 49.0 -0.13 -2.39
Public opinion poll 0.02 1 49.0 0.68 -3.12 Cluster IV
Radioactive waste 0.06 3 15.7 -0.15 -2.85
Nuclear fuel cycle 0.06 3 15.7 3.17 0.04 Cluster V
total: 9 1.00 50 - - -

Table 5. Numerical information based on the cluster analysis of the keywords submitted at
the lecture on "nuclear power generation”

Keywords

4 -
3 -
2 -
Nuclear power
Nuclear energy 17 generation Nucleafuel
revolution "' MOX Fuel cycle
. : —¢ , 0 utilization . o .
-4 -3¢ -2 -1 ) 1 2 3 4
1 - Insequrity or
Friburg  Natural ® understanding
renewable > - among citizen
energy ®
Radioactive _3®. Public opinion
waste poll
-4 -

Fig. 4. Keywords deployment based on the cluster analysis of the keywords submitted at the

lecture of “nuclear power generation”
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_ _ Subjects-Chi-Square Distance
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0 : : : :
0 5 10 15 20 25 30 35 40
Number of Subjects

Fig. 5. Cluster deployment on the screen of number of Subjects vs. Chi Square Distance

Minority

Cluster I Instinct

Emotion

.. Reason

Fig. 6. The concept of the student classification
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2.3 Questionnaire survey on nuclear power generation and HLW
At the last lecture, the students answered the questionnaire survey pertaining to the nuclear
power generation and HLW (high level radioactive waste) disposal site selection in order to

characterize the passive and the active group.
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The questionnaire composed of these questions from A to G as below. The students selected
the number from 7 (yes, I guess so very much) to 1 (no, I do not guess so at all) at every
question.

Questionnaire A: necessity of nuclear power generation;
“Do you think nuclear power generation is necessary?”
Questionnaire B: approval for facility installation of nuclear power generation;
“Do you think it is no problem for the installation of nuclear power generation
plant?
Questionnaire C: accepttance of adjoining nuclear power generation facility;
“Would you say “yes” if the local authority proposed you the construction of a
nuclear power generation plant adjacent tot your place of residence?”
Questionnaire D: cognition of high level radioactive waste;
“Do you recognize HLW generated in the nuclear power plant?”
Questionnaire E: necessity of HLW disposal facility;
“Do you think the HLW disposal facility is necessary?”
Questionnaire F: approval for facility installation of HLW;
“Do you think it is no problem for the HLW disposal facility?”
Questionnaire G: acceptance of adjoining HLW disposal facility;
“Would you say “yes” if the local authority proposed you the construction of a
geological disposal site adjacent to your place of residence?”

The author implemented ANOVA to find the significant difference between above two
groups by using numerical answer of the questionnaires.

The result showed in Table 6, which revealed that there were no significant difference
between the two groups in the consciousness toward nuclear power generation and
necessity of HLW disposal facility and approval for the facility installation. However, there
was a significant difference in the reluctant consciousness against adjoining facility
installation.

This result suggested that the Active group in the theme of nuclear power generation had the
positive stance toward the waste management of nuclear power generation. They felt the
responsibility for the back-end procedure, in other words.

The students who belonged to the Active group believed that they had to face both side of
science and technology, such as a benefit and disadvantage of nuclear power generation.
They thought that nuclear power generation had the merit for energy security and
environmental preservation. Conversely, they thought that it had the demerit of the
requirement for long-life management of the high level radioactive waste.

On the other hand, the students who belonged to the Passive group did not have such a
subjective attitude.

It would be the first to make an effort to share the feelings between a speaker and a listener
(students of the passive group) by beginning the topics about their interest. If a speaker
succeeded in getting the listeners’ trust, a speaker would be easy to discuss the point of that
theme. However, as the students of Passive group chose the keywords heuristically, it was
difficult to get their interests. Therefore, the author paid attention to the keywords of other
themes chosen by the Active group toward the HLW site selection.
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Nuclear power generation

ltems of Necsfssnty Ap?(;?val Accept
questionaire - of
survey/group Nuclear power facility adjoining facility
generation installation
Passive group 5.5 (1.20) 3.9 (1.25) 2.8 (1.67)
Active group 5.8 (0.87) 4.3 (0.99) 3.3(1.31)
significance n.s. n.s. n.s.

