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Preface
Nuclear power approximately supplies a sixth of the world's electricity and considers
as the major source of "carbon-free" energy today. With growing concerns about global
warming, it is not surprising that governments and power providers around the world
are considering building a substantial number of additional nuclear power plants.
These plants have demonstrated remarkable reliability and efficiency with the help of
extensive research work and sharing operational practical experience. Therefore, the
materials of this book are collected with emphasis on the practical aspects of modern
nuclear power around the world. However, the presentation is not entirely technical
because, there are several research factors that also influence the subject matter. The
book identifies and analyzes major practical issues in nuclear energy. It is not a basic
nuclear engineering design book of which there are already many good ones. Instead
the materials are compiled in this book with practical background in mind.
Experiences from several nuclear power plants and research institutions are gathered
to present best engineering analyses, research effort and practice with as little
prejudice as possible. Although several technical books restrict themselves to technical
matters and avoid research aspects, the nuclear power technology subject has received
a great attention by many research institutes. Therefore, the current book is presenting
several important areas in nuclear energy from practical prospective with some
research and scientific flavor.
Wael Ahmed
King Fahd University of Petroleum & Minerals,
Saudi Arabia

Chapter 1

Power System Protection Design for NPP
Chang-Hsing Lee and Shi-Lin Chen
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/50557

1. Introduction
One of the key purposes of NPP power system protection is to ensure that NPP's local
power demand (such as cooling pumps, control systems, etc.) are met under all
circumstances even during faulted periods. To achieve this goal, NPP power system
protection must ensure that it can supply these local loads using either (1) power from the
grid (via the transmission connection, which in most time, however, are used for exporting
the excess power generated by the NPP after supplying its local loads) or (2) power from
local generations such as diesel generators, batteries, etc. at all times and under all
circumstances.
On the first power source (grid power), many NPPs worldwide have been built along the
seashore for cooling water availability reasons. Overhead transmission lines are thus built in
the vicinity of the seashore to transport the large amount of power generated from the NPP
to the grid economically. As these overhead lines are exposed to salt contamination,
flashover will occur when contamination becomes excessive. In the event of flashover,
which is equivalent to a line-to-ground fault, the plant’s protection system will need to
initiate a series of switching operation to redirect the large power output from the NPP to a
backup route in order to avoid reactor emergency shut-down. However, such switching has
the adverse effect of causing undesirable transient overvoltages to propagate in the plant’s
local power grid [1-4]. Dealing with the frequent switching actions of these overhead lines
while mitigating their adverse effects thus becomes the first challenge of designing NPP
power system protection.
Once the NPP loses its connection to the grid, it will need to rely on the local generation to
continue supplying its local loads. Most NPP use multiple "independent" sources as backup
power. However, unless NPP's local power grid is properly configured and its protection
system properly designed, these "independent" sources can all fail at the same time as
manifested in Taipower's 18 March, 2001 Level 2 event ("318 Event") [5].
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In the following sections, we will examine Taipower's "318 Event" in detail to demonstrate
the various possibilities that could lead to NPP plant blackout. Moreover, as these
possibilities are not mutually exclusive, we will use this example to illustrate how multiple
or cascaded problem can present further challenges to the overall NPP power system
protection design. Recommended preventive measures are then summarized in the final
section of this chapter.

2. Taipower "318 Event"
2.1. System configuration
Figure 1 shows the configuration of Taipower 3rd nuclear power plant. The NPP has two 951
MW generators which are connected to the local 345kV gas-insulated substation (GIS) in oneand-half breaker configuration as shown in Fig. 1. The NPP is then connected to the power
grid via four 345 kV overhead power lines (Darpen 1, 2 and Lunchi Sea/Mountain) to the
Darpen and Lunchi 345kV EHV (Extra High Voltage) substation and two 161kV overhead
lines (Kengting and Fengkang) to Kenging and Fenkang 161kV HV (High Voltage) substation.
It is important to note that there are three 13.8 kV buses (in the middle) and four 4.16 kV
buses (at the bottom) for plant utility. Among these buses, the two 4.16 kV buses in the
middle are responsible for feeding the safety-critical equipment such as cooling pumps and
are designated as “essential buses”. (The 2nd 4.16kV bus from the left where "DGA (Diesel
Generator A)" is connected is designated as "Essential Bus A". The one next to it, where
"DGB" is connected to, is "Essential Bus B".)
Another notable but subtle feature of this configuration is the use of 3-phase gas-insulated
line (GIL) design with the 3 phases enclosed in a single duct of approximately 340 meters for
the connection of the generation units and auxiliary systems, (located at the foot of a hill) to
the 345kV GIS (on the top of the hill) due to topography feature of the location. This feature
has implication on the generation and propagation of switching transients which will be
explained in later sections.

2.2. Event sequence
On 18 March, 2001, a Level 2 event occurred at Taipower’s 3rd NPP, and the whole plant
went into blackout from 00:45 to 02:58. The event started at 00:45 when EHV CB3510 (see
Fig. 1, highlighted in red) was closed to energize the then-offline 345 kV/13.8 kV/4.16 kV
start-up transformer (X01). Upon CB3510 closure, medium voltage (MV) CB#17 on "Essential
Bus A" exploded damaging not only CB#17 but also CB#15. CB#15 formed a permanent
ground fault keeping "Essential Bus A" at ground potential thus Essential Bus A became
useless. CB #3 and #5 on "Essential Bus B" was then opened hoping DGB will start and
supply power to those critical loads. However, DGB failed to start and the whole plant went
into blackout. The only hope remained at that time was DG5 (on the far right in Fig. 1)
which, however, needs to be started locally and manually. After 2 hour since the first
problem occurred, DG5 was finally started and started to supply power to the critical loads
via "Essential Bus B".
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Figure 1. System Configuration of the NPP

Figure 2. 345kV and 161kV Overhead Line Switching Event Log
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Figure 2 shows the switching event log of the four 345kV and two 161kV lines connecting to
the NPP. After reviewing the event log, it was found that CB#17 on Essential Bus A broke
down when one GIS switching operation was occurring. The event log also showed that
there were 37 EHV switching operations during the 48-hour period prior to the event due to
salt-fog influence in the plant area. Because of the unstable offsite power, the GIS switched
between different offsite power to acquire the stable power sources.
Figure 3 shows the transient recording of overvoltages for both the 345kV bus and one MV
(medium voltage) bus at 20:38 in March, 2001. At t0, the flashover on the 345kV line
occurred leading to its subsequent tripping at t1. The tripping took place on the remote end
of the 345kV line thus overvoltage can still be observed at the NPP between t1 and t2 due to
“motor-generating effects” to be explained in the following section of this Chapter. The
overvoltage on the 345kV line eventually caused flashover from Phases A and B to ground
pulling down the line voltage and all motors on the 4.16kV bus were tripped by their
respective under voltage relays at t3. At t4, the flashover from Phases A and B to ground
was cleared and the “motor-generating effects” start to build up the voltages again with the
two remaining motors on the 13.8kV bus.

(a) Transient Recording at 345 kV GIS

(b) Line-to-Line Voltage Transient Recording of one 13.8 kV motor, Recycle Colling Pump B
Figure 3. Overvoltages at 20:38 in March 17, 2001
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2.3. Electrical stress in plant power system
2.3.1. Line conductor overvoltages due to over-excitation and nonlinear resonance [6,7]
The transient recorder in Fig. 3(a) recorded 2 abnormal overvoltages (at 56 Hz and 45 Hz,
respectively) after the last 345 kV-transmission line connecting to the NPP was tripped on
the remote end which turned the NPP into an electrical island. As will be explained in the
next section, the 1st overvoltage was caused by the over-excitation of the motors (e.g. recycle
water pump) in the plant who, with terminal voltages supported by large line capacitance,
now operated as induction generator after loss of external power.
The 2nd overvoltage is caused by a different mechanism. After a few cycles the low voltage
relays tripped many of the plant motors leaving only 2 biggest motor (now operating as
induction generator) still connected and were supported by a comparatively much larger
capacitance leading to not only over-excitation but also magnetic saturation of both the
motors and transformers. This created a condition very close to ferroresonance resulting in
even bigger overvoltage.

2.3.2. Neutral voltage transfer
It can be seen from Figure 3 that overvoltage were observed not only on the line conductors
of phase A, B, and C but also on the neutral. As will be explained in the next section, neutral
voltage transfer can occure through 2 different mechanisms: electromagnetic and capacitive
transfer.
In the presence of transformer core saturation, 3rd harmonic neutral voltage will be present
on the windings through electromagnetic transfer as long as the neutrals of the respective
windings are not grounded. In the presence of neutral voltage on any of the transformer
windings, the stray capacitance among the windings and earth will result in capacitive
neutral voltage transfer.

2.3.3. Switching surges on both EHV and MV systems
From Fig. 2, it can be seen that there were 37 switching operations during the 48-hour period
prior to the breakdown. This unusually high number of switching operation can create lots
of switching surges (with magnitude of around 7 times the rated line-to-ground peak
voltage in the medium voltage system) which, when propagating through the NPP local
power network, can degrade the insulation level or even cause breakdown of CB's in the
local power network [8,9].
It should be noted that while there were 37 switching operations on the EHV side, none of
the switching surges were captured by the transient recorder in the 345kV GIS in Fig. 3(a)
due to insufficient bandwidth of the transient recorder. In a follow-up field test [9] after the
event, it was found that such switching often causes switching surges of around 7 times the
rated line-to-ground peak voltage!

6 Nuclear Power – Practical Aspects

3. Stress mechanism and modeling
It can be seen from the above that Taipower's 3rd NPP was under sigificant and multiple
stresses before and during the Level 2 event. This section explains the mechanisms working
behind these stresses and provide basic principles how to model them.

3.1. Line conductor overvoltages due to over-excitation and nonlinear resonance
[6,7]
Figure 3 shows that on Phases A, B, and C there were two overvoltages observed where the
second overvoltage was slightly higher than the first. Causes of these 2 overvoltages are
detailed as following.

3.1.1. First overvoltage (56Hz) – Over excitation
Figure 4 shows the 2 essential condition for induction motor generating effect: large
capacitance and continuous rotating motor. When an induction motor lost its external
voltage source, the flywheel with large inertia will keep the motor rotating and the
capacitance of transmission line will provide the necessary voltage support for the induction
motor to act as a generator. The magnitization curve of the motor and the amount of
capacitance will jointly determine the overall motor generating effect as shown in Fig. 5. If
the capacitance is too small to provide enough magnetizing current (curve C0 in Fig. 5), the
terminal voltage of motor will decay exponentially and the generating effect will not
sustain. However, if the capacitance is large enough, the motor generating effect will sustain
and the terminal voltage is determined by the intersection of the capacitance and
magnetizing curve such as ( V1, C1) and (V2, C2) in Fig. 5.

Figure 4. Equivalent Circuit of Motor-Generating Effect.

At "t1" in Fig. 3(a), the last 345kV transmission line connecting to the NPP was tripped on
remote end due to a flashover on the line turning the NPP into an electrical island. As the
local end of the 345kV line did not trip, a motor generating condition equivalent to Fig. 4
was formed with the 127kM transmission line providing sufficient capacitance to support
the voltage of the various motors in the NPP. As can be seen in Fig. 3(b), the terminal
voltage is increased to 1.4 p.u. and the overall resultant frequency is 56 Hz.
During this first overvoltage period, the terminal voltage of motor was about 1.4 p.u. (Fig.
3(b)) but the line voltage was about 1.29 times the rated line-to-ground peak voltage (Fig.
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3(a)). This implied that the power transformers have saturated. As a result, a lot of
harmonics were produced and the zero sequence components of them would be integrated
into the neutral voltage resulting in unexpected high neutral voltage. This period ended at
"t2" in Fig. 3(a) when the flashover grounded both phase A and B.

Figure 5. Relationships between Motor Terminal Voltage, Magnetization Curve, and External
Capacitance

Table 1 shows the harmonic contents of B phase voltage between t1 and t2 in Fig. 3(a). The
even order harmonics and DC component could be treated as the slight magnetic bias
caused by asymmetric fault. At this stage, there was no ferromagnetic resonance in the
island system.
Order
%

DC
9.3

1
100

2
7.8

3
8.0

4
3.6

5
13.5

6
1.6

7
6.1

8
1.2

Table 1. Voltage Harmonic Contents of Phase B between t1 and t2

3.1.2. Second overvoltage (45 Hz) - Nonlinear resonance
Figure 6 shows the four essential conditions for a ferroresonance to occur: voltage source,
capacitance, nonlinear inductance (ferromagnetic and saturable), and low losses. The R in
the RLC resonant circuit in Fig. 6 is very large due to the "low losses" condition and can
often be ignored. The nonlinear inductance L is the magnetizing curve of the motors and
transformers in the system and the capacitance is provided by the transmission line.
At "t3" in Fig. 3(a), all the motors on the 4.16 kV system were tripped by undervoltage relay.
Between t3 and t4, the flashover grounding of phases A and B were cleared and the motor
generating effects mentioned above picked up again gradually re-establishing the line
voltage. At "t4" in Fig. 3(a), most motors in 13.8 kV system were also tripped by
undervoltage relay with the exception of two largest ones. With the capacitance provided by
the transmission line now need only to support the terminal voltage of 2 motors, we would
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expect the terminal voltages to be higher than those during the first overvoltage stage
according to Fig. 5. However, due to deep saturation of the motors and transformers, the
overvoltage magnitude in Fig. 3(b) during the 2nd overvoltage is only slightly higher than
the previous stage. This can be further seen from the fact that at the beginning of “t4” in Fig.
3(a), there were no overvoltage and no distortion of waveforms. As line voltage increased,
the harmonics increased and after a few cycles the amplitude of voltage remained but
voltage waveform distorted dramatically. Figure 7 shows the waveform at 4 cycle prior to t5
with its Fourier components summarized in Table 2 [10].

Figure 6. Equivalent RLC Circuit

Figure 7. Zoom-in of The 4 Cycles prior to t5

It can be seen from Table 2 that the voltage of fundamental frequency was about 1.5 times
the rated line-to-ground peak voltage, which is slightly larger than the previous
overvoltage. The large DC and even-order harmonics indicate the deep saturation of the
start-up transformer. In Table 2 the total of 3rd harmonics is 554.7 kVpeak (Note: The 3rd
harmonics are in-phase therefore can be added up directly.) Comparing this figure with the
neutral voltage of 626 kVpeak in Fig. 3(a), this indicates that 3rd harmonics is the main source
of neutral voltage during the second overvoltage period.
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order
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Phase A
Vpeak
175.068
408.273
108.386
179.679
41.29
28.13
13.036
12.562
15.84
14.315
9.428
18.092
18.805
15.387
15.717
13.897
1.992

Phase B
%fund.
0.429
1.0
0.265
0.44
0.101
0.069
0.044
0.031
0.039
0.035
0.023
0.044
0.046
0.038
0.038
0.037
0

Vpeak
48.279
427.991
47.287
179.734
28.313
30.829
10.364
22.126
28.219
8.207
16.289
14.962
27.966
11.466
10.323
24.991
36.961

Phase C
%fund.
0.113
1.0
0.11
0.42
0.066
0.072
0.024
0.052
0.066
0.019
0.038
0.035
0.065
0.027
0.027
0.058
0.086

Vpeak
71.93
413.726
39.829
195.357
24.702
65.626
22.34
37.579
7.708
39.509
6.203
27.434
25.323
22.233
24.685
13.998
12.173

%fund.
0.017
1.0
0.096
0.472
0.06
0.159
0.054
0.091
0.019
0.095
0.015
0.066
0.061
0.054
0.06
0.034
0.029

Table 2. Fourier Analysis of Fig. 7

As the inductances in the systems are now deeply saturated, there is a possibility that
ferroresonance can occur. (Note: Ferroresonance is nonlinear resonances in power system
where the voltage and current may change from normal steady state to another steady state
with large harmonic distortion.) The phenomenon can be best understood from a circuit
perspective using Figure 6 as example. In Fig. 6, the total equivalent impedance of the circuit
is (jXL - jXC). When the inductance is saturated and current further increases, it will drive the
inductor into deeper saturation where the inductor impedance jXL will reduce when current
further increases. A critical point will be reached at Point B in Figure 8 when (jXL - jXC)
becomes zero. Any current increase beyond Point B will cause the total impedance change
from a positive value to a negative value causing resonance effects near this operating
point[7].
Based on analysis of all available data, it is believed that the 2nd overvoltage from t4 onward
is on the boundary to be ferroresonance therefore the 2nd overvoltage is caused by a
combination of motor-generating effect and nonlinear resonance.

3.2. Neutral voltage transfer [10]
It can be seen from Figure 3 that overvoltage can be observed not only on the line conductor
but also on the neutral conductor as well. In order to understand this phenomenon we need
to look at Fig. 9 where the equivalent circuit of a transformer is shown including its stray
capacitances.
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Figure 8. Ferroresonance Phenomenon Explanation

Figure 9. Voltage Transfer Diagram of 345 kV/4.16 kV Transformer

3.2.1. Transformer modeling
In Fig. 9, CHE and CLE depict the stray capacitance between high voltage (HV) winding to
ground, and low voltage (LV) winding to ground, respectively, while CHL depicts the stray
capacitance between HV and LV windings. Typical stray capacitances for the
345/13.8/4.16kV power transformer are shown in Table 3.
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In the presence of transformer core saturation, 3rd harmonic neutral voltage will be present
on the windings through electromagnetic transfer as long as the neutrals of the respective
windings are not grounded. Once the neutral voltage is established on any side of the
neutrals, the stray capacitance provides a further path for it to transfer to other neutrals
according to Equation (1)

EL 0 / EH 0 C HL / (C HL  C LE )

(1)

where EH0 is the neutral voltage at HV side, and EL0 is the neutral voltage at LV side.
Item
Capacitance

C345/Earth
4.48 nF

C13.8/Earth
13.76 nF

C4.16/Earth
21.92 nF

C345/13.8
4.3 nF

C13.8/4.16
214.86 pF

C345/4.16
8.96 nF

Table 3. Stray Capacitance of the 345kV/13.8kV/4.16kV Power Transformer

3.2.2. Neutral voltage transfer
It can be seen from Fig. 3(a) that, during 1st overvoltage the neutral voltage gradually roses
to 200 kVrms while during 2nd overvoltage the neutral voltage rose to 626 kVpeak (Note: the
voltage waveform became very non-sinusoidal during 2nd overvoltage, we thus use peak
value instead of rms value). The source of both overvoltages in the neutral was due to motor
and transformer saturation resulting in 3rd harmonic voltages at the neutral however during
the 2nd overvoltage the waveform is much more distorted with higher harmonic content.
As indicated by Fig. 3(a), the neutral on 345kV side does not appear to have been effective
grounded possibly due to grounding failure. The result is that very high neutral voltage was
established on the 345kV neutral and if the 4.16kV neutral was not grounded it will see a
neutral voltage (through capacitive neutral transfer) of

200 kVrms *

626 kVpeak *

8.96nF
 58.03kVrms
8.96nF  21.92nF

8.96nF
 181.54 kVpeak
8.96nF  21.92nF

during 1st and 2nd overvoltages, respectively. To better appreciate various grounding
combination's effect on the neutral voltage transfer, 3 simulations were conducted assuming
grounding conditions as per Table 4 and their results are summarized in Table 5.
Item
Case 1
Case 2
Case 3

345kV side
Ground (direct)
Non-Ground
Non-Ground

13.8kV side
Ground (8 Ω)
Non-Ground
Ground (8 Ω)

4.16kV side
Ground (2.4 Ω)
Non-Ground
Ground (2.4 Ω)

Table 4. Grounding Condition for Simulating Capacitive Transfer

Table 5 shows that as the neutral voltages transferred to the 4.16kV bus can be as high as 13
times the phase-to-ground peak voltage which can pose significant threat to CB#17 as well
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as other CB's. However, if the neutral systems were properly configured, the risk can be
minimized greatly.

Case 1
Case 2
Case 3

345kV side
Phase Voltage
457.55 kVpeak
450.6 kVpeak
448.93 kVpeak

Case 1
Case 2
Case 3

345kV side
Phase Voltage
428.83 kVpeak
418.7 kVpeak
420.94 kVpeak

345kV side
Neutral Voltage
0 kVpeak
275.88 kVpeak
44.58 kVpeak
(a) 1st overvoltage
345kV side
Neutral Voltage
0 kVpeak
263.43 kVpeak
46.25 kVpeak
(b) 2nd overvoltage

4.16kV side
Neutral Voltage
0 kVpeak
42.29 kVpeak
0.002 kVpeak
4.16kV side
Neutral Voltage
0 kVpeak
41.08 kVpeak
0.002 kVpeak

Table 5. Capacitive Transfer Simulation Result

3.3. Switching surges and Very Fast Transient Overvoltage (VFTO)
Switching operations are the most prominent phenomenon in the “318 Event”. During the
48 hours prior to the Level 2 event, there were 37 switching operations and each could cause
switching surges. Switching surges caused by GIS switching is characterized by its
nanosecond wavefront and is commonly referred to as Very Fast Transient Overvoltage
(VFTO) [11].
VFTO is the phenomenon of transient overvoltage generated during switching operation
characterized by very short rise-time of 4 to 100 ns and has been covered by various
literatures [3,12-22]. The phenomenon is particularly significant during Disconnect Switch
(DS) operation due to multiple-restriking in the DS due to lack of arc-suppressing
chamber.

3.3.1. Field measurement
In the past, VFTO was not considered to be possible to transfer from EHV through power
transformer to medium voltage (MV) system [12-14]. However, in light of the “318 Event”, a
field test was conducted in Taipower 3rd NPP during plant overhaul by switching the DS of
EHV GIS and measure the voltage on “Essential Bus A”.
Field test result [9] shows that after switching the DS of EHV GIS, multiple 25 kV-level
restrikes (approximately 7 times the rated line-to-ground peak voltage) were measured on
the 4.16kV bus indicating VFTO can be transferred from the EHV side to MV side. It also
indicates that the maximum peak voltages measured on the 4.16kV bus occur neither on the
first strike nor on the last strike, and this behaviour is quite different with that in EHV
system. The measurement results are shown in Fig. 10.
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(a) GIS-DS opening

(b) GIS-DS closing
Figure 10. Switching Surge Measured on 4.16kV Bus by Operating EHV GIS Disconnect-Switch. (Note:
The bandwidth of the measurement system was 2MS/s, the highest achievable in 2003)

3.3.2. VFTO simulation
To further appreciate VFTO transfer mechanism, numerical simulation model was built [23].
To validate this simulation model, the field test condition for Fig. 10 was reconstructed and
the simulation result is shown in Fig. 11. It can be seen from Fig. 11 that the waveform
envelope are consistent with measurement for both DS opening and closing and that the
maximum VFTO on the essential bus occurred neither at first nor at last strike.
We then change the DS operation angle for each 5° intervals to simulate different
closing/opening condition and Table 6 and 7 summarizes the maximum EHV inter-contact
breakdown voltage vs. maximum MV VFTO. The following can be observed from Table 6
and 7:
1.
2.

3.

The VFTO transferred to the essential bus A can be as high as 28.77 kV, which is about
8.47 times the rated line-to-ground peak voltage.
For all simulations, the restrike that causes the maximum VFTO on “Essential Bus A”
does not necessarily coincide with the one that caused the max inter-contact breakdown
voltage on EHV side.
Among the 36 simulations for DS opening, the simulation that produces the highest
inter-contact breakdown voltage on EHV side is not the same as the one that produces
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the maximum VFTO on “Essential Bus A”. This is also true for DS closing. E.g., Case
#28 (δoper = 135°) of DS opening produces the highest VFTO in MV system (28.77 kV)
while it was Case #18 (δoper=85°) that produces the highest inter-contact breakdown
voltage on EHV side (354.2 kV).

(a) GIS-DS opening

(b) GIS-DS closing
Figure 11. Simulation of VFTO at the Field Measurement Point

Item

Among the Multiple Restrikes
Max. Inter-contact
Max. VFTO
Breakdown Voltage
at 4.16 kV
Mag. (kV) Seq. Num. Mag. (kV) Seq. Num.

Total Num.
of Restrikes
on EHV
Side per Φ

Max. Inter-contact
Breakdown Voltage
Case # 18 among 36

354.2

467

23.76

444

468

Max. VFTO
at 4.16 kV Bus
Case #28 among 36

323.6

447

28.77

432

447

Table 6. Max. Inter-contact Breakdown Voltages vs. Max. VFTO in MV for DS Opening
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Item

Among the Multiple Restrikes
Max. Inter-contact
Max. VFTO
Breakdown Voltage
at 4.16 kV
Mag. (kV) Seq. Num. Mag. (kV) Seq. Num.