The numerical value in each group indicate the average of ordinal scale of approval, suchas " |
guess so very much (7 point)", "neutral (4 point)", "l don't guess so at all (1point)" respectivly. The
numerical value in a parenthesis shows standard deviation.

* . significant, p<0.05

HLW
ltems of Cognition Necessity Appf)(r)crnval Acg;apt
questionaire of oo facility adjoining
survey/group HLW disposal facility installation facility
Passive group 3.9 (0.64) 4.3 (0.71) 3.4 (0.92) 1.9 (1.13)
Active group 3.5 (0.88) 4.4 (0.65) 3.9 (0.68) 3.1 (1.25)
significance n.s. n.s. n.s. *

The numerical value in each group indicate the average of ordinal scale of approval, such as " | guess
so very much (7 point)", "neutral (4 point)", "I don't guess so at all (1point)" respectivly. The numerical
value in a parenthesis shows standard deviation.

* . significant, p<0.05

Table 6. Result of ANOVA on the questionnaire survey pertaining to the nuclear power
generation and HLW

The fifth theme of the lecture, household waste management, was a suitable issue to find the
common element between the nuclear power generation and household waste management.
The third theme of the lecture, precautionary principle, was also taken to find the common
element. Because the characteristics to avert the risk at first would bring the chaos into the
discussion of the site selection of HLW disposal, it would be difficult to achieve the social
consensus.

3. Discussion

3.1 The attitude for the environmental scientific-related theme

In order to grasp the communication viewpoints, the author investigated the interest of the
Active group in the field of environmental science such as the household waste management
and the precautionary principle by using keyword cross table and correlation analysis.

3.1.1 Correlation with the keywords at the lecture on the household waste
management and those on nuclear power generation

As shown in the Table 7 of the cross table which shows the keyword group obtained in the
lecture of nuclear power generation and the lecture of household waste management,
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twenty six of the students (the largest number of the students) submitted the keyword of
“nuclear power generation”. The eleven students (the second largest number of the
students) submitted the keyword of “MOX fuel (plutonium-uranium mixed fuel utilization)
“at the lecture of nuclear power generation.

At the fifth lecture of household waste management, seventeen of above mentioned
students who had selected “nuclear power generation” and “MOX fuel (plutonium-uranium
mixed fuel utilization) “ submitted the keyword of “recycle“and four of above mentioned
submitted the keyword of “waste”. These two keywords of “recycle” and “waste” were also
top two of the submitted keywords at the lecture of general waste management.

This indicated that the students who had chosen the most and the second most keywords of
both lectures did not consider these topics rationally. Therefore, it can be safe to say that the
students who selected these top two of the keywords tended to make a decision in a
heuristic way. They can be subordinate to the theme of the lecture in other words.

On the other hand, eight students identified as the member of Active group by the analysis of
questionnaire survey chose the keywords such as "fuel cycle", "radioactive waste", "public
poll", and "renewable energy" at the lecture of nuclear power generation. They chose seven
keywords such as "3R (Reduce, Reuse, Reduction)”, '"globalization"," costs of waste
management", "disposal" and other keywords. Two students, who belonged to the Active
group, did not express the positive attitude toward the problem solution in the field of the
household waste management, since they chose the keyword of “recycle” in the heuristic
way.

Therefore, the author investigated the keywords of the students who belonged to the Active
group of Cluster IV and Cluster V by considering the connotation of the six keywords of the
lecture on the household waste management.

The students who had an interest in “nuclear fuel cycle” had paid attention to “3R (Reduce,
Recycle, Reuse),” and “expense of waste management” in the area of household waste
management. The students who had an interest in “radioactive waste” had paid attention to
“globalization” and “waste disposal”.

“Nuclear fuel cycle” and “3R” implied the common image of the recycling process, and
“Disposal cost (expense of waste management)” implied the economic viewpoint.
Therefore, this suggested that the students had a deep interest in the economic issue when
they considered the flow of household waste, or radioactive waste.

The concept of the global relationships between the waste discharging country and the
waste reprocessing country could be extracted from three keywords (“radioactive waste”,
“globalization” and “discharge of the waste”). This suggested that the students had a deep
interest in the international relationships when they considered the process of the waste
management.

The other students who had an interest in “renewable energy” paid attention to “Calculative
society (the society which put emphasis on recycling)”, and those who had an interest in
"public opinion poll" paid attention to "rubbish discharge quantity."