Total Num.
of Restrikes
on EHV
Side per Φ

Max. Inter-contact
Breakdown Voltage
Case #14 among 36

284.8

1

23.27

12

460

Max. VFTO
at 4.16 kV Bus
Case # 23 among 36

278.0

1

26.41

26

455

Table 7. Max. Inter-contact Breakdown Voltages vs. Max. VFTO in MV for DS Closing

3.3.3. Characteristic of VFTO transferring to MV system
3.3.3.1. Capacitive coupling of high-turn-ratio transformer
VFTO and the oscillation voltages VOSC (voltages created by preceding restriking that can be
superimposed to the following restrike) on the EHV side can be transferred to MV system
through the start-up power transformer via capacitive coupling. The transfer ratio is mainly
dependent on transformer’s EHV-to-MV interwinding capacitance, transformer’s MV
winding-to-enclosure capacitance, and the bus-to-ground capacitance of MV system [23].
From both our measurement and simulation result, it was observed that the VOSC, which is
of several tens kV in the EHV GIS, could still be of several kV in the MV system, and this
will be superimposed to the VFTO coupled from the EHV side causing up to 7 ~ 8.47 times
the rated line-to-ground peak voltage on MV side.
3.3.3.2. Superposition of oscillations initiated by a prior strike on top of subsequent restrikes
Figure 12(a) shows two consecutive restrikes from a multiple-restrike simulation and Fig.
12(b) shows its counterpart single-strike simulation. It can be seen from Fig. 12(a) that the
VOSC initiated by the first restrike is superimposed to the second restrike resulting in a
higher peak voltage (10.72 kV vs. the single strike one of 9.88kV).
3.3.3.3. Maximum VFTO transferred to MV for DS closing vs. DS opening
During DS opening the contact distance becomes wider and wider leading to longer
intervals between two consecutive restrikes while that during DS closing is the opposite. As
a result, there is a higher probability of superposition of VOSC to subsequent restrike during
DS closing (thus higher VFTO) than opening.
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Figure 12. Oscillation Voltage (VOSC) Initiated by a Strike or Restrike Can Be Superimposed to
Subsequent Restrike Voltages.

4. Lesson learned and important aspects of NPP power system protection
design
Events like the “318 Event” were seldom caused by one single reason. It can be seen from
the above discussion that Taipower 3rd NPP was under multiple stresses before the event
and there were mutiple mechanisms for the generation, amplification, and transfering of
overvoltages which, combined with the operation practices and equipment history,
eventually led to the explosion of CB#17 and total blackout of the NPP. Below are the key
lessons learned from this event and their recommended preventive measure.

4.1. Bus configuration and fault area isolation
The “318 Event” was essentially triggered by a single equipment failure but leading to a
complete blackout of the power plant. There are 2 key lessons learned from this event: (1)
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Explosion of CB#17 took down the adjacent CB#15 as well. (2) "Independent sources" are not
always independent due to improper bus configuration.
For various reason such as space requirement, ease of maintenance, etc, switchgear panels
are usually installed in the same room side by side. If this cannot be changed, during the
risk evaluation process one must consider the N-1 condition being loss of "one group of
equipment" instead of "one equipment" unless sufficient separation are provided between
the equipments.
The "independence" of power sources need then be examined closely. If multiple sources
or multiple buses can be taken down by a single failure such as permenant fault to
ground, etc, they cannot be considered as independent sources and more backup needs to
be added.
It should be noted that during the “318 Event”, after the explosion of CB#17 the plant utility
room was filled with smoke which makes the manual starting of other diesel generators
extremely difficult. Not only were equipments under significant stress but also the human
operators. It is thus recommended that the feasiblity of starting backup sources under utility
room smoke condition be checked and that any manual operation required during this stage
be as simple and straightforward as possible with proper interlock to reduce the chance of
human error which may further escalate the event.

4.2. Nonlinear resonance prevention
Among all the scenarios considered in this Chapter, nonlinear resonance is the most difficult
one to be detected. In view of the potential hazard it could cause, precautionary measure
must be taken to prevent it from initiating.
The first step is to prevent motor-generating effect from ever occuring (thus removing the
key source of initiation.) As explained above, the essential conditions of motor-generating
effect are (1) rotating motor with large inertia, (2) large capacitor bank in an isolation
system to support the terminal voltage. Since a rotating motor with large inertia can not
be stop immediately, the focus is to remove the capacitive support. In the case of
Taipower 3rd NPP, the capacitive support came from the long transmission line who were
tripped only on the remote end. It is recommended that Direct Transfer Trip (DTT)
function be implemented for transmission line protection to greatly reduce the risk of
motor generating effect.
The second step is to ensure effective grounding of transformer neutrals as designed. Due to
the objective of minimizing short circuit current, the neutral groundings in NPP are usually
multi-configured: arrestor grounded under normal condition and direct grounding when in
islanding operation. The switching from one grounding scheme to another often requires
manual operation and this increases the risks of leaving the islanded system ungrounded as
well as nonlinear resonance of power. Proper interlock or checking mechanism should be
implemented to ensure proper grounding as designed at all times.
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4.3. Neutral voltage transfer
Neutral voltage transfer can occur via either electromagnetic or capacitive transfer. Based on
simulation result the risk can be significantly reduced with proper grounding of the neutral.
This, however, must be carefully implemented in order not to increase the short circuit
current in the NPP.
Again, any manual operation during event would introduce extra risks therefore should be
desigined to be as simple and straightforward as possible with proper interlock or checking
system.

4.4. VFTO transferring to MV system
According to field measurement and numerical simulation, the VFTO transferring to MV
system is usually underestimated by literatures. As demonstrated by both the field
measurement and simulation result, peak voltage of VFTO in MV system could be as high
as 8.47 times the rated line-to-ground peak voltage with an average 466 times restrike
during DS operating [1,23]. Though the peak VFTO voltages transferred to the MV side are
usually still within the basic impulse insulation level (BIL) tolerances of the equipment, this
does not mean that repeatedly striking the equipment with 8.47 times the rated line-toground peak voltage would cause no damages to the equipment. In fact, this can accelerate
equipment ageing and cause quick degradation of the insulation material and eventually
leading to equipment breakdown.
After the “318 Event”, a recommendation was made to Taipower No. 3 Nuclear Power
Plant in 2003 for the installation of surge absorbers (0.8μF capacitor specially designed for
surge absorption installed right close to the start-up transformer for each of the three
phases) on the MV side in Fig. 1 [9,23]. The recommendation was adopted by Taipower in
March 2005 and a subsequent measurement in March 2006 plus one-year monitoring
indicated that there were no further VFTO exceeding rated line-to-ground peak voltage
on the MV system.

4.5. Maintenance testing of in-service equipments
The damaged circuit breaker (CB#17) in Taipower 3rd NPP has been put into service for 20
years at the time of event. Maintenance testing history showed that insulation condition of
this circuit breaker was good prior to the event however that being the case the circuit
breaker should not have exploded when faced by transient voltage no higher than its BIL of
60kV. This shows that the current diagnostic method of insulation degradation (insulation
resistance measurement, dielectric power factor measurement) may not be sensitive enough
to detect insulation degradation due to ageing or repeated VFTO strikes. It is recommended
that the reliability of such tests, including both the tool used, methodology employed, and
interpretation of testing results (including monitoring the trend of measurement results) be
further improved. For equipment subject to repeated switching surges, a higher standard
should be applied.
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5. Conclusion
Most NPP’s in the world have been designed in such way that their local power loads are
provided by “multiple independent sources” to ensure continuous power supply even
during faulted periods. However, unless the NPP’s local power grid is properly configured
and its protection system properly designed, all these “multiple independent sources” can
failed at same time as exemplified by Taipower’s “318 Event”. In view of the many
similarities in design and other risk factors for world NPP’s, it is of utmost importance that
the lessons learned from Taipower’s 3rd NPP “318 Event” be properly addressed.
This Chapter examines the Taipower “318 Event” in detail to demonstrate the various
possibilities that could leads to NPP blackout. The possibilities investigated include: NPP’s
location factor, NPP local power grid configuration, cable parameters, switching events,
switching surges propagating to MV circuits, ferroresonances, remote tripping, and manual
starting difficulties. The lessons learned and proposed countermeasures are summarized in
the previous section.
In summary, to ensure the proper design of NPP power protection system, the following 3
considerations must be incorporated:
1.

2.

3.

Check Independence of Equipment and Protection Zone for Various Scenarios: The
“318 Event” was caused by a single CB failure (CB#17) but leading to a complete NPP
blackout for over 2 hours. This is mainly due to (1) the breakdown of CB#17 took down
CB#15 at the same time due to their physical proximity. (2) The bus configuration cause
none of the 2nd, 3rd, or 4th backup power to be available when both CB#15 and #17 both
fails and CB#15 created a permanent line to ground fault. (3) The last resort (DG5) was
located in a building filled with smoke caused by the CB#17’s breakdown making
manual starting extremely challenging. (4) The sustained overvoltage in the system
could have been avoided should the tripping of the EHV cable be done on both ends of
the line instead of just the remote end. All of the above suggest that the independence
of equipment and protection zone have failed and needs to be taken into consideration
when improving existing or future designs.
Accumulated Equipment Stress Must be Monitored and Considered: Particularly
relevant for NPP’s located on the seashore and subject to frequent line switching,
equipment stress manifested in the form of reduced insulation level must be subject to
more frequent and detailed monitoring. This would include not only absolute value
measuring but also trending the measurement so that early signs of equipment
weakness can be identified and proper measures be adopted to address it.
Use System Protection Design Approach: The cause of “motor generating effect”,
“neutral voltage transfer”, “VFTO”, and “ferroresonance” occurring during the “318
Event” cannot be addressed one by one and need to be taken into consideration from a
system protection perspective. This would include the consideration for using different
tripping scheme (such as Direct Transfer Trip on the EHV line) , adding additional
protection device (such as installing surge absorbers on the MV bus), as well as
reconfiguring the bus connections.
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Chapter 2

Reliability of Passive
Systems in Nuclear Power Plants
Luciano Burgazzi
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/47862

1. Introduction
In order to tackle the development of advanced nuclear technologies, the reliability of
passive systems has become an important subject and area under discussion, for their
extensive use in new and advanced nuclear power plants, (NEA, 2002), in combination with
active safety or operational systems.
Following the IAEA definitions, [1], a passive component does not need any external input
or energy to operate and it relies only upon natural physical laws (e.g. gravity, natural
convection, conduction, etc.) and/or on inherent characteristics (properties of materials,
internally stored energy, etc.) and/or ‘intelligent’ use of the energy that is inherently
available in the system (e.g. decay heat, chemical reactions etc.).
The term "passive" identifies a system which is composed entirely of passive components
and structures or a system which uses active components in a very limited way to initiate
subsequent passive operation. That is why passive systems are expected to combine among
others, the advantages of simplicity, a decrease in the need for human interaction and a
reduction or avoidance of external electrical power or signals. These attractions may lead to
increased safety and acceptability of nuclear power generation if the detractions can be
reduced.
Besides the open feedback on economic competitiveness, special aspects like lack of data on
some phenomena, missing operating experience over the wide range of conditions, and
driving forces which are smaller - in most cases - than in active safety systems, must be
taken into account: the less effective performance as compared to active safety systems has a
strong impact on the reliability assessment of passive safety systems.
A categorisation has been developed by the IAEA in [1] distinguishing:
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a. physical barriers and static structures (e.g. pipe wall, concrete building).
This category is characterized by:
no signal inputs of "intelligence", no external power sources or forces,
no moving mechanical parts,
no moving working fluid.
Examples of safety features included in this category are physical barriers against the release
of fission products, such as nuclear fuel cladding and pressure boundary systems; hardened
building structures for the protection of a plant against seismic and or other external events;
core cooling systems relying only on heat radiation and/or conduction from nuclear fuel to
outer structural parts, with the reactor in hot shutdown; and static components of safety
related passive systems (e.g., tubes, pressurizers, accumulators, surge tanks), as well as
structural parts (e.g., supports, shields).
b. moving working fluids (e.g. cooling by free convection).
This category is characterized by:
no signal inputs of "intelligence", no external power sources or forces,
no moving mechanical parts, but
moving working fluids.
Examples of safety features included in this category are reactor shutdown/emergency
cooling systems based on injection of borated water produced by the disturbance of a
hydrostatic equilibrium between the pressure boundary and an external water pool; reactor
emergency cooling systems based on air or water natural circulation in heat exchangers
immersed in water pools (inside containment) to which the decay heat is directly
transferred; containment cooling systems based on natural circulation of air flowing around
the containment walls, with intake and exhaust through a stack or in tubes covering the
inner walls of silos of underground reactors; and fluidic gates between process systems,
such as "surge lines" of Pressurized Water Reactors (PWRs).
c. moving mechanical parts (e.g. check valves).
This category is characterized by:
no signal inputs of "intelligence", no external power sources or forces; but
moving mechanical parts, whether or not moving working fluids are also present.
Examples of safety features included in this category are emergency injection systems
consisting of accumulators or storage tanks and discharge lines equipped with check valves;
overpressure protection and/or emergency cooling devices of pressure boundary systems
based on fluid release through relief valves; filtered venting systems of containments activated
by rupture disks; and mechanical actuators, such as check valves and spring-loaded relief
valves, as well as some trip mechanisms (e.g., temperature, pressure and level actuators).
d.

external signals and stored energy (passive execution/active actuation, e.g. scram
systems).

This category addresses the intermediary zone between active and passive where the
execution of the safety function is made through passive methods as described in the
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previous categories except that internal intelligence is not available to initiate the process. In
these cases an external signal is permitted to trigger the passive process. To recognize this
departure, this category is referred to as "passive execution/active initiation".
Examples of safety features included in this category are emergency core cooling and
injections systems based on gravity that initiate by battery-powered electric or electropneumatic valves; emergency reactor shutdown systems based on gravity or static pressure
driven control rods.
According to this classification, safety systems are classified into the higher categories of
passivity when all their components needed for safety are passive. Systems relying on no
external power supply but using a dedicated, internal power source (e.g., a battery) to
supply an active component are not subject to normal, externally caused failures and are
included in the lowest category of passivity. This kind of system has active and passive
characteristics at different times, for example, the active opening of a valve initiates
subsequent passive operation by natural convection.
Inclusion of failure modes and reliability estimates of passive components for all systems is
recommended in probabilistic safety assessment (PSA)1 studies. Consequently the reliability
assessment of passive safety systems, defined as the probability to perform the requested
mission to achieve the generic safety function, becomes an essential step.
Notwithstanding that passive systems are credited a higher reliability with respect to active
ones, – because of the smaller unavailability due to hardware failure and human error -,
there is always a nonzero likelihood of the occurrence of physical phenomena leading to
pertinent failure modes, once the system comes into operation. In fact the deviations of the
natural forces or physical principles, upon which they rely, from the expected conditions
can impair the performance of the system itself. This remark is especially applicable to type
B passive systems (i.e. implementing moving working fluids) named thermal-hydraulic
passive systems, due to the small engaged driving forces and the thermal-hydraulic
phenomena affecting the system performance.
Indeed, while in the case of passive A systems the development of the structural reliability
analysis methodology can be carried out with the application of the principles of the
probabilistic structural mechanics theory, and operating experience data can be inferred for
the reliability assessment of passive C and D components, there is yet no agreed approach as
far as passive B systems are concerned.
In fact, such passive safety systems in their designs rely on natural forces, such as gravity or
natural convection, to perform their accident prevention and mitigation functions once
actuated and started: these driving forces are not generated by external power sources (e.g.,
pumped systems), as is the case in operating reactor designs. Because the magnitude of the
natural forces, which drive the operation of passive systems, is relatively small, counterforces (e.g. friction) can be of comparable magnitude and cannot be ignored as it is generally
1 In the following PSA (Probabilistic Safety Assessment) and PRA (Probabilistic Risk Assessment) are utilized
indifferently
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the case of systems including pumps. Moreover, there are considerable uncertainties
associated with factors on which the magnitude of these forces and counter forces depends
(e.g. values of heat transfer coefficients and pressure losses). In addition, the magnitude of
such natural driving forces depends on specific plant conditions and configurations which
could exist at the time a system is called upon to perform its safety function. All these
aspects affect the thermal-hydraulic (T-H) performance of the passive system.
Consequently, a lot of efforts have been devoted mostly to the development of consistent
approaches and methodologies aimed at the reliability assessment of the T-H passive
systems, with reference to the evaluation of the implemented physical principles (gravity,
conduction, etc.). For example, the system fault tree in case of passive systems would consist
of basic events, representing failure of the physical phenomena and failure of activating
devices: the use of thermal-hydraulic analysis related information for modeling the passive
systems should be considered in the assessment process.
The efforts conducted so far to deal with the passive safety systems reliability, have raised
an amount of open issues to be addressed in a consistent way, in order to endorse the
proposed approaches and to add credit to the underlying models and the eventual
reliability figures, resulting from their application. In fact the applications of the proposed
methodologies are to a large extent dependent upon the assumptions underlying the
methods themselves. At the international level, for instance, IAEA recently coordinated a
research project, denoted as “Natural Circulation Phenomena, Modelling and Reliability of
Passive Systems” (2004-2008), [2,3], while another coordinated research project on
“Development of Methodologies for the Assessment of Passive Safety System Performance in
Advanced Reactors” (2008-2011) is currently underway: while focus of the former project has
been the natural circulation and related phenomena, the objective of the latter program is to
determine a common analysis-and-test method for reliability assessment of passive safety
system performance. This chapter provides the insights resulting from the analysis on the
technical issues associated with assessing the reliability of passive systems in the context of
nuclear safety and probabilistic safety analysis, and a viable path towards the
implementation of the research efforts in the related areas is delineated as well. Focus on
these issues is very important since it is the major goal of the international research activities
(e.g. IAEA) to strive to reach a common consensus about the different proposed approaches.
The chapter is organized as follows: after an overview on passive safety systems being
implemented in the design of innovative reactors and an introduction on the main
components of Probabilistic Safety Assessment approach, at first the current available
methodologies are illustrated and compared, the open issues coming out from their analysis
are identified and for which one of them the state of the art and the outlook is presented; the
relative importance of each of them within the evaluation process is presented as well.

2. Passive systems implementation in advanced reactor designs
Several advanced water cooled reactor designs incorporate passive safety systems based on
natural circulation, as described in [2,3]: some of the most relevant design concepts for
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natural circulation systems are described hereafter and namely as regards AP600/AP1000,
ESBWR and ABWR designs.
It is important to note that the incorporation of systems based on natural circulation to
achieve plant safety and economic goals is being extended also to Generation-IV reactor
concepts: however due to the early stage of the design - many systems are not yet
established - they are not explicitly addressed.

2.1. AP600/AP1000 Passive Residual Heat Removal systems (PRHR)
Figure 1 presents a schematic that describes the connections of the primary system passive
safety systems.

Figure 1. Passive Safety Systems used in the AP600/AP1000 Designs

The AP600/AP1000 passive safety systems consist of:








A Passive Residual Heat Removal (PRHR) System
Two Core Make-up Tanks (CMTs)
A Four Stage Automatic Depressurization System (ADS)
Two Accumulator Tanks (ACC)
An In-containment Refueling Water Storage Tank, (IRWST)
A Lower Containment Sump (CS)
Passive Containment Cooling System (PCS)

The PRHR implemented in the Westinghouse AP1000 design consists of a C-Tube type heat
exchanger in the water-filled In-containment Refuelling Water Storage Tank (IRWST) as
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shown in the schematic given in Figure 2. The PRHR provides primary coolant heat removal
via a natural circulation loop. Hot water rises through the PRHR inlet line attached to one of
the hot legs. The hot water enters the tube sheet in the top header of the PRHR heat
exchanger at full system pressure and temperature. The IRWST is filled with cold borated
water and is open to containment heat removal from the PRHR heat exchanger occurs by
boiling on the outside surface of the tubes. The cold primary coolant returns to the primary
loop via the PRHR outline line that is connected to the steam generator lower head.

Figure 2. AP1000 passive residual heat removal systems (PRHR)

2.2. ESBWR (Economic Simplified Boiling Water Reactor) Isolation Condenser
System (ICS)
During a Loss of Coolant Accident (LOCA), the reactor shuts down and the Reactor Pressure
Vessel (RPV) is isolated by closing the main steam line isolation valves. The ICS removes
decay heat after any reactor isolation. In other words, the ICS passively removes sensible and
core decay heat from the reactor when the normal heat removal system is unavailable. Decay
heat removal limits further increases in steam pressure and keeps the RPV pressure below the
safety set point. The arrangement of the IC heat exchanger is shown in Figure 3.
The ICS consists of four independent loops, each containing two heat exchanger modules
that condense steam inside the tube and transfers heat by heating/evaporating water in the
IC pool, which is vented to the atmosphere. This transferring mechanism from IC tubes to
the surrounding IC pool water is accomplished by natural convection, and no forced
circulation equipment is required.
The ICS is initiated automatically by any of the following signals: high reactor pressure,
main steam line isolation valve (MSIV) closure, or an RPV water level signal. To operate the
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ICS, the IC condensate return valve is opened whereupon the standing condensate drains
into the reactor and the steam water interface in the IC tube bundle moves downward below
the lower headers.

Figure 3. Isolation condenser arrangement

2.3. ESBWR Passive Containment Cooling System (PCCS)
The PCCS is a passive system which removes the decay heat released to the containment and
maintains the containment within its pressure limits for design basis accidents such as a
LOCA. The schematic of the PCCS is shown in Figure 4. The PCC heat exchangers receive a
steam-gas mixture from the Dry Well (DW), condense the steam and return the condensate to
the RPV via the Gravity Driven Cooling System GDCS pools. The non condensable gas is
vented to the Wet Well (WW) gas space through a vent line submerged in the Suppression
Pool (SP). The venting of the non condensable gas is driven by the differential pressure
between the DW and WW. The PCCS condenser, which is open to the containment, receives a
steam-gas mixture supply directly from the DW. Therefore, the PCCS operation requires no
sensing, control, logic or power actuated devices for operation. The PCCS consists of six PCCS
condensers. Each PCCS condenser is made of two identical modules and each entire PCCS
condenser two-module assembly is designed for 11 MWt capacity. The condenser condenses
steam on the tube side and transfers heat to the water in the IC/PCC pool. The evaporated
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steam in the IC/PCC pool is vented to the atmosphere. PCCS condensers are located in the
large open IC/PCC pool, which are designed to allow full use of the collective water inventory.

Figure 4. Passive containment cooling condenser arrangement

2.4. ABWR (Advanced Boiling Water Reactor) passive reactor cooling system and
passive containment cooling system
The passive heat removal system (PHRS) consists of two dedicated systems (Figure 5, right)
namely the passive reactor cooling system (PRCS: the same as Isolation condenser) and the
passive containment cooling system (PCCS), that use a common heat sink pool above the
containment allowing a one-day grace period, with a 4*50% redundancy (Figure 5, left).
These passive systems not only cover beyond DBA condition, but also provide in-depth heat
removal backup for the RHR.
In addition, they provide the overpressure protection safety function, practically excluding
the necessity of containment venting before and after core damage. Figure 6 shows PCCS
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functional schematic and an example of containment pressure transient following typical
low pressure core melt scenario.

Figure 5. ABWR Passive heat removal system

Figure 6. Example of containment pressure transient following typical low pressure core melt scenario.

3. Overview of PSA
PSA methodology widely used in the nuclear power industry is deemed helpful to the
safety assessment of the facility and along the correspondent licensing process: probabilistic
safety assessment can provide insights into safety and identify measures for informing
designers of the safety of the plant.
The first comprehensive application of the PSA dates back to 1975, to the United States
Nuclear Regulatory Commission's (U.S. NRC) Reactor Safety Study [4]. Since that pioneering
study, there has been substantial methodological development, and PSA techniques have
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become a standard tool in the safety evaluation of the nuclear power plants (NPPs) and
industrial installations in general. Due to historical reasons, the PSA sometimes is called PRA.
As the most important area of PSA projects remains nuclear power plants, mainly due to the
specific features of the nuclear installations, three levels of PSA have evolved:
Level 1:The assessment of plant failures leading to core damage and the estimation of core
damage frequency. A Level 1 PSA provides insights into design weaknesses and ways of
preventing core damage. In the case of other industrial assessments, Level 1 PSA provides
estimates of the accidents frequency and the main contributors.
Level 2: As possible releases are additionally protected by containment in most NPPs, PSA
at this response and severe accident management possibilities. The results obtained in Level
1 are the basis for Level 2 quantification. In the case of other industrial assessments, Level 2
PSA might be fully covered by Level 1, as containment function is rather unique feature and
is not common in other industries.
Level 3: The assessment of off-site consequences leading to estimates of risks to the public.
Level 3 incorporates results om both previous levels.
Level1 PSA is the most important level and creates the background for further risk
assessment, therefore it will be presented in detail. The structure of the other levels is much
more application specific, and will be discussed only in general.
The methodology is based on systematically: 1) postulating potential accident scenarios
triggered by an initiating event (IE), 2) identifying the systems acting as “defences” against
these scenarios, 3) decomposing the systems into components, associating the failure modes
and relative probabilities, 4) assessing the frequency of the accident scenarios. Two elements
of the PSA methodology typically stand out:




The event tree (ET) which is used to model the accident scenarios: it represents the main
sequences of functional success and failure of safety systems appointed to cope with the
initiating events and the consequences of each sequence. These consequences, denoted
also as end states, are identified either as a safe end state or an accident end state.
The fault tree (FT) which documents the systematic, deductive analysis of all the
possible causes for the failure of the required function within an accident scenario
modelled by the ET. A FT analysis is performed for each of the safety systems, required
in response to the IE.