From the keyword of “renewable energy” and “calculative society (the society which put
emphasis on recycling)”, the concept of the sustainable society could be extracted. The
concept that the public had an interest in the process of decision making could be extracted
from the keyword of "public opinion poll" and "quantity of disposal waste", considering the
current social trend that public require the residential opinion poll for unpleasant facilities
site selection.
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This suggested that special emphasis would be placed on the economical viewpoint, global
relationships, sustainability, and the way of expression of individual opinion, when the
students consider the problem solving toward HLW site selection. The correspondence of
keywords between the area of “household waste management” and “nuclear power
management” shows Figure 7.

Nuclear MOX Fuel Insecurity or  Nuclear Renewable Public Radioactive Nuclear
Power utilization understanding energy Friburg ener opinion waste fuel eycle

generation in LWRs among citizen revolution 8y poll - Y
Cluster I 1 I 11 111 v v v \4
total 49" 26" 11 1 1 2 1 1 3 3
Recycle 21 12 5 1 1 | 7% 172
Waste 4 3 1
Plastics 4 2 2
Circulative society 4 3 1
Disposal cost 3 1 1 1
3R(Reduce,Reuse,Recycle) | 2 1 1
Globalization 2 1 1
Discharge of the waste 2 1 1
Responsibility for disposal | 2 1 1
Illegal disposal 2 1 1
Quantity of disposal waste| 1 | 1
Incentive 1 1
Thermal supply system 1 1

*1 A student, who was present at the lecture on nuclear power generation, was absent at the lecture of
household waste management.
*2 omitted from the objects of analysis

Table 7. Cross table of the keywords at the lecture on “nuclear power generation” and
“household waste management”

Household waste management Nuclear power generation

‘ Circulative society ‘ e ‘ Renewable energy ‘

‘ Disposal cost ‘ \
/ Nuclear fuel cycle ‘
‘ 3R(Reduce,Reuse,Recycle) ‘

‘ Globalization ‘
> Radioactive waste ‘
‘ Discharge of the waste ‘

‘Quantity of disposal waste ‘ > ‘ Public opinion poll ‘

Fig. 7. Correspondence of the keyword (household waste management vs. nuclear power
generation)
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3.1.2 Correlation with the keywords at the lecture on the precautionary principle and
those on nuclear power generation

As shown in the Table 8 of the cross table which shows the keyword group obtained at the
lecture of nuclear power generation and the lecture of the precautionary principle, eight
students out of twenty seven students who had chosen “nuclear power generation” chose
the keyword of “risk” at the lecture of the precautionary principle. Two students out of
eleven students who had chosen “MOX fuel (plutonium-uranium mixed fuel utilization)”
also chose the keyword of “risk”. Six students out of twenty seven students who had chosen
the “nuclear power generation” chose the keyword of “risk information” at the lecture of the
precautionary principle. One of eleven students who had chosen “MOX fuel (plutonium-
uranium mixed fuel utilization)” also chose the keyword of “risk information”.

According to the above mentioned mental model, the students who chose these keywords of
“risk” and “risk information”, which were the top two of the selected keywords at the
lecture of the precautionary principle, had the characteristics of decision making in the
heuristic way. “The precautionary principle”, which ranked the fourth place of the number
of chosen keywords, was the title of the lecture”. Consequently, the author decided to
exclude the students who chose this keyword from the objects of analysis.

Therefore, the students, who chose the most and the second most keywords of lectures, and
the student, who chose “the precautionary principle”, tended to make a decision in a
heuristic way. They could be subordinate to the theme of the lecture in other words.

On the other hand, eight students identified as members of Active group, who belonged to
the Cluster IV and V by the analysis of questionnaire survey, had chosen the keywords of
"fuel cycle", "radioactive waste", "public poll", and "renewable energy" at the lecture of
nuclear power generation.

The Active group chose six keywords of "zero risk”, "dioxin", "risk", "risk information"
“dioxin concentration (in foods)” and “the precautionary principle” without their biasing on
a particular keyword. Five out of eight students, who had been categorized as the Active
member toward the HLW site selection, did not express the positive attitude pertaining to
the problem solution in the field of the precautionary principle. They had just chosen the
keyword of “risk”, “risk information” and “the precautionary principle”, which were
chosen in a heuristic way by the large number of students.