Assigning the safe end state to a sequence means that the scenario has been successfully
terminated and undesired consequences have not occurred. In contrast the accident end
state means that the sequence has resulted in undesired consequences.
Synthetically, the methodology embraced for the analysis consists of the following major tasks:



identification of initiating events or initiating event groups of accident sequences: each
initiator is defined by a frequency of occurrence;
systems analysis: identification of functions to be performed in response to each
initiating events to successfully prevent plant damage or to mitigate the consequences
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and identification of the correspondent plant systems that perform these functions
(termed front-line systems): for each system the probability of failure is assessed, by
fault tree model;
accident sequences development by constructing event trees for each initiating event or
initiating event groups;
accident sequences analysis to assess the frequencies of all relevant accident sequences;
identification of dominant sequences on a frequency-consequence base, i.e. the ones
presenting the most severe consequences to the personnel, the plant, the public and the
environment and definition of the reference accident scenarios to be further analysed
through deterministic transient analysis (for instance by t-h code simulation), in order
to verify the fulfilment of the safety criteria. Consequences in the case of Level 1 PSA of
NPPs are usually defined as degrees of reactor core damage, including 'safe' state and
'severe' accident state.

One of the main issues encountered in probabilistic analysis concerns the availability of
pertinent data for the quantification of the risk, which eventually raises a large uncertainty
in the results achieved. Usually these data are accessible from consolidated data bases (e.g.
IAEA), resulting from the operational experience of the plants.
They pertain, for instance, to component failure rates, component probability on demand,
initiating event frequency: for this reason within a PSA study usually an uncertainty
analysis, in addition to a sensitivity analysis, is required in order to add credit to the model
and to assess if sequences have been correctly evaluated on the probabilistic standpoint.
Event trees are used for the graphical and logical presentation of the accident sequences. An
example of an event tree is shown in Figure 7. The logical combinations of success/failure
conditions of functions or systems (usually safety systems, also called front-line systems) in
the event tree are modelled by the fault tree.

Figure 7. Example of an event tree
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A fault tree logically combines the top event (e.g. complete failure of a support system) and
the causes for that event (e.g. equipment failure, operator error etc.). An example of the fault
tree is shown in Figure 8. The fault tree mainly consists of the basic events (all possible
causes of the top event that are consistent with the level of detail of the study) and logical
gates (OR, AND, M out of N and other logical operations). Other modelling tools, like
common cause failures, house or area events are also used in the fault trees. All front-line
and support systems are modelled by the fault trees and then combined in the event trees
depending on the initiating event.

Figure 8. Example of a fault tree

A fault tree is capable to include rather special cases, usually identified in complex systems.
These include system and components dependencies, called common cause failures
(simultaneous failures of several components due to the same reason), area events (usually
fire, flood etc., which damages groups of components in certain rooms), human actions
(operator errors or mitigation actions).
The PSA is a powerful tool that can be used in many different ways to assess, understand
and manage risk. Its primarily objectives are the following:
-

estimate risk level of the facility,
identify dominant event sequences affecting safety of the facility,
identify systems, components and human actions important for safety,
assess important dependencies (among systems or man-machine interactions),
provide decision support in various application areas.

The growing area of PSA use is extensive support of probabilistic results in risk
management and decision-making processes. The main areas of the PSA applications are
assessment of design modifications and back-fitting, risk informed optimization of the
Technical Specifications, accident management, emergency planning and others. Several
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modern tools of risk management are also based on the PSA model, such as risk monitoring,
precursor analysis and others.
Despite its popularity among the risk assessment tools, the PSA has a number of imitations
and drawbacks. The main limitations of the PSA model are the following:
Binary representation of the component state. Only two states are analyzed: failed state or fully
functioning state. However, this is not always realistic, as intermediate states are also
possible. The same limitation exists for the redundant systems with certain success criteria system is in failed state (success criteria is not satisfied) or in full power. The intermediate
states for redundant systems are even more important.
Independence. In most cases, the components are assumed to be independent (except
modelled by CCF), however there are many sources of dependencies, not treated by the
model.
Aging effect. The aging effect is ignored because of the constant failure rate assumption. The
only conservative possibility to treat the aging impact is to perform sensitivity study.
Time treatment. The FT/ET model is not capable to treat time explicitly during the accident
progression. This is one of the major drawbacks of the methodology. In realistic systems,
many parameters and functions depend on time and this is not encountered in the model
and only approximate chronological order is assumed.
Uncertainty of the calculations. Uncertainties are inevitable in the PSA results and calculations
and therefore direct treatment of the quantitative PSA estimates might be misleading. Due
to the fact of uncertainties, the qualitative PSA results (identification of dominant accident
sequences, comparison of different safety modifications) are of greater importance than
quantitative.

4. Passive system unavailability model
The reliability of a passive system refers to the ability of the system to carry out a safety
function under the prevailing conditions when required and addresses mainly the related
performance stability.
In general the reliability of passive systems should be seen from two main aspects:
-

systems/components reliability (e.g. piping, valves), as, for instance, the failure to startup the system operation (e.g. drain valve failure to open)
physical phenomena reliability, which addresses mainly the natural circulation
stability, and the proneness of the system to the failure is dependent on the boundary
conditions and the mechanisms needed for maintaining the intrinsic phenomena rather
than on component malfunctions.

These two kinds of system malfunction are to to be considered as ET headings, to be
assessed by specific FT components, as shown in figures 9 and 10.
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Figure 9. Event tree development

Figure 10. Fault tree model

The first facet calls for well-engineered safety components with at least the same level of
reliability of the active ones.
The second aspect is concerned with the way the physical principle (gravity and density
difference) operate and depends on the surrounding conditions related to accident
development in terms of thermal hydraulic parameters evolution (i.e. characteristic
parameters as flow rate and exchanged heat flux). This could require not a unique
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unreliability figure, but the unreliability to be re evaluated for each sequence following an
accident initiator, or at least for a small group of bounding accident sequences, enveloping
the ones chosen upon similarity of accident progress and expected consequences: with this
respect thermal hydraulic analysis of the accident is helpful to estimate the evolution of the
parameters during the accident progress.
First step of the analysis is the identification of the failure modes affecting the natural
circulation: for this scope two well structured commonly used qualitative hazard analysis,
as Failure Mode and Effect Analysis (FMEA) and HAZard and OPerability analysis
(HAZOP), specifically tailored on the topic, by considering the phenomenology typical of
natural circulation, are adopted.
This analysis concerns both mechanical components (e.g. valve, piping, heat exchanger) of
the system and the natural circulation itself, as “virtual” component and the system under
investigation is the aforementioned Isolation Condenser.
FMEA is a bottom-up procedure conducted at component level by which each failure mode
in a system is investigated in terms of failure causes, preventive actions on causes,
consequences on the system, corrective/preventive actions to mitigate the effects on the
system, while the HAZOP procedure considers any parameters characteristic of the system
(among pressure, temperature, flow rate, heat exchanged through the HX, opening of the
drain valve) and by applying a set of “guide” words, which imply a deviation from the
nominal conditions as for instance undesired decrease or increase, determines the
consequences of operating conditions outside the design intentions. FMEA and HAZOP
analysis are shown in Table 1 and 2 respectively.
The analysis points out several factors leading to disturbances in the Isolation Condenser
system; the list of these includes:






Unexpected mechanical and thermal loads, challenging the primary boundary integrity
HX plugging
Mechanical component malfunction, i.e. drain valve
Non-condensable gas build-up
Heat exchange process reduction: surface oxidation, thermal stratification, piping
layout, etc.

Finally a set of critical parameters direct indicators of the failure of the system is identified;
these include:







Non-condensable fraction
Undetected leakage
Valve closure area in the discharge line
Heat loss
Piping layout
HX plugged pipes
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Table 1. FMEA Table for the Isolation Condenser System

Reliability of Passive Systems in Nuclear Power Plants 41

This deviation is not evaluated, even if it implies an overcooling of the system that could potentially induce to
thermal stresses on core structures and reactor components, like the heat exchanger.

1

Table 2. HAZOP Table for the Isolation Condenser System

Each of these failure mode driving parameters is examined to determine the expected failure
probability by defining the range and the probability distribution function pertaining to the
parameter. These failure characteristics are then used to develop a probabilistic model to
predict the natural circulation failure.
As stated before FT technique seems to be the most suitable mean to quantify the passive
system unavailability, once introduced the failure modes in the form of critical parameters
elementary basic events, linked following the Boolean algebra rules (AND et OR), or in the
form of sub-fault trees. However the introduction of passive safety systems into an accident
scenario, in the fashion of a safety or front line system, deserves particular attention. The
reason is that its reliability figure depends more on the phenomenological nature of
occurrence of the failure modes rather than on the classical component mechanical and
electrical faults. This makes the relative assessment process different as regards the system
model commonly adopted in the fault tree approach as depicted before.
In fact, since the failure of the physical process is addressed, the conventional failure model
associated with the basic events (i.e. exponential, e–λt, λ failure rate, t mission time),
commonly used for component failure model, is not applicable: each pertinent basic event
will be characterized by defined parameters driving the failure mechanisms - e.g. non-
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condensable fraction, leak rate, partial opening of the isolation valve, heat exchanger
plugged pipes, etc. - and the associated failure criterion. Thus each basic event model
pertaining to the relevant failure mode requires the assignment of both the probability
distribution and range of the correspondent parameter and the definition of the critical
interval defining the failure (for example failure for non-condensable fraction >x%, leak rate
> x gr./sec or crack size > x cm2 and so on).In order to evaluate the overall probability of
failure of the system, the single failure probabilities are combined according to:
Pet = 1.0- ((1.0 - Pe1)*(1.0 - Pe2)*...*(1.0 - Pen))

(1)

where:
Pet overall probability of failure
Pe1 through Pen individual probabilities of failure pertaining to each failure mode, assuming
mutually non-exclusive independent events
The failure model relative to each single basic event is given by:
Pei= ∫ pi(x) dx x>xo

(2)

pi(x)probability distribution function of the parameter x
xothreshold value according to the failure criterion
It’s worth noting that the assumed failure criterion, based on the failure threshold for each
path, implies the neglecting of the “intermediate” modes of operation of the system or
equivalently the degraded performance of the system (up to the failure point): this gives
credit for a passive system that “partially works” and has failed for its intended function but
provides some operation. This operation could be sufficient to prolong the window for
opportunity to recover a failed system, for instance through redundancy configuration, and
ultimately prevent or arrest core degradation.
Once the probabilistic distributions of the parameters are assigned, the reliability of the
system can be directly obtained from (1) once a failure criterion is assigned and the single
failure probabilities are evaluated through (2): this point is being satisfied by assigning both
the range and the probability distributions, basing on expert judgment and engineering
assessment. In fact, as further illustrated, difficulties arise in assigning both the range and
the probability density functions relative to the critical parameters defining the failure
modes, in addition to the definition of a proper failure criterion, because of the lack of
operational experience and data.

5. Methodologies characterization and comparative assessment
A very good description of the various methodologies proposed so far and currently
available in the open literature is given in [5].
The earliest significant effort to quantify the reliability of such systems is represented by a
methodology known as REPAS (Reliability Evaluation of Passive Systems), [6], which has
been developed in late 1990s, cooperatively by ENEA, the University of Pisa, the Polytechnic
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of Milan and the University of Rome, that was later incorporated in the EU (European
Union) RMPS (Reliability Methods for Passive Systems) project. This methodology is based
on the evaluation of a failure probability of a system to carry out the desired function from
the epistemic uncertainties of those physical and geometric parameters which can cause a
failure of the system.
The RMPS methodology, described in [7], was developed to address the following
problems: 1) Identification and quantification of the sources of uncertainties and
determination of the important variables, 2) Propagation of the uncertainties through
thermal-hydraulic (T-H) models and assessment of passive system unreliability and 3)
Introduction of passive system unreliability in accident sequence analyses. In this approach,
the passive system is modelled by a qualified T-H code (e.g. CATHARE, RELAP) and the
reliability evaluation is based on results of code runs, whose inputs are sampled by MonteCarlo (M-C) simulation. This approach provides realistic assessment of the passive system
reliability, thanks to the flexibility of the M-C simulation, which adapts to T-H model
complexity without resort to simplifying approximation. In order to limit the number of T-H
code runs required by M-C simulation, alternative methods have been proposed such as
variance reduction techniques, first and second order reliability methods and response
surface methods. The RMPS methodology has been successfully applied to passive systems
utilizing natural circulation in different types of reactors (BWR, PWR, and VVER). A
complete example of application concerning the passive residual heat removal system of a
CAREM reactor is presented in [8]. The RMPS methodology tackles also an important
problem, which is the integration of passive system reliability in a PSA study. So far, in
existing innovative nuclear reactor projects PSA’s, only passive system components failure
probabilities are taken into account, disregarding the physical phenomena on which the
system is based, such as the natural circulation. The first attempts performed within the
framework of RMPS have taken into account the failures of the components of the passive
system as well as the impairment of the physical process involved like basic events in static
event tree as exposed in [7]. Two other steps have been identified after the development of
the RMPS methodology where an improvement was desirable: the inclusion of a formal
expert judgment (EJ) protocol to estimate distributions for parameters whose values are
either sparse on not available, and the use of efficient sensitivity analysis techniques to
estimate the impact of changes in the input parameter distributions on the reliability
estimates.
R&D in the United States on the reliability of passive safety systems has not been as active at
least until mid 2000. A few published papers from the Massachusetts Institute of
Technology (MIT) have demonstrated their development of approaches to the issue. Their
technique has examined TH uncertainties in passive cooling systems for Generation IV-type
gas-cooled reactors. The MIT research on the reliability of passive safety systems has taken a
similar approach but has focused on a different set of reactor technologies. Their research
has examined thermal hydraulic uncertainties in passive cooling systems for Generation IV
gas-cooled reactors, as described in [9,10]. Instead of post-design probabilistic risk analysis
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for regulatory purposes, the MIT research seeks to leverage the capabilities of probabilistic
risk assessment (PRA) to improve the design of the reactor systems early in their
development life cycle.
In addition to the RMPS approach, a number of alternative methodologies have been
investigated for the reliability assessment of T-H passive systems.
Three different methodologies have been proposed by ENEA (Italian National Agency for
New Technologies, Energy and Sustainable Economic Development). In the first
methodology [11], the failure probability is evaluated as the probability of occurrence of
different independent failure modes, a priori identified as leading to the violation of the
boundary conditions or physical mechanisms needed for successful passive system
operation.
This approach based on independent failure modes introduces a high level of conservatism
as it appears that the probability of failure of the system is relevantly high, because of the
combination of various modes of failure as in a series system, where a single fault is
sufficient to challenge the system performance. The correspondent value of probability of
failure can be conservatively assumed as the upper bound for the unavailability of the
system, within a sort of “parts-count” reliability estimation.
In the second, [12], modelling of the passive system is simplified by linking to the modelling
of the unreliability of the hardware components of the system: this is achieved by
identifying the hardware failures that degrade the natural mechanisms upon which the
passive system relies and associating the unreliability of the components designed to assure
the best conditions for passive function performance.
Thus, the probabilities of degraded physical mechanisms are reduced to unreliability figures
of the components whose failures challenge the successful passive system operation. If, on
the one hand, this approach may in theory represent a viable way to address the matter, on
the other hand, some critical issues arise with respect to the effectiveness and completeness
of the performance assessment over the entire range of possible failure modes that the
system may potentially undergo and their association to corresponding hardware failures.
In this simplified methodology, degradation of the natural circulation process is always
related to failures of active and passive components, not acknowledging, for instance, any
possibility of failure just because of unfavourable initial or boundary conditions. In addition,
the fault tree model adopted to represent the physical process decomposition is used as a
surrogate model to replace the complex T-H code that models the system behaviour. This
decomposition is not appropriate to predict interactions among physical phenomena and
makes it extremely difficult to realistically assess the impact of parametric uncertainty on
the performance of the system.
The third approach is based on the concept of functional failure, within the reliability
physics framework of load-capacity exceedance [7,13,14]. The functional reliability concept
is defined as the probability of the passive system failing to achieve its safety function as
specified in terms of a given safety variable crossing a fixed safety threshold, leading the
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load imposed on the system to overcome its capacity. In this framework, probability
distributions are assigned to both safety functional requirement on a safety physical
parameter (for example, a minimum threshold value of water mass flow required to be
circulating through the system for its successful performance) and system state (i.e., the
actual value of water mass flow circulating), to reflect the uncertainties in both the safety
thresholds for failure and the actual conditions of the system state. Thus the mission of the
passive system defines which parameter values are considered a failure by comparing the
corresponding pdfs according to defined safety criteria. The main drawback in the last
method devised by ENEA lies in the selection and definition of the probability distributions
that describe the characteristic parameters, based mainly on subjective/engineering
judgment.
Every one of three methods devised by ENEA shares with the main RMPS approach the
issue related to the uncertainties affecting the system performance assessment process. With
respect to the RMPS a greater simplicity is introduced, although detrimental to the relevance
of the approaches themselves: this is particularly relevant as far as the approach based on
hardware components failure is concerned.
Finally a different approach is followed in the APSRA (Assessment of Passive System
ReliAbility) methodology developed by BARC (Bhabha Atomic Research Centre, India), see
[15]. In this approach, a failure surface is generated by considering the deviation of all those
critical parameters, which influence the system performance. Then, the causes of deviation
of these parameters are found through root diagnosis. It is attributed that the deviation of
such physical parameters occurs only due to a failure of mechanical components such as
valves, control systems, etc. Then, the probability of failure of a system is evaluated from the
failure probability of these mechanical components through classical PSA treatment.
Moreover, to reduce the uncertainty in code predictions, BARC foresee to use in-house
experimental data from integral facilities as well as separate.
With reference to the two most relevant methodologies (i.e. RMPS and APSRA), the RMPS
consists mainly in the identification and quantification of parameter uncertainties in the
form of probability distributions, to be propagated directly into a T-H code or indirectly in
using a response surface; the APSRA methodology strives to assess not the uncertainty of
parameters but the causes of deviation from nominal conditions, which can be in the failure
of active or passive components or systems.
As a result, different approaches are used in the RMPS and APSRA methodologies. RMPS
proposes to take into account, in the PSA model, the failure of a physical process. This
problem is treated in using a best estimate T-H code plus uncertainty approach. APSRA
includes in the PSA model the failure of those components which cause a deviation of the
key parameters resulting in a system failure, but does not take into account possible
uncertainties on these key parameters. As the consequence, the T-H code is used in RMPS to
propagate the uncertainties and in APSRA to build a failure surface. APSRA incorporates an
important effort on qualification of the model and use of the available experimental data.
These aspects have not been studied in the RMPS, given the context of the RMPS project.
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The following Table attempts to identify the main characteristics of the methodologies
proposed so far, with respect to some aspects, such as the development of deterministic and
probabilistic approaches, the use of deterministic models to evaluate the system performance,
the identification of the sources of uncertainties and the application of expert judgment.
Probabilistic
vs.
deterministic
Merge of
probabilistic
REPAS/RMPS and thermal
hydraulic
aspects
Methodology

APSRA

ENEA
approaches

Deterministic
Analysis
T-H code
adopted
for
uncertainty
propagation

Uncertainties

Uncertainties in
parameters
modelled by
probability
density functions
parameters'
deviations
Merge of
T-H code
from nominal
probabilistic
adopted
conditions caused
and thermal
to build the
by failure of
hydraulic
failure surface active or passive
aspects
components (root
diagnosis)
Only
Uncertainties
probabilistic
in parameters
aspects

Expert
Judgment/Experimental
data
EJ adopted to a large extent;
Statistical analysis when
experimental data exist

Experimental data usage;
EJ for root diagnosis

EJ adopted to a large extent
(except the approach based
on hardware failure)

Table 3. Main features of the various approaches

6. Open issues
From the exam of the various methodologies, which have been developed over these most
recent years within the community of the safety research, and are currently available in the
open literature, the following open questions are highlighted and consequently needs for
research in all related areas are pointed out :






The aspects relative to the assessment of the uncertainties related to passive system
performance: they regard both the best estimate T-H codes used for their evaluation
and system reliability assessment itself;
The dependencies among the parameters, mostly T-H parameters, playing a key role in
the whole process assessment.
The integration of the passive systems within an accident sequence in combination with
active systems and human actions.
The consideration for the physical process and involved physical quantities dependence
upon time, implying, for instance, the development of dynamic event tree to
incorporate the interactions between the physical parameter evolution and the state of
the system and/or the transition of the system from one state to another.
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It’s worth noticing that these two last aspects are correlated, but hey will be treated
separately.


The comparison between active and passive systems, mainly on a functional viewpoint.

All of these points are elaborated in the following, in an attempt to cover the entire spectrum
of issues related to the topic, and capture all the relevant aspects to concentrate on and
devote resources towards for fulfilling a significant advance.

6.1. Uncertainties
The quantity of uncertainties affecting the operation of the T-H passive systems affects
considerably the relative process devoted to reliability evaluation, within a probabilistic
safety analysis framework, as recognized in [7].
These uncertainties stem mainly from the deviations of the natural forces or physical
principles, upon which they rely (e.g., gravity and density difference), from the expected
conditions due to the inception of T-H factors impairing the system performance or to
changes of the initial and boundary conditions, so that the passive system may fail to meet
the required function. Indeed a lot of uncertainties arise, when addressing these
phenomena, most of them being almost unknown due mainly to the scarcity of operational
and experimental data and, consequently, difficulties arise in performing meaningful
reliability analysis and deriving credible reliability figures. This is usually designated as
phenomenological uncertainty, which becomes particularly relevant when innovative or
untested technologies are applied, eventually contributing significantly to the overall
uncertainty related to the reliability assessment.
Actually there are two facets to this uncertainty, i.e., “aleatory” and “epistemic” that,
because of their natures, must be treated differently. The aleatory uncertainty is that
addressed when the phenomena or events being modelled are characterized as occurring in
a “random” or “stochastic” manner and probabilistic models are adopted to describe their
occurrences. The epistemic uncertainty is that associated with the analyst’s confidence in the
prediction of the PSA model itself, and it reflects the analyst’s assessment of how well the
PSA model represents the actual system to be modelled. This has also been referred to as
state-of-knowledge uncertainty, which is suitable to reduction as opposed to the aleatory
which is, by its nature, irreducible. The uncertainties concerned with the reliability of
passive system are both stochastic, because of the randomness of phenomena occurrence,
and of epistemic nature, i.e. related to the state of knowledge about the phenomena, because
of the lack of significant operational and experimental data.
For instance, as initial step, the approach described in [16]. allows identifying the
uncertainties pertaining to passive system operation in terms of critical parameters driving
the modes of failure, as, for instance, the presence of non-condensable gas, thermal
stratification and so on. In this context the critical parameters are recognized as epistemic
uncertainties.
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The same reference points out, as well, the difference between the uncertainties related to
passive system reliability and the uncertainties related to the T-H codes (e.g. RELAP),
utilized to evaluate the performance itself, as the ones related to the coefficients,
correlations, nodalization, etc.: these specific uncertainties, of epistemic nature, in turn affect
the overall uncertainty in T-H passive system performance and impinge on the final sought
reliability figure.
A further step of the matter can be found in[11], which attempts to assign sound
distributions to the critical parameters, to further develop a probabilistic model. As is of
common use when the availability of data is limited, subjective probability distributions are
elicited from expert/engineering judgment procedure, to characterize the critical parameters.
Three following classes of uncertainties to be addressed are identified:







Geometrical properties: this category of uncertainty is generally concerned with the
variations between the as-built system layout and the design utilized in the analysis:
this is very relevant for the piping layout (e.g. suction pipe inclination at the inlet of the
heat exchanger, in the isolation condenser reference configuration) and heat loss modes
of failure.
Material properties: material properties are very important in estimating the failure
modes concerning for instance the undetected leakages and the heat loss.
Design parameters, corresponding to the initial/boundary conditions (for instance, the
actual values taken by design parameters, like the pressure in the reactor pressure
vessel).
Phenomenological analysis: the natural circulation failure assessment is very sensitive
to uncertainties in parameters and models used in the thermal hydraulic analysis of the
system. Some of the sources of uncertainties include but are not limited to: the
definition of failure of the system used in the analysis, the simplified model used in the
analysis, the analysis method and the analysis focus on failure locations and modes and
finally the selection of the parameters affecting the system performance.

The first, second and third groups are part of the category of aleatory uncertainties because
they represent the stochastic variability of the analysis inputs and they are not reducible.
The fourth category is referred to the epistemic uncertainties, due to the lack of knowledge
about the observed phenomenon and thus suitable for reduction by gathering a relevant
amount of information and data. This class of uncertainties must be subjectively evaluated,
since no complete investigation of these uncertainties is available.
A clear prospect of the uncertainties as shown in Table 4 [5].
As emphasized above, clearly the epistemic uncertainties address mostly the phenomena
underlying the passive operation and the parameters and models used in the T-H analysis
of the system (including the ones related to the best estimate code) and the system failure
analysis itself. Some of the sources of uncertainties include but are not limited to the
definition of failure of the system used in the analysis, the simplified model used in the
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analysis, the analysis method and the analysis focus of failure locations and modes and
finally the selection of the parameters affecting the system performance. With this respect, it
is important to underline, again, that the lack of relevant reliability and operational data
imposes the reliance on the underlying expert judgment for an adequate treatment of the
uncertainties, thus making the results conditional upon the expert judgment elicitation
process. This can range from the simple engineering/subjective assessment to a well
structured procedure based on expert judgment elicitation, as reported in [17], which
outlines the main aspects of the REPAS procedure.
Aleatory
Geometrical properties
Material properties
Initial/boundary conditions (design parameters)
Epistemic
T-H analysis
Model (correlations)
Parameters
System failure analysis
Failure criteria
Failure modes (critical parameters)
Table 4. Categories of uncertainties associated with T-H passive systems reliability assessment

In ref. [17], in order to simplify both the identification of the ranges and their corresponding
probabilities, initially discrete values have been selected. As a general rule, a central pivot
has been identified, and then the range has been extended to higher and lower values, if
applicable. The pivot value represents the nominal condition for the parameter. The limits
have been chosen in order to exclude unrealistic values or those values representing a limit
zone for the operation demand of the passive system. Once the discrete ranges have been set
up, discrete probability distributions have been associated, to represent the probabilities of
occurrence of the values. As in the previous step, the general rule adopted is that the higher
probability of occurrence corresponds to the nominal value for the parameter. Then lower
probabilities have been assigned to the other values, as much low the probability as much
wide the distance from the nominal value, as in a sort of Gaussian distribution.
Ultimately, as underlined in the previous section, the methodologies proposed in RMPS and
within the studies conducted by MIT address the question by propagating the parameter and
model uncertainties, by performing Monte Carlo simulations on the detailed T-H model based
on a mechanistic code, and calculating the distribution of the safety variable and thus the
probability of observing a value above the defined limit, according to the safety criterion.