On the other hand, three students who had chosen “public poll” and “radioactive waste”
chose the keywords of “zero risk”, “dioxin”, and “dioxin concentration (in foods)” which
were minor selections at all. They did not make a decision in a heuristic way but made
rational consideration on the theme of nuclear power generation and the precautionary
principle respectively.

When extracting the common underlying meaning from these non heuristic keywords such
as “radioactive waste”, “public poll”, anti-centred policy style could be seen in the concept
of demerit of the burden of nuclear power generation and the concept of individual opinion
expression. When extracting the common underlying meaning from these non heuristic
keywords such as “zero risk”, “dioxin” and “dioxin concentration in foods”, analytical or
scientific attitude could be seen in the concept of quantitative thinking based on the
numerical keyword such as the word of “zero” and “concentration”.

This suggested that the students would have the antipathy toward logical thinking with an
upper class viewpoint, the scientific and analytical viewpoint, when they considered the
problem solving toward the HLW disposal site selection. The correspondence of keywords
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between the area of “the precautionary principle” and “nuclear power management” shows
Figure 8.

Insecurity or -
Nuclear MQ.X F}xel understandin Nuclear . Renewable Public Radioactiv Nuclear fuel
Power utilization energy Friburg . 1 e 1
generation  in LWRs & revolution energy  opinion po waste cyee
among citizen
Cluster 1 I I il 11 v v )\ \Y
total 50 27 11 1 1 2 1 1 3 3
Risk ul s 2 1 1 11 11
Risk information 9 6 1 2*1
Dioxin news report 6] B )
Precautionary principle 5 1 3 | 1*1
Risk management 4 3 1 1
Risk cognition 3 2 1
Risk communication 2 1
Environmental hormon 2] 1 1
Dioxin concentration 2| 1 1
Problem of Risk 1 1
Zero Risk 1 1
Dioxin 1 1
Risk analysis 0
*1 omitted from the objects of analysis
Table 8. Cross table of the keywords at the lecture on the precautionary principle and
household waste management
the Precautionary principle Nuclear power generation

Dioxin concentration

>
Zero risk \
“—

Dioxin

Public opinion poll

Radioactive waste

Fig. 8. Correspondence of the keyword (the Precautionary principle vs. nuclear power
generation)

4. Conclusion

To find the communication point to promote the positive attitude toward the HLW disposal
site, the author proposed the new approach of analyzing the consciousness of the students
who stud rationally on the active position for constructive problem solution.

The previous analysis on the public risk communication had targeted on the majority of the
subjects based on the assumption that the majority would represent the public so far.
However, this new approach targeted on the minority of the subjects based on the
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assumption that a rational answer would not be made by the majority that was easy to make
a heuristic decision but by the minority.

In this research, the author gave the lectures on the risk and desirable autonomous attitude
in the some areas of environmental science. The students submitted the most impressive
keyword after each lecture. The keywords were categorized by correspondence analysis and
cluster analysis into two groups based on the assumed mental model. The two groups were
characterized by the analysis of ANOVA on the result of questionnaire survey on nuclear
power generation and high level radioactive waste disposal. One group consisted of the
students who made a decision positively considering they were responsible for high level
radioactive site selection. The other group consisted of the students who made a decision
negatively considering they would not like to be involved in this issue.

The author paid attention to the former group and succeeded in deriving the common
consciousness from the keywords of lectures on nuclear power generation, household waste
management, and the precautionary principle.

It was observed from the keywords of nuclear power generation and household waste
management, that economic efficiency, global relationship, sustainability and respect of
individual opinion were common value among the active group, whose consciousness were
positive towards HLW disposal site selection.

It was observed from the keywords of nuclear power generation and the precautionary
principle, that antipathy for the seeing from up to down were common. Scientific or
analytical viewpoints were also common among the active group.

In order to alleviate the reluctance for uncertainty of those who show resistance of being in
the contiguity of HLW disposal facility, it should be significant for utilizing those common
values interpreted along with this research for risk communication between citizen and
governmental authorities. However, since this research has been mainly focusing on the
area of risk communication between nuclear power generation and household waste
management, and between nuclear power generation and the precautionary principle, there
should be further researches conducted in the remaining areas such as global warming and
other themes.
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