6.2. Dependencies
Alike some other types of analyses for nuclear power plants, the documented experience
with PSS reliability seems to focus on the analysis of one passive attribute at a time. In many
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cases, this may be sufficient, but for some advanced designs with multiple passive features,
modelling of the synergistic effects among them is important. For example, modelling of a
passive core cooling system may require simultaneous modelling of the amount of non
condensable gases which build up along the circuit during extended periods of operation,
the potential for stratification in the cooling pool, and interactions between the passive core
cooling system and the core. Analysis of each of these aspects independently may not fully
capture the important boundary conditions of each system. For instance, with regard to the
aforementioned methodologies, the basic simplifying assumption of independence among
system performance relevant parameters, as the degradation measures, means that the
correlation among the critical parameter distributions is zero or is very low to be judged
significant, so that the assessment of the failure probability is quite straightforward. If
parameters have contributors to their uncertainty in common, the respective states of
knowledge are dependent. As a consequence of this dependence, parameter values cannot
be combined freely and independently. Instances of such limitations need to be identified
and the dependencies need to be quantified. If the analyst knows of dependencies between
parameters explicitly, multivariate distributions or conditional subjective pdfs (probability
density functions) may be used. The dependence between the parameters can be also
introduced by covariance matrices or by functional relations between the parameters.
As observed in [15], both REPAS and RMPS approaches adopt a probability density
function (pdf) to treat variations of the critical parameters considered in the predictions of
codes. To apply the methodology, one needs to have the pdf values of these parameters.
However, it is difficult to assign accurate pdf treatment of these parameters, which
ultimately define the functional failure, due to the scarcity of available data, both on an
experimental and operational ground. Moreover, these parameters are not really
independent ones to have deviation of their own. Rather deviations of them from their
nominal conditions occur due to failure/malfunctioning of other components or as a result
of the combination with different concomitant mechanisms. Thus the hypothesis of
independence among the failure driving parameters appears non proper.
With reference to the functional reliability approach set forth in [13], the selected
representative parameters defining the system performance, for instance coolant flow or
exchanged thermal power, are properly modelled through the construction of joint
probability functions in order to assess the correspondent functional reliability. A recent
study shows how the assumption of independence between the marginal distributions to
construct the joint probability distributions to evaluate system reliability adds conservatism
to the analysis, [18]: for this reason the model is implemented to incorporate the correlations
between the parameters, in the form of bivariate normal probability distributions. That
study has the merit to highlight the dependence among the parameters underlying the
system performance: further studies are underway, with regard, for instance to the
approach based on independent failure modes. As described in the previous section 2, this
approach begins by identifying critical parameters, properly modelled through probability
functions, as input to basic events, corresponding to the failure modes, arranged in a series
system configuration, assuming non-mutually exclusive independent events. It introduces a
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high level of conservatism as it appears that the probability of failure of the system is
relevantly high to be considered acceptable, because of the combination of various modes of
failure, where a single fault is sufficient to challenge the system performance. Initial
evaluations, [19], reveal that the critical parameters are not suitable to be chosen
independently of each other, mainly because of the expected synergism between the
different phenomena under investigation, with the potential to jeopardize the system
performance. This conclusion allows the implementation of the proposed methodology, by
properly capturing the interaction between various failure modes, through modelling
system performance under multiple degradation measures. It was verified that when the
multiple degradation measures in a system are correlated, an incorrect independence
assumption may overestimate the system reliability, according to a recent study, [20].

6.3. Incorporation of passive system within probabilistic safety assessment
PSA has been introduced for the evaluation of design and safety in the development of
those reactors. A technology-neutral framework, that adopts PSA information as a major
evaluation tool, has been proposed as the framework for the evaluation of safety or
regulation for those reactors [21,22]. To utilize this framework, the evaluation of the
reliability of Passive Systems has been recognized as an essential part of PSA.
In PSA, the status of individual systems such as a passive system is assessed by an accident
sequence analysis to identify the integrated behaviour of a nuclear system and to assign its
integrated system status, i.e. the end states of accident sequences. Because of the features
specific of a passive system, it is difficult to define the status of a passive system in the
accident sequence analysis. In other words, the status of a passive system does not become a
robust form such as success or failure, since “intermediate” modes of operation of the
system or equivalently the degraded performance of the system (up to the failure point) is
possible. This gives credit for a passive system that “partially works” and has failed for its
intended function but provides some operation: this operation could be sufficient to prolong
the window for opportunity to recover a failed system, for instance through redundancy
configuration, and ultimately prevent or arrest core degradation [19]. This means that the
status of a passive system can be divided into several states, and each status is affected by
the integrated behaviour of the reactor, because its individual performance is closely related
with the accident evolution and whole plant behaviour.
Ref. [23] lays the foundations to outline a general approach for the integration of a passive
system, in the form of a front line system and in combination with active ones and/or human
actions, within a PSA framework.
In [7] a consistent approach, based on an event tree representation, has been developed to
incorporate in a PSA study the results of reliability analyses of passive systems obtained on
specific accident sequences. In this approach, the accident sequences are analyzed by taking
into account the success or the failure of the components and of the physical process
involved in the passive systems. This methodology allows the probabilistic evaluation of the
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influence of a passive system on a definite accident scenario and could be used to test the
advantage of replacing an active system by a passive system in specific situations.
However in order to generalize the methodology, it is important to take into account the
dynamic aspects differently than by their alone modelling into the T-H code. Indeed in
complex situations where several safety systems are competing and where the human
operation cannot be completely eliminated, this modelling should prove to be impossible or
too expensive in computing times. It is thus interesting to explore other solutions already
used in the dynamic PSA, like the method of the dynamic event trees, in order to capture the
interaction between the process parameters and the system state within the dynamical
evolution of the accident.
In the PSA of nuclear power plants (NPPs), accident scenarios, which are dynamic in nature,
are usually analyzed with event trees and fault trees.
The current PSA framework has some limitations in handling the actual timing of events,
whose variability may influence the successive evolution of the scenarios, and in modelling the
interactions between the physical evolution of the process variables (temperatures, pressures,
mass flows, etc.,) and the behaviour of the hardware components. Thus, differences in the
sequential order of the same success and failure events and the timing of event occurrence
along an accident scenario may affect its evolution and outcome; also, the evolution of the
process variables (temperatures, pressures, mass flows, etc.,) may affect the event occurrence
probabilities and thus the developing scenario. Another limitation lies in the binary
representations of system states (i.e., success or failure), disregarding the intermediate states,
which conversely concern the passive system operation, as illustrated above.
To overcome the above-mentioned limitations, dynamic methodologies have been
investigated which attempt to capture the integrated response of the systems/components
during an accident scenario [24].
The most evident difference between dynamic event trees (DETs) and the event trees (ETs)
is as follows. ETs, which are typically used in the industrial PSA, are constructed by an
analyst, and their branches are based on success/ failure criteria set by the analyst. These
criteria are based on simulations of the plant dynamics. On the contrary, DETs are produced
by a software that embeds the models that simulates the plant dynamics into stochastic
models of components failure. A challenge arising from the dynamic approach to PSA is
that the number of scenarios to be analyzed is much larger than that of the classical
fault/event tree approaches, so that the a posteriori information retrieval can become quite
onerous and complex.
This is even more relevant as far as thermal hydraulic natural circulation passive systems
are concerned since their operation is strongly dependent, more than other safety systems,
upon time and the state/parameter evolution of the system during the accident progression.
Merging probabilistic models with T-H models, i.e. dynamic reliability, is required to
accomplish the evaluation process of T-H passive systems in a consistent manner: this is
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particularly relevant with regard to the introduction of a passive system in an accident
sequence, since the required mission could be longer than 24 h as usual level 1 PSA mission
time. In fact for design basis accidents, the passive systems are required to establish and
maintain core cooling and containment integrity, with no operator intervention or
requirement for a.c. power for 72 h, as a grace time [25].
The goal of dynamic PRA is to account for the interaction of the process dynamics and the
stochastic nature/behavior of the system at various stages: it associates the state/parameter
evaluation capability of the thermal hydraulic analysis to the dynamic event tree generation
capability approach. The methodology should estimate the physical variation of all technical
parameters and the frequency of the accident sequences when the dynamic effects are
considered. If the component failure probabilities (e.g. valve per-demand probability) are
known, then these probabilities can be combined with the probability distributions of
estimated parameters in order to predict the probabilistic evolution of each scenario
outcome.
A preliminary attempt in addressing the dynamic aspect of the system performance in the
frame of passive system reliability is shown in [26], which introduces the T-H passive
system as a non-stationary stochastic process, where the natural circulation is modeled in
terms of time-variant performance parameters, (as for instance mass flow-rate and thermal
power, to cite any) assumed as stochastic variables. In that work, the statistics associated
with the stochastic variables change in time (in terms of associated mean values and
standard deviations increase or decrease, for instance), so that the random variables have
different values in every realization, and hence every realization is different.

6.4. Comparative assessment between active and passive systems
The design and development of future water-cooled reactors address the use of passive
safety systems, i.e. those characterized by no or very limited reliance on external input
(forces, power or signal, or human action) and whose operation takes advantage of natural
forces, such as free convection and gravity, to fulfil the required safety function and to
provide confidence in the plant’s ability to handle transients and accidents. Therefore, they
are required to accomplish their mission with a sufficient reliability margin that makes them
attractive as an important means of achieving both simplification and cost reduction for
future plants while assuring safety requirements with lesser dependence of the safety
function on active components like pumps and diesel generators.
On the other hand, since the magnitude of the natural forces, which drive the operation of
passive systems, is relatively small, counter-forces (e.g. friction) can be of comparable
magnitude and cannot be ignored as is generally the case with pumped systems. This
concern leads to the consideration that, despite the fact that passive systems “should be” or,
at least, are considered, more reliable than active ones - because of the smaller unavailability
due to hardware failure and human error - there is always a nonzero likelihood of the
occurrence of physical phenomena leading to pertinent failure modes, once the system
enters into operation.
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These characteristics of a high level of uncertainty and low driving forces for heat removal
purposes justify the comparative evaluation between passive and active options, with
respect to the accomplishment of a defined safety function (e.g. decay heat removal) and the
generally accepted viewpoint that passive system design is more reliable and more
economical than active system design has to be discussed [27].
Here are some of the benefits and disadvantages of the passive systems that should be
evaluated vs. the correspondent active system.
















Advantages
No external power supply: no loss of power accident has to be considered.
No human factor, implying no inclusion of the operator error in the analysis.
Better impact on public acceptance, due to the presence of “natural forces”.
Less complex system than active and therefore economic competitiveness.
Passive systems must be designed with consideration for ease of ISI, testing and
maintenance so that the dose to the worker is much less.
Drawbacks
Reliance on “low driving forces”, as a source of uncertainty, and therefore need for T-H
uncertainties modeling.
Licensing requirement (open issue), since the reliability has to be incorporated within
the licensing process of the reactor. For instance the PRA’s should be reviewed to
determine the level of uncertainty included in the models.
Need for operational tests, so that dependence upon human factor can not be neglected.
Time response: the promptness of the system intervention is relevant to the safety
function accomplishment. It appears that the inception of the passive system operation,
as the natural circulation, is conditional upon the actuation of some active components
(as the return valve opening) and the onset of the conditions/mechanisms for natural
circulation start-up
Reliability and performance assessment in any case. Quantification of their functional
reliability from normal power operation to transients including accidental conditions
needs to be evaluated. Functional failure can happen if the boundary conditions deviate
from the specified value on which the performance of the system depends.
Ageing of passive systems must be considered for longer plant life; for example
corrosion and deposits on heat exchanger surfaces could impair their function.
Economics of advanced reactors with passive systems, although claimed to be cheaper,
must be estimated especially for construction and decommissioning.

The question whether it is favourable to adopt passive systems in the design of a new reactor
to accomplish safety functions is still to be debated and a common consensus has not yet been
reached, about the quantification of safety and cost benefits which make nuclear power more
competitive, from potential annual maintenance cost reductions to safety system response.

7. Final remarks
Based on the analysis of the critical aspects related to the open points discussed in the
previous section a qualitative analysis, on the basis of the author’s opinion, reported in

Reliability of Passive Systems in Nuclear Power Plants 55

Table 5 below aims at identifying for each of the above items both the criticality with respect
to the passive system reliability assessment process, in terms of the relative importance and
the existing advancement, according to Table 6 which ranks the relative level of both the
importance and progress.
Item

Importance
H
M
M
H

Uncertainties
Dependencies
Integration within PSA
Passive vs. Active

Advance
L
L
L
L

Table 5. Importance analysis

Importance

Grade
H
M
L

Advance

H
M
L

Definition
The item is expected to have a significant impact on the
system failure
The item is expected to have a moderate impact on the
system failure
The item is expected to have only a small impact on the
system failure
The issue is modelled in a detailed way with adequate
validation
The issue is represented by simple modelling based on
experimental observations or results.
The issue is not represented in the analysis or the models
are too complex or inappropriate which indicates that the
calculation results will have a high degree of ambiguity

Table 6. Grade rank for importance and advancement analysis

It is clear that he worst case is characterized by “high “and “low” rankings relative
respectively to the importance and the advancement aspects, thus making the
correspondent item development a critical challenge.
Based on this, the results of this qualitative analysis show the relevance relative to the
uncertainties and the comparison between active and passive, as most critical points to be
addressed in the application of the PRA to the evaluation of the passive system performance
assessment. This allows the analyst to track a viable R&D program to deal with these issues
and limitations and to steer the relative efforts towards their implementation.

8. Conclusions
Due to the specificities of passive systems that utilize natural circulation (small driving
force, large uncertainties in their performance, lack of data…), there is a strong need for the
development and demonstration of consistent methodologies and approaches for evaluating

56 Nuclear Power – Practical Aspects

their reliability. This is a crucial issue to be resolved for their extensive use in future nuclear
power plants. Recently, the development of procedures suitable for establishing the
performance of a passive system has been proposed: the unavailability of reference data
makes troublesome the qualification of the achieved results. These procedures can be
applied for evaluating the acceptability of a passive system, specifically when nuclear
reactor safety considerations are important for comparing two different systems having the
same mission and, with additional investigation, for evaluating the performance of an active
and passive system on a common basis. The study while identifying limitations of the
achieved results or specific significant aspects that have been overlooked has suggested
areas for further development or improvements of the procedures:







In order to get confidence in the achieved results, the reduction of the so identified level
of uncertainty pertaining to the passive system behaviour, and regarding in particular
the phenomenological uncertainty. In fact, it’s worth noting that these uncertainties are
mainly related to the state of knowledge about the studied object/phenomenon, i.e.,
they fall within the class of epistemic uncertainties, thus suitable for reduction by
gathering and analyzing a relevant quantity of information and data.
The determination of the dependencies among the relevant parameters adopted to
analyze the system reliability.
The study of the dynamical aspects of the system performance, because the inherent
dynamic behaviour of the system to be characterized: this translates into the
development of the dynamic event tree.
The comparison against the active system, also to evaluate the economical
competitiveness, while assuring the same level of safety.

Future research in nuclear safety addressing this specific topic relevant to advanced reactors
should be steered towards all these points in order to foster and add credit to any proposed
approach to address the issue and to facilitate the proposed methods endorsement by the
scientific and technical community.
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1. Introduction
Nuclear power plants use nuclear ﬁssion for generating tremendous amount of heat for the
production of electrical energy. Currently, there are many nuclear power plants in operation
worldwide, which produces high-level nuclear wastes at the same time. Nuclear wastes are
being produced as by-product of nuclear processes, like nuclear ﬁssion (spent fuel) in nuclear
power plants, the radioactive elements left over from nuclear research projects and nuclear
bomb production. The management and disposal of these previously stored and continuously
generated nuclear wastes is a key issue worldwide. A huge amount of radioactive wastes
have been stored in liquid and solid form from nuclear electricity/bomb production plants
from several decades at different locations in the world. For example, the Hanford Site is a
most decommissioned nuclear production complex on the Columbia River in the U.S. state of
Washington, operated by the United States federal government as shown in ﬁg 1 [21, 28, 50].
Hanford was the ﬁrst large-scale plutonium production reactor in the world. The Hanford site
represents approximately two-thirds of the nation’s high-level radioactive waste by volume
[28].
Radioactive/nuclear wastes are speciﬁc or mixture of wastes which contain radioactive
chemical elements that can not be used for further power production and need to be stored
permanently/long term in environmentally safe manner [63]. The ultimate disposal of these
vitriﬁed radioactive wastes or spent fuel elements requires their complete isolation from
the environment. One of the most favorite method is disposal in dry and stable geological
formations approximately 500 meters deep. Recently, several countries in Europe, America
and Asia are investigating sites that would be technically and publicly acceptable for deep
geological storage of nuclear wastes. For example, a well designed geological storage
of nuclear waste from hospital and research station is in operation at relatively shallow
level in Sweden and a permanent nuclear repository site is planning to be built at deep
subsurface system for nuclear spent fuel in Sweden in order to accommodate the stored and
running nuclear waste from ten operating nuclear reactors which produce about 40 percent
of Sweden’s electricity (In Sweden, the responsibility for nuclear waste management has been
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Figure 1. An example of underground storage of radioactive waste and leakage into subsurface system
at Hanford site, Richland, WA, USA (from McKinley et al. 2001) [50].

transferred in 1977 from the government to the nuclear industry, requiring reactor operators
to present an acceptable plan for waste management with a so called absolute safety to obtain
an operating license. The conceptual design of a permanent repository was determined
by 1983, calling for a placement of copper-clad iron canisters in a granite bedrock about
500 m underground, below the water table known as the KBS-3 method, an abbreviation
of kärnbränslesäkerhet, nuclear fuel safety. Space around the canisters will be ﬁlled with
bentonite clay. On June 3rd 2009, Swedish government choose a location for deep level waste
site at Östhammar, near Forsmark nuclear power plant.).
The recent accident in 2011 in nuclear power plant in Fukushima, Japan due to Tsunami
has caused release of underground stored radioactive elements/wastes into the subsurface
system. This is a big concern for clean-up operation as they can migrate to farther locations
with pore water ﬂow of subsurface system and can create big environmental disaster.
It has led to re-thinking of researcher and responsible organizations for protecting their
underground stored radioactive wastes and implementing multi-protection mechanisms for
deep geological storage of the hazardous radioactive wastes. In the event of accidental
release/leakage of radioactive materials into the subsurface system, there is a possibility of its
migration with the soil-pore water ﬂow and to be transported to the surface and groundwater
bodies as shown in ﬁg 1 [21, 50, 76]. Furthermore, some radioactive contaminants do
not move through soil pores in dissolved form but rather attach strongly to ﬁne soil
particles (1 nm to 1 μm size, commonly called “colloid"). These contaminant-attached soil
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Figure 2. Flow and transport of colloidal particles attached with possible radioactive contaminants.

particles may themselves become mobile and move through the soil and eventually reach the
water bodies (ﬁg 2). This is commonly known as colloid-facilitated contaminant transport
[9, 11, 14, 16, 20, 23, 41, 52, 56]. Colloids are a ubiquitous component of subsurface systems
and play an important role in radioactive contaminant fate and transport. Mobile colloidal
particles in the subsurface can enhance the movement of otherwise immobile radioactive
contaminants attached with colloidal particles or colloids can be the radioactive elements
themselves [11, 20, 23, 33, 34]. The colloidal particles can be transported in the groundwater
through soil solution as affected by physico-chemical condition of the surrounding medium
and colloids (ﬁg 2). The understanding of colloid transport is of signiﬁcant interest for the
protection of subsurface environment from contamination by intentional or unintentional
release of nuclear wastes.
In the inﬁltration/rainfall events, the colloidal size radioactive particles or radioactive
elements attached with mobile colloids would be transported to the groundwater through
unsaturated porous media, where gaseous phase can play a critical role in association with the
liquid and solid phases [13, 68, 82]. Several mechanisms are responsible for colloid transport
in unsaturated zone in addition to that of saturated zone, such as, liquid-gas interface
capture, solid-liquid-gas interface capture, liquid-ﬁlm straining, and storage in immobile
liquid zones [13, 18, 27, 44, 51, 68, 70, 79, 85, 87]. The strong force (capillary force) associated
with the moving liquid-gas interfaces led to particle mobilization in the natural subsurface
environment. As the water content decreases, a thin ﬁlm of liquid forms over the grain
surfaces and in the pendular rings (smaller pores). Phenomenon of colloid deposition on
these liquid ﬁlm and pendular ring created between the pore spaces had different opinion in
different literature [73, 81]. This chapter will review all the possible mechanisms responsible
for attachment of colloids in the partially saturated system. The discrepancies in literature
about colloid removal and deposition mechanisms at different locations in three phase system
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will also be discussed to guide the researcher and decision making bodies for designing deep
geological storage for storing nuclear wastes (to ensure uninterrupted and cheap nuclear
power generation) and to combat the extreme situation of their release into subsurface systems
through unsaturated zone and protecting the natural water bodies and environment from
radioactive contamination.

2. Mechanism of colloid attachment
The colloid retention in saturated porous media is primarily controlled by attachment at
the solid-liquid interface in relation to the surface properties of the solid and background
solution, which has been well documented in literature [37, 42, 46, 48, 49, 60, 65, 69].
Whereas the presence of gaseous phase in the unsaturated subsurface system introduces
an additional mechanism for colloid retention. Although several steps has been taken to
enhance the understanding of mechanisms responsible for colloid transport and retention
through unsaturated porous media, there is a need to put extra effort in this area for better
understanding [4, 24, 42, 47, 55]. In the unsaturated porous media, the additional mechanisms
(compared to saturated system) for colloid transport were reported as: colloid captured at the
liquid-gas interface [1, 12, 43, 44, 54, 66–68, 70, 72, 80, 83], colloid captured due to straining
[4, 7, 74, 78], the colloid captured at solid-liquid-gas interface [10, 17, 18, 27, 51, 87, 88], and
colloid storage in immobile zone [15, 25, 26, 61]. The ﬂow chart lists the above four retention
mechanisms (ﬁg 3). The colloids trapped due to different mechanisms, as mentioned in the
ﬂow chart, govern the movement of colloidal/nano-size particles in a porous media (Fig. 4).
The ﬁgure 4 shows the example of the colloid captured by liquid-gas interface, solid-liquid-gas
triple point, straining, immobile zone, and solid-liquid interface. Many of the colloid retention
mechanisms are still poorly understood and debating [73, 81]. To improve our knowledge and
understanding about the fate of radioactive particles (alone or attached with colloidal particle)
in unsaturated porous media, the colloid capture mechanisms are discussed in detail below.

2.1. Attachment at the liquid-gas interfaces
It has been stated in the past that the moving liquid-gas interface plays an important role in
colloid mobilization in unsaturated porous medium [1, 12, 43, 44, 54, 66–68, 70, 72, 80, 83]. A
considerable amount of colloids were captured at the liquid-gas interfaces and moved with the
inﬁltration front depending on ﬂow velocity and the solution ionic strength [68]. This has been
veriﬁed by numerical solution of the Young-Laplace equation that expanding water ﬁlm can
lift the subsurface colloids from the mineral surfaces [66]. The detachment of sub-micron sized
particles from initially wet solid surfaces had been investigated by air-bubble experiments
to understand the strength of moving liquid-gas interfaces [30–32, 45, 53]. In a direct
visualization experiments, it had been found that a signiﬁcant number of colloids were
detached from initially dried solid surfaces by the moving liquid-gas interface and remain
attached to the liquid-gas interfaces (Fig 5) [70]. The irreversible nature of colloid attachment
from the liquid-gas interface has been observed earlier, which validate the strength of moving
liquid-gas interface [1, 80].
Three consequent steps might occur in the colloid detachment from a solid surface and its
attachment to the liquid-gas interface. These are interception of the particle, attachment
or thinning of the liquid ﬁlm in between the particle and the liquid-gas interface, and
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Figure 3. Different possible colloid retention mechanisms in unsaturated porous media.

Figure 4. Attachment of colloid in three-phase system.

stabilization of the particle on the liquid-gas interface [22, 30, 67, 70]. The total detachment
probability (Pdet ) is deﬁned as [22]:
Pdet = Pint × Patt × Psta

(1)

where Pint is the interception/colloision probability, Patt is the attachment probability, and
Psta is the stability probability. Pint depends on the actual number of colloids intercepted by
the moving liquid-gas interface. It depends on the velocity and direction of the liquid-gas
interface with respect to the solid surface. Patt depends on velocity of the liquid-gas interface.
It could be zero, means no colloid detachment from solid surface, if interface contact time will
be less than induction time. The induction time is time to form a three-phase contact line by
thinning the liquid ﬁlm between the particle and the liquid-gas interface. Psta can be assumed
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Figure 5. Detachment of amine-modiﬁed microspheres from glass slide after moving the liquid-gas
interface: (a) no interface movement, (b) 1 interface movements, (c) 2 interface movements, and (d) 3
interface movements.

as one because of irreversible nature of colloids attached on the liquid-gas interface, i.e.,
particles remain attached to the interface. Thus, the above equation (1) shows the importance
of velocity (specially in the range of porous media velocity) on detachment of colloid by the
moving liquid-gas interface. Sharma et al [70] tested the velocity effect in the range of 0.4 to
400 cm h−1 on colloid detachment from the solid surface. They found that colloid detachment
from the solid surface was more at lower interface velocity. A similar observation has been
made for particle detachment by air-bubble moving at higher speed (> 8 cm h−1 ) [30, 31].
For the transport and mobilization of radioactive materials in colloidal size or its attachment
with colloidal particle, the balance among electrostatic, hydrodynamic, and capillary forces
are responsible for attraction of particle towards the liquid-gas interface [29, 67, 68, 70, 72, 79].
If capillary force dominates then the colloidal particles attracted towards the liquid-gas
interface and if electrostatic dominates then the colloidal particles remain stay over the
grain surface. The hydrodynamic forces may be neglected for the colloidal size particles
[57, 58, 64]. Figure 6 shows the force balance between electrostatic force and the capillary
force for hydrophilic and hydrophobic particle attached with the solid surface when liquid-gas
interface moved in the upward direction. The attachment force (Fatt ) is the sum of electrostatic
force and van der Waals force acting toward the solid surface whereas the detachment force
(Fdet ) is the horizontal component of the capillary force, which is responsible for detachment
of colloids from the solid surface and attachment into the liquid-gas interface as shown below
in detail. Colloids detach from the solid surface only if Fdet > Fatt . The detail of force balance
calculation are shown below:
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Figure 6. Schematic of forces exerted on an adhered particle: (a) hydrophilic and (b) hydrophobic
particle, in contact with a liquid-gas interface. Gravity and buoyancy forces are neglected. (Fdet :
detachment force, Fatt : attachment force, Fﬂ : surface tension force, θ: contact angle for colloids, α: contact
angle for glass surface, φ: ﬁlling angle).

2.1.1. DLVO forces
The DLVO proﬁles for the colloids and their interaction with the glass surface were calculated
according to [35]:
ΔGel = 64π�R
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2 

tanh
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4kT
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zeψ0,2
4kT



exp(−κh)

(2)

where ΔGel is the electrostatic interaction energy, � is the dielectric permittivity of the medium,
R is the radius of the colloids, k is the Boltzmann constant, T is the absolute temperature; z
is the ion valence, e is the electron charge, ψ0,1 and ψ0,2 are surface potential of the colloids
and the glass slide respectively, which are taken as the colloid and the
 glass ζ-potentials, h is
e2 ∑ n j z2j
�kT ,

the separation distance, κ is the inverse Debye-Hückel length, κ =
number concentration of the ions in solution, and z j is the ion valence.
The van der Waals interaction energy was calculated by [36]:



AR
5.32h
λ0
ln 1 +
ΔGvdw = −
1−
6h
λ0
5.32h

where n j is the

(3)

where A is the effective Hamaker constant of colloid-water-glass system, and λ0 is a
characteristic length of 100 nm. The effective Hamaker constant (A = A123 ) was calculated
using individual Hamaker constant of colloid, water, and glass [38].




(4)
A123 = ( A11 − A22 )( A33 − A22 )
where A11 is the Hamaker constant of the colloids, A22 is the Hamaker constant of the ﬂuid,
and A33 is the Hamaker constant of the glass.

66 8Nuclear Power – Practical Aspects

Will-be-set-by-IN-TECH

Experimental Conditions
Diametera Contact Surface CaCl2 pH Electrophoretic
ζColloid
angleb chargea conc.
mobilityc
potentiald
conc.
(μm)
(deg) (meq/g) (mM) (–) (μm/s)/(V/cm) (mV) (particles/L)
Amino-modiﬁed 1.0±0.02 20.3±1.9 0.1047
6
5.9
0.15±0.02
1.9±0.2
7.2×108
a
b
Values provided by manufacturer. Measured with a goniometer (DSA 100, Krüss, Hamburg, Germany). c Measured
Polystyrene
colloids

with a ZetaSizer 3000HSa (Malvern Instruments Ltd., Malvern, UK) at the electrolyte concentration and pH indicated in
the table. d Obtained from measured electrophoretic mobilities using the von Smoluchowski equation [38].

Table 1. Selected properties of polystyrene colloids and suspension chemistry used in the experiments.

Finally, the total DLVO forces were calculated as:
FDLVO =

d
d
(ΔGtot ) =
(ΔGel + ΔGvdw )
dh
dh

(5)

To see an example of particle detachment from initially dried glass surfaces, [70] performed
experiments by selecting different types of colloids with their modiﬁed surface properties.
Parameters for the DLVO calculations for one of the colloids are shown in Table 1, and the
Hamaker constant was chosen as that for a polystyrene-water-glass system (polystyrene:
A11 = 6.6 × 10−20 J, water: A22 = 3.7 × 10−20 J, glass: A33 = 6.34 × 10−20 J; all data
taken from Israelachvili [39]; the combined Hamaker constant calculated with equation 4 is
A123 = 3.84 × 10−21 J).
2.1.2. Surface tension forces
The total force exerted by a moving liquid-gas interface on a colloidal particle is the sum of
gravity, buoyancy, and interfacial forces. However, the gravity and buoyancy forces can be
neglected for small particles with radii < 500 μm [57, 58, 64, 70]. In experimental setup, when
the liquid-gas interface moves in upward direction over the vertically mounted glass slide,
the horizontal component of surface tension force (Fγ ) is the detachment force (Fdet ) which is
opposed by the DLVO force (Fatt ) (Figure 6). The detachment force (the maximum horizontal
surface tension force) can be calculated by [45, 57, 58, 64]:
 
θ
Fdet = 2πRγ sin2
cos α
(6)
2
where R is the radius of the particle, γ is the surface tension of liquid, and θ and α are the
advancing contact angles for colloids and the glass slide, respectively.
The experiments were conducted using hydrophilic and hydrophobic modiﬁed surface and
positively and negatively charged colloids attached over the negatively charged glass slide
to estimate the number of colloids removed by moving liquid-gas interface [70]. Colloids
over the glass slide were visualized using laser scanning confocal microscopy. Figure 5
shows an example of confocal images before and after moving the liquid-gas interfaces over
the glass slide. The ﬁgure shows that a considerable amount of colloids were removed by
the passage of the ﬁrst liquid-gas interface (Fig 5a,b), however more number of passages of
liquid-gas interface did not affect the colloid left after the ﬁrst interface movement (Fig 5c,d).
This was caused because some of the particles might have attached in the primary energy
minimum from the glass slide, so Fatt would be much larger than Fdet for those particles [70].
From the DLVO calculations using eq 5, there is a favorable attachment for amino-modiﬁed
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Figure 7. DLVO proﬁle of amino-modiﬁed colloid (at given condition in Table 1).

microspheres i.e., a strong attractive force between colloids and the glass surface (ﬁg 7). Shang
et al [67] had recently studied the total force balance exerted on a particle passing through
a liquid-gas interface. They considered different shape and size (1 to 6 μm) of particles of
different surface properties to pass through a liquid-gas interface and measured the forces
exerted on the particle over time using a tensiometer and compared with their theocratical
force balance calculations. It has been observed that the liquid-gas interface due to capillary
force generates a strong repulsion of particles from the stationary surfaces when water ﬁlm
expands or move through the solid surfaces [67]. In order to detach a particle from the solid
surfaces, a liquid ﬁlm larger than the particle diameter must build up around the particle so
that the repulsive capillary force can dominate and a lift can occur.
The above discussion based on force balance complimented with visualization experiments
imply that moving liquid-gas interface tends to dominate colloid movement during water
inﬁltration into soils and sediments. The strong force associated at the liquid-gas interface
can overcome colloid aggregation and settling, which otherwise dominate colloid dispersion
and mobility in porous media. The strong afﬁnity of colloidal particle towards the liquid-gas
interface may also be applied in remediation technology, as the inert gases in the form
of gas-bubbles can be injected in soils or aquifers to preferentially mobilize colloidal size
radioactive contaminants.
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2.2. Attachment of colloid by straining
The inﬁltration and drainage scenarios are quite common in the event of rainfall and drying on
the unsaturated zone of the subsurface system. This processes can complex the mobilization
of radioactive particles in the upper layers if there is any spill or leakage of those material.
In the unsaturated zone as the water drain, sorb or evaporate, the water thickness over the
solid surface becomes thinner and thinner; and once the water ﬁlm becomes thinner than
colloid diameters that mechanism is called water ﬁlm staining. In this case, a strong force
exerted on the colloid towards the solid surface which is called capillary force [70, 77, 78, 90].
Other possibility of ﬁlm straining was explained by the colloid trapped in the pendular rings
(smaller pores) region separated by thin water ﬁlms from the remaining ﬂuids [4, 78], which
can be remobilized after expanding the water ﬁlms [26, 61]. The straining of colloids also
happen if the pore sizes are smaller than colloid size. This phenomenon commonly occurs in
the saturated zone which can also happen in the unsaturated zone.
Different types of straining mechanism for colloid attachment were studied by Bradford
group and others [2–8, 19, 40, 59, 71, 74, 84–86]. Figure 8 shows the different types of
straining locations for colloids in the saturated and unsaturated media. Colloids trapped at
the intersection point of two solid grains in the saturated systems at location 1 by single and 2
by multiple colloidal particles are also called wedging [40] and bridging [59] respectively. The
straining of single particle (location 1) occurs if the pore spaces in a porous medium are smaller
than the colloid diameter, which is a common phenomenon applied in mechanical ﬁltration
[49]. However, straining of multiple particles (location 2) occur as a result of aggregation of
colloidal particles in the solution, although the pore space is larger than the single colloid
diameter.
In addition, straining of colloids in the saturated system also depends on solution properties,
colloid size, colloid shape, colloid size distribution as well as grain size and heterogeneity
[2, 3, 5, 6, 71, 85, 86]. The straining of colloids were more dominant for large, irregular shape,
and multi-disperse colloids [84–86]. Straining of colloids in the unsaturated porous media
become very complex due to the presence of gaseous phase. The capillary force controls the
distribution of liquid and gas phases in the pores. As the amount of liquid decreased from the
porous medium, the liquid form a ﬁlm over the solid surface or retain the smaller pores due
to strong capillary forces and the larger pores are ﬁlled with gases [75]. Straining behavior
of colloids due to pore sizes in the unsaturated systems were not studied yet, however few
efforts had been taken on straining of colloid by liquid ﬁlm [62, 78] and the colloid attachment
at the solid-liquid-gas triple point [17, 18, 27, 51, 87, 88]. The example of colloids retained at
the solid-liquid-gas triple point are shown in Fig 8 at location 3, which has been discussed in
detail in the next section. Straining of colloids in the unsaturated porous media due to liquid
ﬁlm occurred if the liquid thickness is smaller than colloid diameters (location 4 in Fig 8).
[78] concluded, using different size of colloids and by changing ﬂow velocity, that colloids
with smaller diameter than water ﬁlm thickness passed easily but colloids bigger than ﬁlm
thickness were trapped on the water ﬁlm.

2.3. Attachment at the solid-liquid-gas interfaces
The contact point of solid-liquid and liquid-gas is called solid-liquid-gas interface. Steenhuis
and coworkers used inﬁltration chambers, light source, and imaging system (camera setup
or confocal microscope) to study the colloids attached at so called air/water-meniscus/solid
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Figure 8. Attachment of colloids in porous media due to straining.

(AWm S) interface (inside the narrow portion of the pendular ring) in the unsaturated
porous media [17, 18, 27, 51, 87, 88]. They established from their visualization experiments
that colloids tend to accumulate at AWm S interface in the unsaturated porous media.
They reiterated that the hydrophilic colloids were deposited at AWm S interface whereas
hydrophobic colloids deposited at the solid-liquid interface, but none of them were present
at the liquid-gas interface [17, 18]. The capillary force calculation had given the theoretical
explanation why the colloids attracted towards AWm S interface [27]. Their force calculation
showed that the colloid retention at AWm S interface is only possible for hydrophilic colloids
with contact angle less than 45o for sand grain medium (Fig 9). So the colloid were not
attached at the AWm S interfaces in the friction coefﬁcient were bellow the tangent of contact
angle.
Contrarily, the deposition of colloids were found at the liquid ﬁlm (liquid-gas interface) from
glass micromodel experiments and modeling studies [78, 80]. In another visualization studies,
colloids accumulation were found at thin ﬁlms outside the pendular ring, which was air-water
interface not connected with the solid grains [26]. A column and micromodel experiments
and thermodynamic calculations showed that colloids were most likely to be retained near
the sediments of liquid-gas interface i.e., solid-liquid-gas interface attachment [10]. These
discrepancies in the literature between the colloid attachment mechanisms due to the presence
of the solid-liquid-gas interface in the unsaturated porous media had been debated [73, 81].
[81] argued that the possible cause of colloid attachment at AWm S interface was evaporation
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Figure 9. Relationship between grain contact angle and friction coefﬁcient for colloid retention at the
AWm S interface.

in the chamber, drying of thin water ﬁlm over the grain surface, and advaction of colloids to
AWm S contact line. But it had been refuted by Steenhuis et al [73].

2.4. Attachment at the immobile zones
In the partially saturated systems, colloids were found to be captured into stagnant/immobile
zone. There was evidence of exchange of colloids between immobile and mobile zone due
to long breakthrough curve tailing on colloid transport through unsaturated porous media
[15, 25, 61, 68]. In a visualization study, it was found that colloids present in the immobile zone
at the liquid-gas interface were not moved to mobile zone in steady ﬂow, but the exchange of
colloids between immobile and mobile zone occurred in varied ﬂow rate [26]. The exchange
of colloids between mobile and immobile zones were likely controlled by slow advection
in addition to diffusion. The occurrence of larger quantity of colloids from unsaturated
column studies were found in transient ﬂow condition due to movement of colloids present
in immobile zone [61, 66, 89]. All these studies indicated that the colloid can be attached in
the immobile zone created by heterogeneity of the medium and by the presence of gaseous
phase, which could be remobilized in the large rainfall and inﬁltration events.

3. Conclusions and future directions
The study of colloid fate and transport in important as there is strong afﬁnity of radioactive
contaminants to attach with the moving colloidal particles or radioactive elements can fall
under colloidal size range. In subsurface systems (like soils and sediments) moving air-water
interfaces are common, e.g., during inﬁltration and drainage of water, air and water displace
each other in continuous cycles. Such moving air-water interfaces have a profound effect on
detachment of colloids from surfaces. Several research efforts had been made to understand
the mechanism of colloid retention and mobilization in unsaturated porous media. The
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possible cause for colloid attachment in the presence of gaseous phase are discussed in
this chapter. As discussed in this chapter, it is difﬁcult to draw ﬁrm conclusions about the
colloid capture locations in unsaturated porous media. The column experiments, modeling
techniques, and visualization studies reveal a number of possible mechanisms of colloid
retention and deposition in the partially saturated systems. It is likely that the colloidal
particles attached with the solid grain can be removed by moving liquid-gas interface and
then colloids can be either deposited and restrained from further moving due to different
types of straining, solid-liquid-gas interface capture, and the presence of immobile zone of
heterogeneous medium or remain attached at the liquid-gas interfaces.
The strong attachment of radioactive particles to liquid-gas interfaces leading to removal
of stationary surfaces offers opportunities for management of subsurface systems in terms
of ﬂow and transport. Inﬁltration fronts in soils can be readily generated by ﬂooding, for
instance, and radioactive particle can be effectively “washed” out of a soil proﬁle. Air-bubbles
in the form of N2 or other inert gases may be injected in soils or aquifers to preferentially
mobilize and remove radioactive contaminants. Such techniques offer ways to enhance
the mobility of otherwise immobile particles in the vadose zone and in groundwater. The
results from this study point to the relevance of moving air-water interfaces for nuclear waste
mobilization and transport in the vadose zone. Such moving air-water interfaces are common
in soils and near-surface sediments, where rainfall, snow melt, or irrigation cause inﬁltration
and drainage. Current theory for colloid transport in unsaturated porous media does not
consider the effect of moving air-water interfaces for release of contaminants. Evidently, the
colloid removal, transport, and deposition mechanisms remain a fertile area of research with
much still left to investigate and opportunities for progress in both theory and experiments
that are likely to have signiﬁcant practical impact in vadose zone fate and transport of colloid
attached contaminants for better understanding of any radioactive contamination transport
from the release point to farther location.

4. Abbreviations
AWm S: Air/water-meniscus/solid
DLVO: Derjaguin, Landau, Verwey and Overbeek
KBS: Kärnbränslesäkerhet
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Chapter 4

Seismic Safety Analysis and
Upgrading of Operating Nuclear Power Plants
Tamás János Katona
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/51368

1. Introduction
1.1. Background
Experience of the March 11 2011, Great Tohoku earthquake clearly demonstrated that the
earthquakes might be the dominating contributors to the overall risk of nuclear power
plants (Institute of Nuclear Power Operations [INPO], 2011); International Atomic Energy
Agency [IAEA], 2007). The seismic probabilistic safety assessments of several nuclear power
plants also provided similar results. On the other hand, experiences show that plants
survive much larger earthquakes than those considered in the design base, as it was the case
of Kashiwazaki-Kariwa plant, where the safety classified structures, systems and
components survived the Niigata-Chuetsu-Oki earthquake in 2007 without damage and loss
of function (IAEA, 2007). In spite of the nuclear catastrophe of the Fukushima Daiichi plant
caused by the tsunami after Great Tohoku earthquake 11th of March 2011, the behaviour of
thirteen nuclear unit in the impacted area on the East-shore of the Honshu Island
demonstrated high earthquake resistance. Consequently, proper understanding and
assessment of the safety for the case earthquake (and generally for the external hazards) is
very important for the operating nuclear power plants.
For the operating plants basic questions to be answered are, whether the nuclear power
plant (NPP) is safe enough within the design basis and whether the operation can be
continued safely if an earthquake hits the plant.
The designer and operators were mainly focusing on the first question, i.e. whether the
reactor can be shut down, cooled-down, the residual heat can be removed from the core and
spent-fuel stored at the plant, and the radioactive releases can be limited below the
acceptable level in case of an earthquake. The second question became important especially
after series of events when large nuclear capacities were shutdown for assessment of plant
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post-earthquake condition and justification of safety before their restart (Onagawa NPP in
2005, Shika NPP in 2007, Kashiwazaki-Kariwa NPP in 2007, Hamaoka NPP in 2009).
Obviously, there is a need for reliable justification of plant safe status after felt earthquake
for avoiding long shutdown time and consequent economic losses. Recently, the importance
of the rapid assessment of the post-event plant status became very important from the point
of view of the emergency management. This is one of the lessons learnt from the stress tests
of nuclear operators following the Fukushima Dai-ichi accident.
Operators of nuclear power plants worldwide performed seismic re-evaluation and
upgrading programmes of nuclear power plants during last three decades. A summary of
international effort is given e.g. in (Campbell, et al, 1988; Gürpinar & Godoy, 1998) and in
the special report issued by Nuclear Energy Agency, thereafter NEA, (NEA, 1998). The reevaluation and upgrading of the seismic safety of the operating nuclear power plants were
motivated mainly by the changing understanding of the seismic hazard at plant sites and/or
recognition of inadequacy of design and/or qualification of certain safety related systems,
structures and components relative to the seismic hazard or state-of-the-art of the technique
and the requirements. In some countries, the existence of necessary margins with respect to
the beyond design base earthquakes and avoidance of the cliff edge effects have to be
demonstrated. The scope of the seismic re-qualification and upgrading programmes
includes the definition of the pre-earthquake preparedness and post-earthquake actions at
the plants.
All operating nuclear power plants in the United States are conducting an Individual Plant
Examination of External Events, including earthquakes beyond the design basis, and about
two-thirds of the operating plants are conducting parallel programs for verifying the seismic
adequacy of equipment for the design basis earthquake; see (Campbell, et al, 1988). Western
European countries also performed some re-evaluation of their older nuclear power plants
for seismic events (NEA, 1998). Most extensive programmes have been performed in
Eastern-European countries, where the operators implemented comprehensive programmes
for evaluating and upgrading the seismic safety of their operating nuclear power plants
(Gürpinar and Godoy, 1998; IAEA, 1995, 2000). Seismic re-qualification has been performed
at following VVER plants:
-

NPP Paks, Hungary VVER 440-213, 4 units
NPP Mochovce, Slovakia VVER 440-213, 2 units
NPP V2 Bohunice, Slovakia VVER 440-213, 2 units
NPP Dukovany, Czech Republic VVER 440-213, 4 units
NPP Medzamor, Armenia, VVER 440(specific design) 1 unit
NPP Temelin, Czech Republic, VVER-1000, 2 units
NPP Kozloduy Unit 5 and 6, Bulgaria, VVER-1000, 2 units

The scope of seismic safety programmes at VVER-440/213 plants was the most extensive.
It includes the re-evaluation of the hazard, reinforcement of structures and components,
qualification of the active equipment, installation of seismic instrumentation and
development of appropriate procedures. The seismic safety programme implemented at
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Paks NPP was one of the most complex one. The implementation of measures was
completed in 2003. Therefore the peculiarities of the programme, its scope and the
applied methodologies could not be properly addressed and interpreted in the
referenced above review papers. Originally the Paks NPP has not been designed and
qualified for the earthquake loads. The seismic safety programme at Paks NPP has
therefore aimed at design basis reconstitution. The re-evaluation of site seismic hazard
included all required geological, geophysical, seismological and geotechnical
investigations. The seismic design basis had been newly defined. Formally the
compliance with design basis requirements has to be ensured by design methods and
standards. It was already recognised that a consequent and full scope re-design in line
with design codes and standards and subsequent upgrading might be impossible at Paks
NPP. It should be recognised that use of methodologies developed for the justification of
the seismic safety of operating plants does not ensure the compliance with design basis
requirements and cannot be directly applied for VVER plants. The qualification of the
nuclear power plant have been executed for the newly defined design basis earthquake
by applying procedures and criteria for the design, combined with the methods and
techniques developed for seismic re-evaluation of operating nuclear power plants. The
selection and use of methodologies has been graded in accordance with safety and
seismic classification of the SSCs. After implementing the measures for design basis
reconstitution, the achieved level of safety has been quantified via seismic PSA, which
provides the core damage frequency.
The question of the safe continuation of operation became very important as the World
largest Kashiwazaki-Kariwa plant was shutdown for long-term after Niigata-Chuetsu-Oki
earthquake in 2007 that caused a 0.67g ground motion acceleration at the site (value
measured at the Unit 1 base mat). The safety classified SSCs designed for PGA 0.27g
survived the earthquake without damage and loss of function while the non-safety
structures were heavily damaged. The justification of the safety took two years.
The decision on the continuation of the operation is rather simple if the earthquake does
not exceed the operational base (OBE) level. The case becomes more difficult if the OBElevel is exceeded and there are obvious damages in place. The justification of operability
is even more complex if the earthquake loads exceed the design base level and there are
no obvious failures/damages as it happened at the Kashiwazaki-Kariwa plant.
Obviously, the judgement on the continuation of operation should be based on the set of
information regarding capability of SSCs to survive an earthquake and on the post-event
inspections, tests and analyses. It would be very reasonable to have in advance an
assessment method for the plant status to ensure the effectiveness of the post-earthquake
walk-downs and other actions, and to limit the time of shutdown. The methods for
judgement on the safe continuation of operation can be developed on the basis of the
design information. The results of the seismic probabilistic safety analysis (seismic PSA)
or margin assessment provide useful additional information regarding weak-links. The
design provides deterministic type information that no failure or damage should be
expected if the earthquake loads do not exceed the design base level. However, the
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probability of damage is not zero even if the loads are less than the design base one. The
seismic PSA provides the core damage frequency as the output of the analysis, which is a
measure of the seismic safety. The PSA is generally failure oriented. The seismic PSA
shows the weak links. This knowledge can be very useful for the planning of the postevent inspections. Similar information is provided by the seismic margin analysis, which
quantifies the capability of the plant to survive an event greater than the design basis
one.
After the severe accident at Fukushima NPP the operators in European Union, U.S. and
some other countries including Japan performed comprehensive safety and risk evaluation
of operating nuclear power plants, see e.g. (European Commission, 2011). These
tests/reviews will launch different re-evaluation and upgrading programmes with regard to
seismic safety and for improvement of the capability to cope with the beyond design base
earthquake and associated events (fire, flood) at the existing plants. This process includes at
some sites the re-assessment of the site hazard motivated by recent events and/or new
scientific evidences, for example in the U.S. (NRC, 2011). These lessons learned will also
affect the projects under preparation and/or implementation. For the new plants, it has to be
demonstrated that the plant has sufficient margins with respect to the design basis extension
earthquake loads of and avoiding the cliff-edge effect. Consequently, the lessons learned
from the former projects for evaluation of the seismic safety and upgrading of operating
plants are still of great practical importance.

1.2. Objective of the Chapter
Objective of the recent Chapter is to provide practical insights to the re-evaluation and
upgrading of seismic safety of operating plants.
Evaluation of seismic safety and re-qualification of operating plants require specific
approach; the safety goals have to be ensured in reasonable manner, avoiding unnecessary
conservatism, contrary to the design that is ab’ovo conservative. State-of-the-art
methodologies have to be implemented in every aspect of the re-evaluation and upgrading
process. The optimisation of the measures from logistics point of view is very important
under the condition of an operating plant.
International Atomic Energy Agency developed a comprehensive Safety Guide on
“Evaluation of Seismic Safety for Existing Nuclear Installations” (IAEA, 2009a). The
supporting document of this Guide is the Safety Report Series No 28 on “Seismic Evaluation
of Existing Nuclear Power Plants” (IAEA, 2003) that summarises the before 2003 experience
in the seismic evaluation and upgrading of the operating plants. These documents focus
mainly on the methodologies for seismic safety evaluation that do not involve a change in
the design basis earthquake.
In this Chapter the case of seismic evaluation and upgrading methodologies and solutions
are presented. The Chapter includes the case for upgrading of an operating nuclear power
plant originally not designed for earthquake. Based on the graded approach, the feasibility
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of the application of seismic design methods combined with those developed for the reevaluation of existing plants is demonstrated.
New areas of the seismic safety evaluation of operating plants are also addressed in the
Chapter that were triggered by recent events, the Kashiwazaki-Kariwa plant and the
Fukushima Dai-ichi plant, that are focusing on the assessment and assurance of the beyond
design base capability of the nuclear power plants, periodic review of safety, etc.

1.3. Scope of the Chapter
Scope of the Chapter covers
-

-

the basic principles for ensuring the seismic safety of nuclear power plants,
typical cases of the re-evaluation and re-qualification programmes, including cases of
design basis reconstitution and studies for restart after an earthquake as well as the
evaluation of the beyond design base capabilities of the plants,
the applicable re-evaluation methodologies,
the most important aspects of the pre-earthquake preparedness and post-earthquake
actions,
the full scope implementation example,
the aspects of maintaining the seismic qualification during operation and periodic
safety review.

1.4. Structure of the Chapter
Section 2 of this Chapter defines the basic principles of seismic safety. Section 3 provides an
overview of the methodologies applicable: Section 3.1 outlines the objective and scope of the
seismic safety programmes. Section 3.2 provides an overview of applicable methodologies.
Sections 3.3 address the issues of restart after earthquake. Section 3.4 outlines the questions
of accident management. Sections 3.5 to 3.7 address the walk-down, design of upgrading
and role of the peer-review. Section 4 is devoted to the pre-earthquake preparedness and
post-earthquake actions. The practical and full scope example of seismic re-evaluation and
upgrading is shown in Section 5. Section 6 and 7 are related to the maintenance of the
seismic qualification during operation and periodic safety reviews. Extensive list of
references is provided to the Chapter in Section 8.

2. Basic principles of seismic safety
The fundamental safety objective of design and operation of nuclear power plant is to
protect human life and environment in case of any malfunctions, failures of the plant
systems, structures and components which may occur during the plant lifetime including
those caused by rarely occurring earthquakes. The generic approach for ensuring this safety
objective is the application of the concept of the defence in depth. In accordance with this
concept, the following requirements are applicable:
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1.

2.

Inherent and/or engineered safety features, safety systems and procedures have to be in
place for the case of earthquakes
a. for leading the plant to a safe shutdown state, i.e.
for the maintaining the sub-criticality in the reactor and spent fuel pool and,
for the cool down and heat removal from the core and spent fuel;
b. for maintaining at least one protection barrier to ensure that the radiological
consequences would be below the required limits.
Means, plans and procedures have to be in place for on-site and off-site emergency
response to mitigate the consequences of accidents that result from failure of safety
features and accident management measures in case of severe earthquakes.

The seismic safety is ensured by the following complex activities:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Site investigations and evaluation of the site seismic hazard, including hazards caused
by the earthquake, like soil liquefaction;
Definition of the characteristics of the design basis earthquake;
Adequate design;
Use of qualified components;
Installation of seismic instrumentation;
Development of accident-prevention and accident-management procedures;
Evaluation of safety;
Seismic housekeeping;
Periodic safety assessment and subsequent upgrading if needed.

The basic safety functions, i.e. shut down, cooling and containment, have to be maintained
for the earthquakes within the design basis envelope and with some extent for the severe
beyond design basis earthquakes.
Traditionally the design of the nuclear facilities adapted the two-level concept: design for
safety, using a high-level seismic excitation for design basis and design for production,
using a moderate level of seismic excitation for operational limit.
The design base earthquake has to be defined with quite low probability of exceedance
during operating time. This earthquake is the Safe Shutdown Earthquake (SSE) as per U.S.
terminology; see U.S. NRC 10CFR Part 50, Domestic Licensing of Production and Utilization
Facilities (NRC, 1956). It is called Sicherheitserdbeben, i.e. safety earthquake in German
Nuclear Safety Standards 2101 (Kerntechnische Ausschuss [KTA], 1990), it is the maximum
design earthquake (MRZ) according to the Russian-Soviet terminology and it is called SL-2
earthquake level by the IAEA guideline NS-G-1.6 (IAEA, 2003b) [4]. Here the term of Design
Base Earthquake (DBE) will be used. According to the international practice the annual
probability of exceedance of the DBE is usually 10-4/year in case of nuclear power plants. The
lower limit of the peak ground acceleration (PGA) of the DBE is set for 0.1g regardless of the
site (article 2.7 of NS-G-1.6). The shutdown and cool-down of the reactor, the continuous
heat removal from the irradiated fuel (in the reactor core and spent fuel pool), and the
limitation of releases have to be ensured in this limit state. SSCs required for basic safety
function have to sustain the earthquake loads without loss of function.
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Operability of NPPs should be ensured after the moderately frequent and not severe
earthquakes. The operational base earthquake (OBE or SL-1 level according to the IAEA
terminology) level is defined as a design level for continuous operation. The OBE was
usually defined as an event with frequency of 10-2/a, or a ground motion with maximum
horizontal acceleration equal to a given fraction of the maximum acceleration value of the
SSE. Through the years the concept of designing for two earthquakes has radically changed.
Nowadays, the OBE is interpreted as an operational limit and inspection level rather than an
obligatory design level. The definition of the OBE level is subject of design, operational,
economic considerations; see the IAEA NS-G-3.3 Safety Guide (IAEA, 2002). Design for
lower level is not required if the OBE PGA is equal or less than 1/3rd of the SSE PGA, see in
Appendix S of the 10 CFR Part 50. Instead of OBE PGA, new criteria for the exceedance of
operational limit/inspection level are introduced. The changes of the terminology in the
German regulation demonstrate the changes in design concept: the former terms SSE Sicherheitserdbeben and OBE - Auslegungserdbeben were replaced by the terms design base
earthquake and inspections earthquake, i.e. Bemessungserdbeben and Inspektionserdbeben.

3. Tasks for seismic re-evaluation and upgrading of operating NPPs
Major tasks of the seismic re-evaluation and upgrading projects are
-

identification of the objective and scope of the programme
selection of the methods for the re-evaluation, including definition of the seismic input
for the analyses and performance of the analyses
design/development and implementation of modifications and re-qualification
measures
evaluation of the achieved safety level, calculation of the core damage frequency due to
earthquake.

The tasks are determined by the objective of the project as it has been shown above, i.e.
resolution of qualification issues, ensuring the design basis compliance, etc.

3.1. Objective and scope of the seismic safety programmes
Generic objective of the seismic safety programmes is to ensure the basic nuclear safety
functions, i.e.
-

the control of the reactivity in the reactor and spent fuel pool, i.e. the ability to
shutdown the reactor and maintain the sub-criticality after the earthquake,
to cool down and heat removal from the core and spent fuel,
to maintain the containment function for the reactor and spent fuel, i.e. limit the release
of radioactive substances into the environment.

The functions have to be maintained for the earthquakes within the design basis
envelope and with some extent for the earthquakes with parameters exceeding the
design basis one.
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The basic concept of the seismic safety re-evaluation and of the operating nuclear power
plants, and the selection of the methods and criteria is different from that are required in
case of the design of new power plants; see the INSAG-8 document “A Common Basis for
Judging the Safety of Nuclear Power Plants Built to Earlier Standards” (IAEA, 1995).
The graded approach is used while ensuring the seismic safety of NPPs, i.e. the safety
importance of the SSCs is considered and according to this the SSCs are classified into seismic
safety classes, which define the requirements assigned to the design, qualification and operation
of the SSCs. Well-defined set of plant systems and structures and components are required to be
functional during and after the earthquake for bringing the plant in-to stable shutdown
condition. Some of those SSCs are passive, e.g. the pressure retaining boundaries or the
containment. They shall sustain the vibratory load remaining leak-tight; however some plastic
deformation, ductile behaviour might be allowed. In some cases the deformation has to be
limited to the elastic for ensuring some active functions. Building structures and equipment
supporting structures might be also loaded to plastic region up-to the level, which does not
impair the intended safety functions. The active systems functionality requires qualification for
the vibratory motion as well as availability of supporting functions, e.g. electrical power supply.
Practically, a conscious and careful evaluation and utilisation of the built-in margins provide
the possibility for achieving the target safety level at operating plants by feasible amount of
modifications and re-qualifications.
The scope and the methodology of the seismic safety programmes vary with the motivation
of the particular project. Practically there have been three different objectives of the past
seismic safety programmes:
1.
2.

3.

to resolve the inadequacy of the design and qualification while the seismic design basis
remains unchanged, i.e. to comply with the current licensing basis;
to comply with newly defined seismic design basis (modification of design basis either
because of new scientific evidences regarding seismic hazard or because of changing
regulations);
to evaluate and demonstrate the seismic margin.

The objective and scope of recent seismic safety re-evaluation programmes is to demonstrate
the plant safety for the design base extension, to justify the re-start after strong earthquake,
and to identify the plant vulnerability in case of severe event and develop adequate accident
management provisions.

3.1.1. Resolving the inadequacy issues
Example for the first type of seismic safety programme is the resolution of USI A-46 seismic
issues of older, operating nuclear power plants in the U.S. (NRC, 1987). This programme was
aimed to demonstrate the seismic adequacy of essential equipment at older operating plants
by the use of available seismic experience data for similar equipment. The rules for the
resolution of the USI A-46 issues are defined in the Generic Implementation Procedure,
thereafter GIP, developed for Seismic Qualification Utility Group [SQUG] (SQUG, 1992). The
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scope of the programme was limited to the equipment needed for the safe shutdown of the
reactor after a design basis earthquake and bringing the plant to a stable hot or cold shutdown
condition for as minimum 72 hours of time. A single shutdown path and a backup for decay
heat removal were defined. The seismic input used for the qualification was set to the SSE and
the design floor response spectra. The core of the GIP is the empirical qualification method and
database. The GIP was applied in several countries, e.g. U.K. and Belgium.

3.1.2. Seismic margin programmes
It is important to demonstrate on one hand that the nuclear power plant will remain safe in
case of an earthquake that exceeds the design base level, whether the basic safety functions
can be lost due to sudden failure (i.e. ‘cliff-edge’ effect). On the other hand it is important to
know the contribution of the seismic hazard to the plant core damage frequency. Example
for margin assessment and quantification of the seismic safety in terms of core damage
frequency is the NRC initiated Individual Plant Examination of External Events, thereafter
IPEEE in the U.S. (NRC, 1991). There are three methods for the margin assessment: the
seismic PSA, and margin assessment using either the deterministic method developed by
EPRI or the probabilistic method developed by the NRC. In this case of deterministic
method a reference level earthquake is selected for which – under certain assumptions – the
capacity has to be demonstrated. The scope of SSCs considered in the margin assessment
depends on the method selected, e.g. in case of seismic PSA the scope of SSCs is identical to
the Level 1 PSA plus the containment.

3.1.3. Reconstituting the design basis
The most demanding programmes were those for ensuring the compliance with newly
defined design basis.
These programmes include the following tasks:
1.
2.
3.
4.
5.
6.
7.
8.

Evaluation of the seismic hazard of the site that includes the associated with earthquake
events, e.g. liquefaction;
Development of the design basis earthquake characteristics;
Identification of the structures, systems and equipment, which are needed for ensuring
that basic safety functions;
Evaluation of the seismic capacity of SSCs and identification of the upgrading;
Design and implementation of the necessary corrective measures;
Installation of seismic instrumentation;
Development of pre-earthquake preparedness and post-earthquake measures;
Evaluation of the safety, i.e. quantification of the core damage frequency due to
earthquake, quantification of the safety margins.

Depending on the case and the national regulation, the scope of the design base
reconstitution programme can cover either all SSCs classified into seismic and safety classes
as per new design, or the scope is limited to the SSCs required for safe shutdown and
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bringing the reactor into stable (hot or cold) shutdown condition. Those non-safety classified
SSCs have to be also considered damage/failure of which can disable certain safety functions
due to seismic interactions (falling down, flooding, fire).

3.1.4. Recent beyond design base studies
The quantification of the margins has three aspects:
-

it is part of the design,
it is needed while evaluating the plant condition and justifying the restart after a strong
earthquake hit the plant,
it is needed for the development of the severe accident management provisions.

According to the IAEA design requirements NS-R-1 (IAEA, 2000), the seismic design of the
plant shall provide for a sufficient safety margin to protect against seismic events. This means that
the abrupt lost of function has to be excluded by the design even if the earthquake demand
exceed the design base one (see also NS-R-1.6 paragraph 2.39 regarding ‘cliff-edge’ effect).
According to the novel requirements, the capability of the new plants to withstand the loads
and conditions of the design basis extension has to be ensured by the design provisions. In case
of new plants, a minimum configuration of SSCs for ensuring the shutdown and subcriticality
of the reactor, heat removal to the ultimate heat sink and the containment have to remain
functional for the accident management purposes. A margin type evaluation has to be
performed for demonstration the beyond design base capabilities of the new plants (1.4 times
the SSE loads as per EUR requirements and 1.67 times of the SSE loads in the U.S. practice). Best
estimate methods can be used for the justification beyond design base capabilities.
The plant safety re-assessment after a strong earthquake requires an overall checking the
post-event condition of all SSCs, even those non-safety classified SSCs, since both the safety
and operability have to be demonstrated. The possible analysis and testing/inspection
methods should be selected and applied in accordance with safety relevance and impact on
the operation (Nomoto, 2000). According to (Kassawara, 2008), the probabilistic margin
analysis can also be effective in this case.
Recently, the availability of severe accident management provisions become of great
importance. The scope of stress tests covers review of compliance with design base
requirements, demonstration of beyond design base capacity (avoidance of the cliff-edge
effect) and identification of plant vulnerability/damage state and development of severe
accident management measures and guidelines. Generally, some margin type analyses have
been performed in the participating countries for the possible minimum configurations
needed for shutdown and heat removal of the reactor and spent fuel and protection of the
containment. Identification of seismic interactions (fires, flooding, logistical obstacles)
became important since these can affect the function of the SSCs within the minimum
configuration, inhibit the connections of provisory power and cooling lines, impeding the
implementation of Severe Accident Management/mitigation measures as it is to see in the
country reports at the European Nuclear Safety Regulators Group site (ENSREG, 2012).
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3.2. Methodologies for re-evaluation of seismic safety
The methodologies for the seismic re-evaluation and re-qualification are as follows:
1.
2.

3.

Qualification by empirical methods
Quantification of margins:
a. Seismic Probabilistic Safety Assessment (NRC, 1983)
b. NRC Seismic Margins Method (Budnitz et al., 1985; Prassinos et al., 1986)
c. Electric Power Research Institute Seismic Margins Method (EPRI, 1988)
Design methods – justification by analysis

3.2.1. Qualification by empirical method
Empirical qualification of the plant equipment is a powerful tool for seismic re-qualification
of operating NPPs. The empirical qualification methods have been recognised by IAEA in
the Safety Guides NS-G-1.6 as well as NS-G-2.13.
The empirical qualification database developed for SQUG covers twenty classes of equipment,
e.g. active equipment as well as cable raceways, tanks and heat exchangers (SQUG, 1992;
Starck&Thomas, 1990), except of pipelines and structures. As an alternative solution, the U.S.
Department of Energy [DoE] has developed the Seismic Evaluation Procedures, a procedure
similar to GIP that also covers pipelines and ventilation ducts (DoE, 1997).
The steps of the Generic Implementation Procedure are as follows (SQUG, 1992):
-

Development of safe shutdown equipment list
Development of seismic demand (in-structure response)
Equipment walk-down and screening
Relay evaluation
Outlier resolution
Reporting

The methodology and the database (the so called SQUG-database) can be adapted to the
needs of different programmes for the resolution of design/qualification inadequacy issues.
Generally the process has to be started with development of the list of SSCs requiring requalification for a given level of earthquake. The basis of the identification of the scope can
be the list of SSCs for safe shutdown or the seismic and/or safety classification database as it
was the case at Paks NPP.
Four criteria are used for the verification of seismic capacity: (1) Comparison of the seismic
demand to the SQUG bounding spectrum; (2) Checking in the experience database (caveats
and inclusion rules); (3) Checking the anchorage; (4) Evaluation of the seismic interactions.
The seismic demand can be defined either by design floor response spectra, or by scaling-up
the design floor response spectra to the required level, or by completely new response
calculation for the required input (e.g. at Paks NPP the floor response spectra have been
calculated for the newly defined DBE).
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In case of most of this equipment, the load-bearing capacity is verified by demonstrating
that the equipment is adequately anchored. Operability is demonstrated by verifying that
the equipment is similar to the equipment of the database created on the basis of experience
and that it meets all of the prescriptions included in the GIP.
Important element of the procedure is the walk-down that provides the basis for screening out
the obviously rugged items and for the consideration of the as built conditions, since in majority
of cases, the load-bearing capacity is ensured, if the equipment is adequately anchored.
The applicability of the empirical qualification method should be carefully checked via
reviewing the similarities between the features of the items in the database and item to be
qualified at the plant. The empirical method and database were adapted for the qualification
of the VVER equipment (Masopust, 2003) and used for the qualification of the VVER at Paks
NPP Hungary, Bochunice and Mochovce NPP in Slovakia, though the objective and scope of
the particular seismic safety programmes differed very much from those in the USI A-46.

3.2.2. Deterministic margin analysis
The plant design shall ensure sufficient margins against seismic demand, as it is required by
the IAEA design requirements NS-R-1 (IAEA, 2000).
In case of operating plants, the objective of the seismic margin assessment (SMA) is to
evaluate, quantify the inbuilt seismic margin of those structures, systems and components of
the power plant that fulfil their basic safety functions during and after the earthquake. The
quantification of the margins is also recommended by the IAEA Safety Guides NS-G-1.6 and
NS-G-2.13 (IAEA, 2003 and 2009). The goal of the analysis is to determine the seismic shaking
level at which there is a high-confidence-of-low-probability-of-failure (HCLPF). This HCLPF is
mathematically defined as 95% confidence of less than 5% probability of failure.
In SMA calculation the seismic capacity CS is to compare to the Seismic Margin Earthquake
(SME) demand DS. The capacity and the demand have to be calculated according to codes
and standards while some specific assumptions should be accepted. These assumptions are
as follows (EPRI, 1998):
-

Load combination has to consist of normal and SME loads. The ground response
spectrum is median-shaped.
Conservative estimate of median damping have to be used.
Best estimate structural model has to be used and the uncertainty in frequencies has to
be accounted.
Calculation of the soil-structure interaction has to be best estimate taking into account
the parameter variation.
Code specific minimum strength or 95% non-exceedance probability values
Static capacity equations to be used have to be for code ultimate strength (ACI) for
concrete, or maximum strength, (AISC) for steel structures, or Service level D (ASME)
or functional limits in case of mechanical equipment.
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-

Inelastic energy absorption values to be used for non-brittle failure modes and linear
analysis can be taken e.g. from (IAEA, 2003a)
In-structure spectra have to be calculated by frequency shifting rather than peak
broadening to account for uncertainty while median damping is used.

The capacity-demand ratio for elastic response (� ⁄�)� is:
�
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�
�

�����

�� ����

(1)

where DNS is the concurrent non-seismic demand for all non-seismic loads in the load
combination, ∆CS is the reduction of the capacity due to concurrent seismic loading. The
inelastic capacity-demand ratio (� ⁄�)� can be similarly calculated taking into account the
ductility Fμ. If the inelastic capacity-demand ratio (� ⁄�)� exceeds unity the seismic margin
earthquake level SME exceeds the reference level earthquake RLE for what the existence of
sufficient margin has to be demonstrated. Otherwise, the built-in capacity that can be
utilized for sustaining the seismic demand is equal to �� = (� � ��� ), the seismic demand is
equal to (�� +ΔCS ). The RLE (or more precisely the PGA of the RLE) has to be scaled by the
ratio ((� � ��� )⁄(��� + Δ�� )) in elastic response case; or by �� ((� � ��� )⁄(��� + Δ�� ))
when for inelastic response considered. That value will be the code deterministic failure
margin with high confidence for low probability of failure (HCLPF) expressed in terms of
the peak ground acceleration, i.e.
����� =

�����
�� .
�� ���� � ���

(2)

The seismic capability active equipment (electrical, electromechanical and I&C) is qualified
by tests or empirical method (see Section 3.2.1 above). Based on the qualification or fragility
test data or generic data, a bound of the test response spectra have to be defined at about the
99 per-cent exceedance probability level. The in-structure response spectra calculated for the
reference level earthquake and the ratio of the bound of the test response spectra and instructure/floor response spectra has to be calculated. Scaling up the reference level (PGA)
with this ratio provides the HCLPF capacity of the equipment. The HCLPF capacity that has
to be evaluated for all items needed for ensuring the basic safety function.
A systematic SMA procedure and methodology has been developed by EPRI in NP 6041
Rev 1 consisting of following main elements (EPRI, 1998):
1.
2.

3.

4.

Definition of the Review Level Earthquake (RLE)
Identification of success paths needed to bring the reactor into stable
a. Two independent functional paths to shutdown
b. Define components in the paths
Plant walk-down
c. Screening out the rugged components
d. Identify characteristics, vulnerability
e. Assures verification of as-installed properties and conditions
f. Identify interactions
Seismic capacity evaluation for unscreened components
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The SMA seismic input is the Review Level Earthquake (RLE) that should exceed the
SSE. The RLE is that screening level at which structures, systems and components,
necessary for the shutdown of power plant and for keeping it in the stable shutdown
condition and considered to be in the ‘success path’, should be examined. (According to
the definition of given in EPRI NP-6041 report, SME is equivalent to RLE specified by
NUREG-1407. There are three categories of sites according to the PGA: PGA≤0.3g,
0.3<PGA≤0.5g and PGA>0.5g with reference level PGA 0.3g, 0.5g and >0.5g respectively.
For the analysis, the NUREG/CR-0098 median shape ground motion response spectral
can be selected.)
In margin analysis, the success path selection must include a primary success path and an
alternate success path utilizing to the greatest extent possible, different equipment. One of
the paths must also have the capability to mitigate a small pipe break.
The rugged components have to be screened out during the plant walk-down. For those
components that were not screened out during the walk-down phase, additional analyses
shall be executed to determine the HCLPF. The weakest component in a shutdown path
then defines the plant level HCLPF for that path.
For the new design, the margin beyond safe shutdown earthquake has to be demonstrated
(HCLPF for at least 1.67 times of the SSE in the US design practice and 1.4 times of the SSE
in the European design practice).
The seismic margin assessment procedure is experience and expert judgment driven.
Therefore the selection of the team is a decisive precondition for success and adequacy of
the result. The development of the safe shutdown equipment list and performance of the
walk-downs require very experienced team consisting of systems engineer,
structural/seismic engineers trained in design and empirical qualification as well.

3.2.3. Probabilistic seismic safety analysis (seismic PSA)
One of the most complex cases for assessing the nuclear power plant (NPP) safety is the
evaluation of the response of the plant to an earthquake load and the risk related with this.
The objective of the seismic PSA is to define the contribution of the earthquakes to the core
damage frequency of the reactor and finally to the overall risk of plant operation. Risk is
expressed as triplets � = ���� |�� |�� ��, where Si is the identification/description of the ith
scenario or accident sequence; pi is the probability of occurrence of that scenario and Li is the
measure of the consequences/losses caused by that scenario.
In case of earthquake, the probability of damage/failure of a structure or component Pfail
depends on a rather complex load vector � = (�� , �� , …) that expresses all features of the
earthquake excitation (peak ground acceleration, duration of strong motion and frequency
distribution of the energy of excitation). The Pfail can be calculated as follows:
����� = �� ℎ(�� , �� , …)�� (�� , �� , …)��� ��� …,

(3)
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where the ℎ(�� , �� , …) represents the hazard, i.e. it is the probability density function of
applied loads and �(�� , �� , …) denotes the conditional probability of failure. The
Equation (3) is theoretically precise. Nevertheless, in the practice the peak ground
acceleration is used as a single load parameter. There were also some attempts made for
using the cumulative absolute velocity for load parameter (Katona, 2010, 2011).
The basics of the seismic PSA were outlined in (Kennedy & Ravindra, 1984). Frequencies of
core damage caused by an earthquake are calculated by modelling of the plant behaviour by
event trees constructed to simulate the plant system response. Fault trees are needed for the
development of the probability of failure of particular components taking into account all
failure modes. The hazard is expressed as complementary probability: 1-cumulative
probability function, i.e. probability that the peak ground acceleration exceeds a given
value. The fragility is defined as the conditional probability of core damage as a function of
a – the PGA at free surface. The behaviour of the plant is modelled by the Boolean
description of sequences leading to failure. Plant level fragility is obtained by combining
component fragilities according to the Boolean-expression of the sequence leading to core
damage. The plant level fragility is defined as the conditional probability of core damage as
a function of free field PGA at the site. Plant level fragilities are convolved with the seismic
hazard curves to obtain a set of doublets for the plant damage state. A great number of
studies have been published on the seismic PSA, a review and referencing all of them is
impossible in the frame of recent study. The method is now well developed and
standardised by ASME in ASME/ANS RA-S–2008 (ASME, 2008) (see also the addendum
ASME/ANS RA-Sa–2009).
According to ASME/ANS RA-S-2008, for evaluation of core damage frequency the doublets
����� ���� �� have to be calculated, where fij is the frequency of the earthquake induced plant
damage state,
�

��� = �� �� (�� )

���
��

��� ,

(4)

where pij is the discrete probability of this frequency ��� = �� �� ; qi is the probability
associated with ith fragility curve fi(a) and pj is the probability associated with jth hazard
curve Hj. The seismic fragility fi(a) is the conditional probability of failure for a given value
of seismic input parameter, e.g. peak ground acceleration. The fragility curve fi(a) is the ith
representation of the conditional probability of the core damage. In the practice both the
hazard and fragility is accounted by point estimates with subsequent uncertainty
evaluation. The fragility is modelled by lognormal distribution:
�

�(�) = ��

�
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where � = �� �� , is the logarithm of median capacity Cm, and the βC is the composite
logarithmic standard deviation expressing the epistemic and aleatory uncertainty. The
lognormal distribution of the fragility is a consequence of the representation of the median
capacity, Cm, as a product and large number of different factors, Fi representing the
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uncertainties of all contributing to the capacity factors as well as the uncertainty in demand,
i.e. ∏� �� . According to the central limit theorem the sum of random variables tends to the
normal random variable independent form the distribution of each of them. This rule is
applicable to the logarithm of the product above.
The HCLPF is related to the Cm as follows:
�� � ����� � � (�������� ) .

(6)

ℎ(�) � �� (�)�� ,

(7)

���
� � is the probability density function of the applied seismic load
��
expressed in terms of peak ground acceleration, taken from the jth hazard curve. The form of
the hazard curve is as follows (McGuire et al., 2001):

The ℎ(�) � �

where k0 and k are constants that can be defined on the basis of probabilistic seismic hazard
assessment (PSHA).
The basic steps of seismic PSA are the followings:
1.
2.

3.
4.

Determination of seismic hazard by PSHA
Systems analysis
a. Fault trees and event trees
b. Define accident sequences, associated systems, components
Fragility analysis of SSCs – Conditional failure probability
Integration of hazard and fragility resulting in seismic core damage frequency.

Since the level of core damage probability to be assessed is very low, the assessment of
seismic hazard has to be performed up to very low level of annual probability, e.g. up-to
10-7/a or less. The median hazard curve can be used which can be defined adapting the
guidance in the IAEA Safety Guide SSG-9 (IAEA, 2010).
The consideration of uncertainty in both fragility and seismic hazard is important for
adequate safety assessment. The above formulation uncouples the uncertainties in the load
and resistance parameters, embodied in the in the fragility and load probability density
functions respectively. These uncertainties are usually of different origins and it is
convenient to be able to treat them separately.
The level 1+ seismic PSA gives estimation for the probability of seismic induced reactor
core-melt. The level 1+ means the examination of containment that includes the
evaluation of the safety of containment integrity and isolation as well as the
development of bypass.
The experiences of the seismic probabilistic safety (risk) studies performed in the U.S. are
summarised in (NRC, 2010). In comparison with core damage frequency (CDF) due to
internal initiators, the seismic core damage frequencies seem to be dominating. Similar
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conclusion can be made regarding seismic PSA results obtained for the Paks NPP, where the
contribution of the seismic events to the total CDF is approximately equal to 75 per-cent of
the total CDF; see also (Riechner et al., 2008) on the Swiss experiences. Generally, the
acceptable level of the annual probability of reactor core damage due to seismic events is of
order of magnitude 10-5. It seems that the uncertainties dominate the seismic CDF caused by
both uncertainty of the hazard definition, especially in the range below 10-5/a frequencies,
and by the uncertainty of the fragilities.
An interval representation can be proposed for accounting the uncertainty of the fragility
(Durga et al., 2009; Katona, 2010). The fragility is a doublet ���� ��� �� composed from set of
fragility functions fi(a) with probability weight qi, where the variable a is the horizontal
component of the ground motion acceleration. It can be represented by a probability box
(p-box), ���� ��� �� � ��� (�), �(�)�, where F(a) is the conditional probability distribution of
the failure. The �F�(a), F(a)� is the probability-box specified by a left side F�(a), and a right
side F(a) distribution functions, where the relations F�(a) ≥ F(a) and F(a) ≤ F(a) ≤ F�(a) are
valid.
The most trivial case for the use of p-box can be the screening according to ruggedness of
the component. The rugged components might be described by p-box with lower and upper
bounding value of the variable a, or any other damage indicator, i.e. cumulative absolute
velocity. The probability bounds can be defined via expert elicitation.

It can also be convenient to express the uncertainty of fragility in form of a p-box,
defined by a lower bound u(p) and an upper bound d(p) on the function L-1(p) defined as
inverse of the probability distribution F(a), i.e. �(�) ≥ ��� (�) ≥ �(�), where p is
probability level.

As it was mentioned above, in the practice the lognormal distribution is applied for
fragility of structures. If the bounds on mean,  and standard deviation  of a lognormal
distribution L are known, � � �(�, �)|� � ��� , �� �, � � ��� , �� �� the bounds on the
distribution can be obtained by computing the envelope of all lognormal distributions L
that have parameters within the specified intervals: �(�) = max� ���
� (�) and �(�) =
(�).
min� ���
�

3.2.4. Probabilistic margin analysis

The NRC seismic margins method (NUREG CR 5334) is a truncation of PSA, i.e. the plant
systems are modelled by Boolean method, while the systems needed for ensuring the basic
safety functions are considered, the seismic fragility curves are developed, and the plant
level HCLPF is computed (Campbell, 1998). The procedure does not involve the use of a
seismic hazard for the computation of the HCLPF and the core damage frequency is not
calculated.
The NRC seismic margins method involves the following steps (Prassinos at al, 1986):
-

Selection of the review level earthquake
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-

Development of systems models
Initial component ruggedness screening
Plant walk-down
Development of component and structural - fragilities
System analysis
Determination of plant level HCLPF

The systems models and fragility curves are used to determine the dominant accident
sequences and the plant level HCLPF. The RLE selection and walk-down procedures are
similar to those used in the EPRI margin method. The screening is conducted to eliminate
many components from fragility computations.
The HCLPF capacities for components in each system included into the plant model have to
be defined and combined according to the Boolean representation of the system via
minimum-maximum procedure: minimum HCLPF of the elements connected by or-gate
and maximum HCLPF of the elements connected by the and-gate. For example, if the
Boolean representation of a system composed from elements A, B, C and D is equal to
A*(B+C)*D then the HCLPF of the system is equal to Maximum of (A; Minimum of (B, C); D).
The plant HCLPF can also been calculated via convolution procedure.

3.2.5. Use of design methods and standards
A consequent use of design methods and standards for the re-evaluation and upgrading is
not practicable for the operating plants. However, in case if the plant was not designed for
earthquakes or the hazard was very underestimated, the design methods and standards
have to be used for achieving the compliance with design basis requirements as much as
practicable.
The graded approach has to be applied for appropriate selection of evaluation methods.
Deviation from design procedures can be accepted in case of qualification of outliers of
Class 3 (seismic classification see e.g. IAEA Safety Guide NS-G-1.6 (IAEA, 2003b), safety
classification principles are given e.g. in the IAEA NS-R-1 (IAEA, 2000b).
The possibility of differentiation at design is exposed by guideline NS-G-1.6:
Class 1: design ensuring the function and great safety margin are necessary
Class 2: items are classified because of seismic interactions; they ‘can be designed with
smaller safety margin’
Class 3: these can be designed differentiated according to hazard
Class 4: general industrial standard can be used
The assumptions and methods applicable for each tasks of the seismic re-evaluation and
upgrading of the operating plants with the aim of design basis reconstitution are given in
the Table 1. Practical example is given in Section 5 below.
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Task

Practicable/advisable method

Evaluation of the seismic hazard of the site
that includes the associated with earthquake
events, e.g. liquefaction;
Development of the design basis earthquake
characteristics;

As for new design, preferable PSHA (see the
IAEA NS-R-3, SSG-9 and NS-G-3.6)
DBE as for new design – The Ground Motion
Response Spectra have to be modified in
accordance to ASCE/SEI 43-05 (ASCE, 2005)
and Reg. Guide 1.208 (NRC, 2007) to be taken
for design basis response spectra.

Identification of the structures, systems and
equipment, which are needed for ensuring
that basic safety functions;

According to the safety and seismic
classification plus interacting SSCs.
Stable shutdown conditions have to be
ensured as minimum for 72 hours. Single
failure criterion has to be applied.

Evaluation of the seismic capacity of SSCs
and identification of the upgrading;

Graded approach: Class 1-3 evaluation by
analysis according to design codes; Class 1
and 2 outliers has to be fixed; For Class 3
outliers justification via less conservative
method (realistic damping, inelastic
response) or upgrade;

Design and implementation of the necessary Design of modification according to codes
corrective measures (fixes and
and standards.
qualifications);
Qualification by tests or empirical method.
Installation of seismic instrumentation;
Development of pre-earthquake
preparedness and post-earthquake
measures;

According to the IAEA NS-G-1.6, NRC
Regulatory Guide and 1.12, 1.166 and 1.167,
(IAEA, 1995; NRC, 1997a, 1997b, 2000, EPRI,
1988, 1989, ANS 2002)

Evaluation of the CDF due to earthquake,
quantification of the safety margins.

Seismic PSA

Table 1. Assumptions and methods applicable while complying with newly defined design basis
requirements

3.3. Studies for restart after strong earthquake
There are specific procedures developed for the evaluation of the plant safety after a strong
earthquake that are part of the plant emergency procedures (EOPs) for the case of
earthquake, e.g. (NRC, 1997a, 1997b), (EPRI, 1989), (ANS, 2002) and (IAEA 2011).
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The post-earthquake evaluation is in principle eclectic. The practicable methods are e.g. the
evaluation by analysis, margin assessment, checking the post-earthquake condition of
equipment along empirical criteria, in-service inspections and testing. Selection of the
method can be performed on the basis of walk-down and visual inspection’s experiences,
safety classification, etc. Lessons learnt from the case of the Kashiwazaki-Kariwa plant after
the 2007 earthquake are of great importance.
The justification of the continuation of the operation after a strong earthquake (even if it is
below the SSE-level) is a rather complex issue.
The design is success oriented. Consequently, the comparison design versus experienced
parameters provides basis for a deterministic statement, whether an SSC will fail or not.
The seismic PSA is failure oriented, it indicate the week links that have to be carefully
checked. The margin studies quantify the built-in capacities/reserves that may cover the
demand even beyond the design base, see (Kassawara, 2008).
Although it is the most time-consuming and expensive, the careful testing and the
implementation of state-of-the-art analysis methods and removing the unnecessary
conservatism of material parameters (mainly the damping) seems to be the most powerful
tool for the evaluation of post-event situation.
There is an obvious need for a better damage indicator as the PGA and response spectra
of the experienced earthquake and the comparison of these to the design base PGA and
response spectra. The cumulative absolute velocity (CAV) is a good indicator for no
damage according to the EPRI study (EPRI, 1988). Some recent studies show that the CAV
can be used for damage indicator for assessing the post-event conditions, especially for
the fatigue failure mode, since the CAV can be correlated to the product of the number of
load cycles and the stress amplitudes, thus the fatigue lifetime limit can be written as a
function of the CAV (Katona, 2011). Comparing of the Niigata-Chuetsu-Oki earthquake in
2007 and the Great Tohoku earthquake in 2011, the most significant difference is not in the
PGA but in the overall energy of the ground motion that is properly characterised by the
CAV value.

3.4. Severe accident management oriented studies
Recently, the severe accident management (SAM) studies with regard to extreme
environmental conditions and hazards become great importance. For the planning of the
accident management and mitigation measures and development of the severe accident
management guidelines, the possible accident scenarios have to be known and the plant
vulnerabilities and robust features have to be identified. For the design of technical
means for the accident management/mitigation, the post-event conditions have to be
forecasted.
For the adequate preparation for severe accident situations, simultaneous occurrence of
extremities has to be assumed. Occurrence of additional earthquake induced events has
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to be expected, if the beyond design basis hits the plant. For example soil liquefaction
can be the dominating issue and cause cliff-edge effect on soft soil sites if a strong
beyond design base earthquake hits the site, while the liquefaction may not happen in
design base case.
It has to be also assumed that extreme conditions, including logistical obstacles due to onsite and off-site damages will be in place while the accident management measures have to
be implemented.
The seismic PSA and margin type analyses provide the basis for the definition of the
possible damage sequences and identification of effective measures. According to the PSA
experience, the most serious is the sequence of the total loss of power and possibility of the
heat removal to the ultimate heat sink or even loss the ultimate heat sink while the
containment isolation is lost with or without of containment isolation with or without
significant structural damage of the containment.
Essential task of the studies related to severe accident management is the aseismic design of
the connections of the provisional systems for cooling the reactor and spent fuel pool
(pipelines for cooling and DC/AC power cabling and connections). The design basis of these
provisions has to be defined well beyond the plant “usual” design basis. The seismic hazard
curve should be available for this reason.
The concept and the main tasks of the severe accident management studies are as
follows:
1.
2.
3.

4.
5.

identification of possible minimum configurations needed for shutdown and heat
removal of the reactor and spent fuel and protection of the containment
identification of provisional and mobile tools for ensuring the heat removal and
containment protection
plant walk-down for
a. screening out the robust elements
b. identification of interactions affecting the SSCs within the minimum configuration
and the inhibiting the connections of provisional power and cooling lines
c. identification of the logistical obstacles impeding the implementation of SAM
measures
identification of the measures needed for SAM
assessment/quantification of the margins

3.5. Role of the walk-downs
As it has been shown in the Sections above, the walk-down of the power plant is a key
element of the seismic re-evaluation and re-qualification of the operating NPPs. The walkdowns provide the opportunity to see what is difficult or impossible to recognise just
looking, reviewing the documentation. The aim of the walk-down is as follows:
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1.

2.

3.

to check the as-is conditions, i.e.
a. the as-is lay-out conditions,
b. the adequacy of the anchorages,
c. to check the compliance with the conditions in the re-qualification database,
to identify those interactions, which can potentially affect the performance of the
seismic safety related structures, systems and components during the occurrence of an
earthquake and can render this equipment inoperable,
to check the feasibility of upgrading measures.

Examples for checking the interaction items during the walk-down are listed below:
-

unreinforced masonry walls adjacent to safety-related equipment may fall and impact
safety-related equipment or cause loss of function of such equipment,
fire extinguishers may fall and impact or roll into safety-related equipment, or spurious
actuation of the fire extinguish system may happen,
inadequately anchored or braced equipment as vessels, tanks, heat exchangers, cabinets
etc. may overturn, slide and impact adjacent safety-related equipment,
equipment carts, chains, air bottles, welding equipment etc. may roll into, slide,
overturn, or otherwise impact safety-related equipment,
storage cabinets, office cabinets, files, bookcases etc. located, for instance in control
rooms, may fall and impact adjacent safety-related equipment,
break/damage of non-safety related piping, tanks, heating may cause spray, flood and
loss of function of the safety related systems,
flexible piping, cable trays, conduits, and heating, ventilation and air-conditioning
(HVAC) ducts may deflect and impact adjacent safety-related equipment,
anchor movement may cause breaks in nearby piping, cable trays, conduits, HVAC
ducts etc. that may fall or deflect and impact adjacent safety-related equipment,
emergency lights and lower ceiling panels can fall down and damage safety-related
equipment free crane hooks may bang safety-related equipment in their vicinity,

The plant walk-down is also required for the assessment of the severe earthquake
vulnerabilities and design of accident management and mitigation measures, including the
identification of the on-site and off-site logistical obstacles.

3.6. Design of upgrading
Design of the upgrading have to be performed according to the design codes and standards
and for the design basis earthquake as defined by current licensing basis.
The seismic upgrading are design modifications requiring proper configuration
management and regulatory approvals.

3.7. Role of the peer-reviews
All methods presented above for the re-evaluation and re-qualification of the operating
plants require specific knowledge and experience and decisively based on the expert

Seismic Safety Analysis and Upgrading of Operating Nuclear Power Plants 99

judgement. Consequently, the re-evaluation, re-qualification and upgrading of operating
plants have to be peer reviewed to provide an independent overview of its adequacy. The
recommendations for the peer review are part of the descriptions of the procedures and also
given in the (IAEA, 2003, 2009).

4. Pre-earthquake preparedness and post-earthquake actions
4.1. Operating basis earthquake (OBE) exceedance
Operating basis earthquake level is understood as a limit for the continuation of the safe
operation. If the plant is designed for two levels of earthquake, i.e. OBE and SSE, the limit of
safe operation should be set equal to the OBE PGA measured at free-field, or to the response
acceleration level at an appropriate location of the structure, e.g. at containment basement,
calculated for the OBE. If the acceleration is crossing the set level the reactor protection
system is actuated automatically. An automatic seismic trip system could be designed in
accordance with the concept of the reactor protection system design with regard to the
instrumentation, redundancy and the logic of the generation of actuating command. The
system design should eliminate as much as possible the spurious trips. There are different
concepts for selection of the trigger level. A "high level" trip could be set based on some percent of the SSE (usually chosen as greater than 60% of the SSE level) and could be designed
to minimize spurious trips due to after-shock and low acceleration earthquakes. A "low
level" trip would be set to activate on the compressional waves (P waves) when this first
arrival caused displacement or acceleration greater than the calculated maximum allowable
P wave for an OBE. The decision on the OBE exceedance per acceleration level crossing
could be considered as traditional. Considerations have been made regarding advisability of
the automated reactor shutdown in case of small earthquakes (Cummings, 1976, IAEA,
1995). There are plants and sites in low and moderate seismic activity regions where an
automatic PGA or acceleration level triggered shutdown can be caused by practically
harmless ground motions. There are plants that are practically not designed for two levels of
earthquakes just upgraded to comply with the SSE related requirements. For these cases the
U.S. NRC Regulatory Guide and 1.12, 1.166 and 1.167, and the IAEA as well as the NRC
documents on the “Advisability of seismic scram“ provide guidance; see the also the (IAEA,
1995).
At the plant in the moderate seismicity regions the operational limit related to the OBE
exceedance is formulated in terms of cumulative absolute velocity and spectral amplitude of
the acceleration and velocity response spectra measured at the free field; see (NRC, 1997a,
1997b and 2000; EPRI, 1988; 1989, ANS 2002). According to U.S. NRC Regulatory Guide
1.166 the OBE exceedance criteria are as follows:
“The OBE response spectrum is exceeded if any one of the three components (two
horizontal and one vertical) of the 5 percent of critical damping response spectra generated
using the free-field ground motion is larger than:
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1.

2.

The corresponding design response spectral acceleration (OBE spectrum if used in the
design, otherwise 1/3 of the safe shutdown earthquake ground motion (SSE) spectrum)
or 0.2g, whichever is greater, for frequencies between 2 to 10 Hz, or
The corresponding design response spectral velocity (OBE spectrum if used in the
design, otherwise 1/3 of the SSE spectrum) or a spectral velocity of 6 inches per second
(15.24 centimeters per second), whichever is greater, for frequencies between 1 and 2
Hz.”

The CAV is defined for each component of the free-field ground motion as
�

��� � �� |����| ��,

(8)

where a(t) is a component of the ground acceleration, T is the duration of the strong motion.
There are certain rules for the numerical calculation of the CAV: (1) the absolute acceleration
(g units) time-history is divided into 1-second intervals, (2) each 1-second interval that has at
least 1 exceedance of 0.025g is integrated over time, (3) all the integrated values are summed
together to arrive at the CAV.
The CAV check is exceeded if any CAV calculation is greater than 0.16 g-seconds.
If the response spectrum check and the CAV check were exceeded, the OBE was exceeded
and plant shutdown is required.

4.2. Seismic instrumentation
The seismic instrumentation has two important roles:
-

to provide information for the decision on OBE exceedance
to register the plant response for the post-event evaluation of the plant condition.

The instrumentation providing response records for the evaluation post-event condition of
the plant should be installed at most important/significant location of the structures and
main components.
The instrumentation for the judgement on the OBE exceedance has to be designed and fitted
to the concept of limitation of the operation in case of earthquake. The instrumentation and
voting logic for automatic scram should have the same structure, redundancy etc. as the
reactor protection system.
For example the Soviet designed SIAZ (System of Industrial Antisesmic Protection) system
initiating automatic reactor scram consists of nine tri-axial accelerometers in three
independent systems with independent electric power supply and two sets of them.
Contrary to this the tri-axial accelerometers for evaluation of OBE exceedance via CAV and
response spectrum criteria should be installed at protected free-field locations.
Regarding design and installation of seismic instrumentation see (NRC, 1997c) and (IAEA,
2003b).
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4.3. Development of emergency operational procedures
Activities that have to be executed during earthquake should be defined and adequate
emergency operational procedures for accident prevention should be developed for the case
of earthquake. The documents (NRC, 1997a, 1997b and 2000; EPRI, 1988; 1989, ANS 2002)
and the (IAEA, 2011) provide guidelines for the development of the procedure.
The development of earthquake related severe accident management guidelines can be
performed on the basis of severe accident oriented studies (Section 3.4) and IAEA
documents (IAEA, 2009b).

5. Implementation example – Seismic safety programme at Paks NPP
5.1. Basic principles and outline of the programme
The case of Paks NPP is significantly different from the cases of other nuclear power plants
regarding the initial basis and objective of their seismic safety programmes. Ab’ovo, Paks
NPP has not been designed and qualified for the earthquake loads. The reason was twofold:
the site seismicity was underestimated and the design basis was set to the MSK-64 intesity 5
that was equal to the intensity of the historically credible earthquake plus one intensity ball.
In mid eighties the safety deficiency had been recognised and a programme for the
definition of the site seismic hazard had been launched, which had been extended to a
comprehensive site evaluation programme, including geological, geophysical, seismological
and geotechnical investigations as for design basis regarding the scope and the
methodology. The probabilistic seismic hazard assessment had been completed in 1995 and
the design basis earthquake had been defined on the 10-4/a non-exceedance level. The
Hungarian Regulatory Authority had approved the new design basis, and requested to
launch a programme for ensuring the compliance with newly defined design basis.
It was already recognised at the very beginning of the seismic safety programme that a
consequent and full scope re-design in line with design codes and standards and subsequent
upgrading might be impossible at Paks NPP. Therefore, acknowledging the international
practice and IAEA recommendations, the Hungarian authorities allowed the use of
methodologies for seismic re-evaluation and re-qualification of operating NPPs, less
conservative than the design procedures. Admittedly, in early phase of the implementation
of the seismic safety programme of Paks NPP, there was a bloodless hope that the issues at
Paks NPP could be managed via application of SQUG/GIP, EPRI deterministic seismic
margin method, Seismic Evaluation Procedures of the DoE (see Section 3.2 above).
Contrary to the relative alleviations regarding selection of the re-qualification methodologies,
the scope of the seismic safety evaluation and upgrades was set by the regulation as for redesign, covering not only the seismic safety classified SSCs (including interacting items), but
the whole scope of safety classified SSCs with three times full redundancy with application of
the single failure criterion has been accounted instead of considering a success path and a
backup only, etc. Also the process requirements were set as for new design, e.g. the heat
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removal after the design base earthquake shall be ensured unlimited in time, contrary to the 72
hours requirement applicable in usual margin-type assessment.
The real objective has been clearly understood after performing the first Periodic Safety Reviews
in 1999, since the compliance with the just issued Nuclear Safety Regulations (Governmental
Decree No 108/1997) requested to be achieved and demonstrated. It was recognised that the
methodologies mentioned above does not provide the required for Paks NPP result regarding
design base reconstitution, on the other hand they can’t be directly applied for VVER plants,
certain adaptation was needed for accounting the VVER design features.
The qualification of the Paks NPP have been executed as for the newly defined design basis
earthquake by applying procedures and criteria for the new design, combined with the
methods and techniques developed for seismic re-evaluation of operating nuclear power
plants. The seismic safety programme of the Paks NPP is presented below in Figure 1.
The description of the project as given below clearly indicates the similarities and
differences between the programmes as understood in (Gürpinar & Godoy, 1998; Campbell
at al, 1998) and programme at Paks NPP (Katona, 2001).
The selection and use of methodologies has been graded in accordance with safety relevance
of the system, structure or component.
The Hungarian regulation requires performance of probabilistic safety analyses for internal
and external events/initiators. Therefore, after implementing the seismic safety upgrading
measures, the achieved level of safety has been quantified via seismic PSA, which provides
the value of the CDF and also indicated certain week links to be avoided or accounted.
The implementation of the programme was broken into three phases:
Preparatory phase before 1995: The objective was to prepare the programme in a way that it
could be executed within reasonable technical and economical limits (example see in Section
5.4). Learning and trial of the methods were going on simultaneously with the site
evaluation. The conservatism had to be handled carefully during the seismic safety
assessment. The easy to perform fixes had been designed for preliminary conservative
seismic input and implemented. The easy-fix project covers 10184 items for 4 units. The
volumes of the works are given in Table 2. Total amount of structural steel used for fixes is
equal to 445 tons. Safety related batteries for all four units have been replaced and fixed in
the frame of the easy-fix project.
Between 1996-1999: Selection of the methodology, evaluation of as-is seismic capacity and
identification of the fixes had been performed.
Design and implementation of fixes 1999-2003: The amount of works is illustrated in Figure
2 and 3 and in Table 3.
The programme was broken down into manageable tasks and projects while the uniformity
of the requirements and assumptions between these tasks had been ensured by appropriate
quality assurance programme and methodological and criteria documents developed for
each task.
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Figure 1. Structure and tasks of seismic safety programme at Paks NPP

104 Nuclear Power – Practical Aspects

Task

number of items

fixes

mechanical equipment

202

anchorages

electrical equipment

465

anchorages

cable trays

2498

anchorages

I&C (cabinets, racks)

2061

anchorages and top bracing

brick walls

281

steel frame fixes

total number of easy-fix items

5507

Table 2. Tasks and work volumes of the easy-fix project

Figure 2. Viscous-dampers below the steam-generator
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Figure 3. Steel-frame bridge between localisation towers for fixing the frames of the reactor hall
(columns) in cross-wise direction

Qualification and upgrades

Time frame

Tasks/Volume

Electrical and I&C equipment

1993-2002

Qualifications, replacements

High energy pipelines of primary circuit
and equipment

1997-1999

250 fixes (GERB viscousdampers)

Structure of the turbine and reactor hall

1999-2000

1360 t of steel fixes

Support bridge at localization towers

2000-2001

300 t of steel fixes

Other classified pipelines of primary
circuit and the components

1998-2000

760 fixes

Classified piping and components of
secondary circuit, fixes of supporting
steel structures in the turbine building

2000-2002

160 t of added steel structures
1500 fixes

Other classified pipelines and equipment

2001-2002

80 fixes

2002-

Fixing the joints in the turbine
building, relays qualification

Measures identified by seismic PSA

Table 3. Tasks and work volumes of the easy-fix project
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5.2. The seismic design basis
5.2.1. Seismic hazard
Full-scope site geological, geophysical, seismological and geotechnical investigation and
evaluation has been performed with subsequent probabilistic seismic hazard assessment
(PSHA). The methodology is described in (Tóth et al., 2009).
The design base earthquake is defined on the 10-4/a non-exceedance level, taken on the mean
hazard curve. Recent Hungarian regulatory requirement is: the design base event has to be
defined on the median hazard curve at 0.005 non-exceedance probability for the total
lifetime of the plant, which means exactly a 10-4/a frequency for a 50 years operational
lifetime (or approximately 10-5/a for a new built).
The horizontal and vertical peak ground accelerations (PGA) are equal to 0.25g and 0.2g
respectively. (The PGA correlated to the original design basis seismicity was 0.025g.)
The uniform hazard response spectra were defined for the Pannonian surface (as for a
virtual outcrop) below the site. The ground motion response spectra (GMRS) are calculated
taking into account the nonlinear features of the soft soil layer covering the site.
The results are shown in Figure 4.

Figure 4. Accounting site mean spectral ratios and mean bedrock and surface UHRS at 5% damping for
three different probability levels

The acceptability of the obtained ground motion response spectra for the design base was
justified earlier (in 1995) by comparison with deterministically defined 84% response spectra
(on the basis of US NRC Draft Guide 1032 issued later as Regulatory Guide 1.165) and
recently per U.S. NRC Regulatory Guide 1.208 (NRC, 2005) and ASCE/SEI 43-05 procedure
(ASCE, 2005). The latter ensure the avoidance of the cliff-edge effect with respect to the

Seismic Safety Analysis and Upgrading of Operating Nuclear Power Plants 107

seismic input, since the increase in the amplitudes in ground motion response spectra due to
relatively small increase (one order of magnitude) in the exceedance probability is
accounted.
The parameters of a 10-2/a non-exceedance level earthquake have also been defined. The
PGA is equal to 0.087g in this case. This information is used for certain fatigue type analyses.
The response spectrum and cumulative absolute velocity criteria are used for the definition
of OBE exceedance; see US NRC Regulatory Guide 1.166 (NRC, 1997a).

5.2.2. Geotechnical conditions
There is Pleistocene layer of 25-30 m covering the site, the upper 12-15 part of which
originates from floods and consists of fine structure, well classified sand, while its lower
part consist of sandy gravel and gravel. Under the Pleistocene layers, there are various
upper Pannonian layers, which are irregularly divided by sandstone ridges. These ridges
are cemented to various extents and can be regarded as semi-rock. The 25-30 m saturated
young soft soil (~300m/s shear-wave velocity) covering the eroded Pannonian surface at the
site is susceptible to liquefaction at the depth 10-15 m. The probabilistic liquefaction analysis
performed in 1995 has shown that the best estimate return period of the occurrence of
liquefaction exceeds 10000 years therefore the liquefaction was not considered as a design
basis phenomenon.
For the seismic PSA purposes, the evaluation of the site effects was extended to very low
probabilities (10−4÷10−6/a). According to the seismic PSA the building relative settlement due
to the liquefaction is the dominating effect contributing to the CDF just below the design
basis probability level. This experience triggered a state-of-the-art analysis of the
liquefaction. It was also observed that the uncertainty of the analysis is essential due to
uncertainty of soil parameters and the methods.
Liquefaction susceptibility can be expressed in terms of factor of safety FSliq against the
occurrence of liquefaction as,
����� =
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where CRR is the cyclic resistance ration and the CSR is cyclic stress ratio, see Regulatory
Guide 1.198 (NRC, 2003). The cyclic stress generated by the given earthquake is as follows
(Seed and Idriss 1971):
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where av is the equivalent shear stress amplitude, amax is the peak horizontal acceleration at
ground surface, g is the acceleration of gravity, v0 and ’v0 are the total and effective vertical
overburden stresses, respectively, and rd is a nonlinear stress reduction coefficient that varies
with depth.
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Depending on the method used the value of safety factor varies in rather wide range. The
methodologies (Seed & Idriss, 1971, 1982; Tokimatsu & Yoshimi, 1983) used for Paks site
resulted in a relative low margin, while the analysis via effective stress method provides
much larger margins (Győri et al, 2002).
The building settlement caused by earthquake can affect the underground communications
(service water piping and emergency power supply cables) due to relative displacements.
This effect will be amplified if liquefaction occurs. The dominant failure mode in the
acceleration ranges higher than the design basis is due to the relative building caused by the
soil liquefaction. This makes it necessary to re-qualify the underground lines and
connections jeopardized by the settlement of the main building or, if it is necessary, to
modify them to make their relative movement unimpeded. An advanced probabilistic
liquefaction and relative building settlement analysis is going on using an amended soil
parameter database in relation to the investigation of beyond design base vulnerabilities
performed for severe accident management reasons (Győri et al, 2011).

5.3. Identification of SSCs for safe shutdown – Seismic classification
The procedure for the safe shutdown, cool-down and long-term heat removal of the reactors
has been elaborated in two versions (Katona, 2003).
The first version was developed before 1995, when a very conservative guess of the DBE
(with PGA 0.35g) was available. For this high demand, a safe shutdown technology was
selected that could be realised by the upgrading of the minimum number of systems. It was
advisable to select systems for the safe shutdown and cool-down, which are situated in the
reinforced concrete containment part of the main building because only this part of the
building seemed to sustain the loads. The upgraded and not upgraded systems or parts of
systems should be separated in case of earthquake by fast closing valves. The control rods,
and boron system would ensure shutdown of the reactor, and the stable subcritical
conditions. The reactor should have been cooled-down by the secondary bleed and feed.
The long-term heat removal would have been executed through the heat exchangers of the
low-pressure emergency core cooling system that should have been modified for the
execution of this function. This concept would require modifications in the safety systems
and the installation of the great number of valves. Analysing the feasibility issues, it has to
be recognised that the implementation of the concept is not only very expensive but it can
reduce safety in all other cases than an earthquake because of the modification of the low
pressure emergency core cooling system.
Performing the analyses for main building complex, it was recognised that the most
critical structure is the gallery building that gives place to several vital systems and I&C
equipment. This part of the main building should have been upgraded. Developing the
possible technical solution for upgrading the longitudinal gallery building, it turned out
that it can be best performed, if the steel frames of the turbine hall and the reactor hall are
also fixed. This solution allows the application of structural upgrades that do not require
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fixes in the over-crowded by equipment and piping gallery building. If it the case, the
systems for regular heat removal placed in the turbine hall would be available for heat
removal after an earthquake, if their re-qualification is performed. Meantime, in 1995 the
site seismic hazard evaluation has been completed which resulted in the DBE with 0.25g
PGA. Response and stress calculations made for the newly defined DBE have shown that
essential part of the mechanical equipment and pipelines can sustain the DBE demand
and the reinforcement of the systems and structures necessary for seismic safety is feasible
with reasonable effort.
Theoretical considerations have been made for the evaluation of upgrading effort
required for fixing the pipelines and components required for heat removal via systems
“as usual”, i.e. systems dedicated for emergency cases. It has been assumed that the “as
is” seismic capacity of the pipe segments can be treated as a random variable; its value
can be expressed by total design capacity multiplied by several factors representing the
randomness of the actual design features, floor-response, etc. If it is the case, the
calculated “as is” HCLPF values of pipe segments have to be lognormal distributed. If the
distribution is known, the parameters of the distribution can be defined on the basis of
HCLPF calculations for “as is” conditions and the number of pipe segments requiring
fixes can be evaluated. The distributions of “as is” HCLPF values of pipe segments
presented in Figure 5 justified the assumptions and made possible the evaluation of
upgrading needs.
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Figure 5. Distribution of “as is” HCLPF values of pipe segments (units 1-4 and units 3-4)

Based on the assessment of fixes of the piping and components, the cost of these fixes turned
to be cheaper than the (automatic) isolation of the unreinforced parts of the systems by a
great number (more than 100/unit) of fast closing valves.
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Consequently, instead of a success path and backup for heat removal, the concept has been
chosen that is based on the use of systems devoted for heat removal as per design, taking
into account the design philosophy of the VVER-440/213 and widely using the synergy
between structural and component fixes.
Meantime, the new nuclear regulation issued in 1997 required the upgrading and
qualification of the SSCs enrolled into seismic classes. Moreover, the regulation requested to
ensure the adequate capacity of the safety classified SSCs for hazards. Consequently, the
scope of the seismic safety evaluation and upgrades was set as for re-design, covering not
only the seismic safety classified SSCs (including interacting items), but the whole scope of
safety classified SSCs with three times full redundancy, with application of the single failure
criterion. The stable and unlimited in time cold shutdown condition have to be ensured after
the design base earthquake.
According to the selected concept the sub-criticality is maintained by the shutdown and
boron control systems. The cool-down is ensured by secondary-side bleed and feed. The
continuous cooling is maintained by the heat removal system. In all redundant trains, the
SSCs needed for ensuring these safety functions are fixed and qualified for DBE.
Certain modifications have been implemented for making possible the required functioning,
e.g. modification of the venting of the tubes of control assemblies on the reactor pressure
vessel head. The systems not required for the safety functions are isolated automatically
from the seismically qualified one. The procedure was developed assuming that the plant is
in normal operational condition; the outside energy supply (grid) and make-up water
source is not available for 72 hours.
Loss of coolant accident is not assumed in consequence of the earthquake; hence, the
primary system piping is fixed for DBE according to the design rules. Nevertheless, all
redundant safety trains including emergency core cooling systems have been upgraded
and qualified for DBE. Consequently the sequences with loss-of-coolant can also be
managed, although these are already beyond design base sequences according to the
safety philosophy.
On the other hand, the consequences of the small breaks (impulse pipes, drains, air vents)
shall be examined from the aspect of the dose limits and containment integrity. The break of
small-bore pipes shall be considered in connection with the passive single failures (see
article 5.3 of NS-G-2.13). The degree of passive single failures is limited to the break of
small-bore pipes (<DN50) and to the leakage of the sealing of pumps or valves.
Those non-safety-classified SSCs have to be also fixed for DBE, failure of which may
endanger the integrity or functioning of the safety systems. The possibility of fires and
flooding induced by earthquake is also avoided via modification and fixing of the relevant
systems, and installing letdown systems for lubricant and Hydrogen.
The systems for the heat removal of the spent fuel and refuelling pools are also fixed and
qualified for DBE.
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The SSCs have been formally classified: Seismic Class 1 – active systems and components,
Seismic Class 2 – passive structures and components (thereafter SCs) needed for ensuring
the basic safety functions during and after DBE; Seismic Class 3 – SSCs are those, failure
of which may inhibit the safety functions (interacting SCs, falling-on, casing fire or
flooding, etc.). Seismic Class 4 – no safety functions and no interaction. Obviously, the
scope of seismic safety programme at Paks NPP envelops the scope defined in the
international practice for the operating nuclear power plants. Chapter 5 of NS-G-2.13
(IAEA, 2009) only prescribes the re-qualification of the minimal number of SSCs necessary
for the implementation of safety functions during and after the earthquake. In case of
Paks NPP this concept could not been applied since the design basis had to be
reconstructed. Thus the requirements of the IAEA NS-R-1 and NS-G-1.6 were applied. The
rational for seismic classification is rather questionable. If the safety related safety
classified SSCs have to be designed for the design base external hazards, the basic safety
functions would be ensured by these SSCs in case of earthquake too, i.e. no need of the
seismic and safety classification.

5.4. Response and strength analysis of structures and components
Two approaches can be accepted for analysis of the soil-structure interaction:
-

flexible volume model, flexible volume frequency domain method
rigid boundary model, rigid boundary time domain method.

In case of the rigid boundary method, the modal damping was limited according to
international standards (e.g. KTA 2201.3: 15% for horizontal, 30% for vertical motion).
Although the uncertainty of the geotechnical data had been extensively studied, three
values of the soil share modulus Gmin, Gav and Gmax, have to be considered for handling the
uncertainty of soil parameters, where Gmin = 0.5 Gav and Gmax = 2.0 Gav (according to ASCE-4
(ASCE, 1998), 1.5 Gav is acceptable as minimum value).
The analysis of the structural response and capacity of the structures graded approach have
been applied, i.e. the modelling and the analysis method have been selected according to the
safety relevance of the structure.
The most important building complex is the VVER-440/V213 main reactor building that
consists of the reinforced concrete confinement with the localization tower and the attached
longitudinal and transversal gallery buildings, as well as the reactor and turbine hall. The
most critical parts of the complex structure are the longitudinal and transversal gallery
buildings. A method with solution of the equations of motion in frequency domain has been
applied for analysis (Katona et al, 1995a).
The secondary buildings are box-shaped structures composed of reinforced concrete
prefabricated elements or structures composed of foundation and an upper steel structure.
Because of the structural complexity of these buildings, an up-to-date 3D modelling was
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required. The soil-structure interaction was be modelled by frequency independent soil
springs and dampers.
Unique blast tests have been performed for empirical modal analysis of the dynamic
behaviour of the main building structures and for the verification of the models developed
(Katona et al, 1992, 1993a; Halbritter at al, 1993a). These tests provide good information
regarding soil-structure interaction under small-strain excitation.
For optimal modelling of primary system responses, a coupled mechanical and structural
model has been developed (Halbritter et al, 1993b; Katona et al, 1993b, 1994, 1999).
The selection of upgrading concept for buildings has been made iteratively. For all options
of upgrading, the response and resistance of modified structure has been made and the
optimal solution selected via comparison of response and strength achieved. After selection
of final upgrading solution the dynamic calculations have been repeated for the modified
configuration for justification of the adequacy of the upgrades and development of the floor
response spectra. Latter has little importance for the reinforced concrete containment part of
the main building complex, but it was essential, e.g. in the gallery buildings. The same
iterative procedure has been applied in case of Reactor Coolant System upgrade, and the
fixed configuration has been re-calculated for the justification of code compliance of the
integrity (Katona et al, 1999).
The methods for evaluation of as-built capacity of structures and components (passive SCs)
have been selected in accordance of safety and seismic class, as follows:
-

-

Safety Class 1 and 2 mechanical components, piping, etc. and Safety Class 2 buildings –
straightforward design procedure (codes and standards) have been used. For example,
for the pressure retaining boundaries Class 1 and 2 German design code KTA, and for
the Class 3 ASME; KTA-ASME comparative study also made, purely elastic approach)
has been applied;
The Class 3 SCs failed to comply with design codes have been generally evaluated
using realistic assumptions for damping and ductility similar to the (IAEA, 2003).
small bore, low-energy pipes – simplified code based method.

The floor response spectra used for the component capacity evaluation was defined
according to the design codes (see e.g. ASCE-4-86). However, in case of Class 3 SCs that
failed when conservative floor response was used, the calculation was performed for the
best estimate floor response spectra (FRS). The best estimate FRS has been obtained either
via probabilistic method, or taking into account the inelastic energy absorption, or
accounting the equipment-structure mass ratio.
In those cases when the existing supports of pipelines are modified in order to provide
adequate seismic capacity, e.g. when the number or type of the supports is changed, it shall
be demonstrated on the basis of the relevant nuclear standards (ASME BPVC Section III
(ANSI ANS N690) or KTA 3201, 3211, 3205) that the upgraded high energy pipelines and
their supports comply with the following criteria:
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-

The effect of restrained thermal expansion due to the modified pipeline’s supports
complies with the requirements of the standard;
The requirements of the standard are met without using the ductility.
The pipeline’s supports comply with the requirements of ASME BPVC Section III NF or
ANSI ANS N690 or equivalent nuclear standards (e.g. the German KTA) when they are
affected by pipeline reaction due to normal operational conditions (including the
restrained thermal expansion) + seismic inertia forces + seismic anchor motion loads
related to DBE.

5.5. Qualification of active components
The qualification of active components has been made by several methods:
-

-

Some systems should be replaced or reconstructed for safety upgrading reasons, e.g. the
reactor protection system (Siemens Teleperm XS). The new systems and equipment
should be qualified and certified by the supplier for the conservatively defined floor
response spectra.
Shaking table testing of sample items.
Qualification via empirical procedures (GIP, GIP-VVER).

For example, the relays have been qualified by replacing the not to be qualified by new one,
shaking table testing of samples for in-rack response spectra (Katona et al, 1995b),
experience based method, where it was applicable.
Since the GIP database does not specifically include all the equipment of Paks NPP
(manufactured in the Soviet Union or Eastern European countries), it was necessary to apply
GIP-VVER (Masopust, 2003) incorporating the knowledge and experience gained during the
evaluation of VVER type power plants.
The comparison of 1.5 times bounding spectra (BS) to the floor response spectra is always
recommended instead of the comparison of bounding spectra to the ground motion
response spectra even below the 12 m level of the building.

5.6. Summary of assumptions, codes and standards and methods
The assumptions accepted for the re-evaluation are summarised in the Table 4. The
applicable codes and methods are summarised in the Table 5.
The mixed use of the codes was excluded by careful definition of the evaluation packages.
The assumptions, allowable stresses, etc. of the KTA and ASME have been compared.
The operability of active technological components should be qualified by empirical requalification procedures or test. The equipment classes and applied empirical
qualification methods for active and certain passive components are summarised in the
Table 6.
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Load combinations

NOL+DBE

Damping, ductility

Code values or realistic for repeated checking of outliers

Structural models

Graded approach to the modelling: best estimate if applicable

Floor response spectra

Conservative design floor response spectra.
In specific case best estimate

Material strength

Minimum values determined by standard

Capacity evaluation

Design type evaluation

KTA, primary system and vital
mechanical equipment and
pipelines inside the confinement
area

Margin type evaluation

CDFM+ASME

Simplified evaluation

Code based simplified procedures

Operability

GIP or GIP-VVER, if applicable, otherwise test

Table 4. Summary of applicable standards and methods

Equipment

Item

Passive equipment Component body
(tanks, pressure
including internal parts
vessels, etc.)
Supports

Active equipment

Pipelines

Applicable standards
ASME BPVC Section III, Service level D
KTA 3201/3211
ASME BPVC Section III Subsection NF
KTA 3205; Subsection according to
Classes.

Essential nozzles

ASME BPVC Section III, Service level D
KTA 3201/3211

Interactions

GIP, GIP-VVER

Operability

GIP-VVER

Component body
including internal parts

ASME BPVC Section III, Service level D
KTA 3201/3211

Supports

ASME BPVC Section III Subsection NF
KTA 3205;

Essential nozzles

ASME BPVC Section III, Service level D
KTA 3201/3211

Interactions

GIP, GIP-VVER

Pipelines

ASME BPVC Section III, Service level D
KTA 3201/3211

Supports

ASME BPVC Section III Subsection NF
KTA 3205;

Interactions

GIP, GIP-VVER

Table 5. Summary of applicable standards and methods
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Equipment classes
A. The original twenty classes:
1. Motor Control Centres
2. Low Voltage Switch-gears
3. Medium Voltage Switch-gears
4. Transformers
5. Horizontal Pumps
6. Vertical Pumps
7. Fluid-Operated Valves
8. Motor-Operated Valves
9. Fans
10. Air Conditioning Devices
11. Cooling Devices
12. Air Compressors
13. Motor Generators
14. Distribution Panels
15. Batteries on Racks
Equipment classes
16. Battery Chargers and Inverters
17. Engine Generators
18. Instrument Racks
19. Sensor Racks
20. Control Panels and Cabinets
B. Additional classes:
21. Relays, Switches, Transmitters,
Solenoids, Sensors
22. Electrical Penetration Assemblies
C. Additional VVER classes:
23. Vertical and Horizontal Tanks
24. Vertical and Horizontal Heat Exchangers
25. Ventilation Ducts
26. Cable Trays and Conduits
27. Small and Large Bore Cold Pipes

Recommended qualification procedure
GIP if applicable
GIP-VVER, tests if the item does not fit to
the database
GIP-VVER experience data or tests

Recommended qualification procedure

Test if the item does not fit to the database

Limited analysis, GIP-VVER

Table 6. Summary of qualification methods

5.7. Seismic PSA
The final evaluation of the effectiveness of upgrading measures and justification of the
acceptable level of achieved safety in terms of CDF have been made via seismic PSA (Katona
& Bareith, 1999; Bareith, 2007; Elter, 2006). The seismic PSA demonstrated that the CDF
ensured by the implementation of rather extensive upgrading programme is of order of
magnitude 10-4/a. The PSA identified also several week links. For example, the capacity of
the joints of the turbine hall structure was found insufficient. Eventual collapse of the
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turbine building may cause steam and feed-water header ruptures that result in total loss of
main and auxiliary feed-water and disables closed loop heat removal through the secondary
side. Repeated analysis for the case after implementing the additional measures resulted
into CDF value of magnitude of 10-5/a, which is acceptable per Hungarian regulations.
The seismic PSA indicated also that the building settlement of the buildings due to the soil
liquefaction jeopardizes the communications (pipes for diesel generator cooling and cables
coming from the diesel generators) between the buildings. In the lower acceleration ranges
the soil liquefaction that cause settlement of the main building plays dominant role in the
occurrence probability of total loss of electric power supply. The studies indicated in Section
5.2.2 are focused on the liquefaction hazard.
The methodology of the seismic PSA applied at Paks NPP complies with the best
international practice, see IPEEE NUREG-1407 (NRC, 1991) and (IAEA, 1993). The SPSA was
developed on the basis of extensive PSA experience and existing PSA models for Paks NPP
and information from newly performed response and strength analyses and qualification
effort of the plant and plenty of walk-downs.

5.8. Seismic instrumentation and seismic EOPs
In case of an earthquake, the reactor is shutdown either by reactor protection system due to
malfunctions, or manually by the operator based on the criteria of CAV and response
spectrum criteria for OBE exceedance. The OBE-exceedance criteria is set CAV=0,16gs and
response spectrum in the amplified range less than 0,2g. The seismic instrumentation and
the pre-earthquake preparedness and post-earthquake actions are defined via adaptation of
the IAEA NS-G-1.6, US NRC Regulatory Guide and 1.12, 1.166 and 1.167 respectively.
Selection of the OBE exceedance criteria at Paks NPP was based on the analysis of the
frequency of expected events, probability and consequences of spurious signals.
It has to be noted that the implementation of the concept and methodology for OBEexceedance was not a simple copy-paste; it has been adapted to the conditions of Paks NPP.
At Paks NPP, if the ggset measured at the base mat, the non-upgraded part of certain
systems will be automatically isolated from the upgraded one by quick-closing valves.
These system’s parts do not have function during and after an earthquake and the
separation will not disturb the operation either. In the same time, there is also a signal for
control room. If an earthquake happens, there are two possible cases:
-

-

The plant will be shutdown automatically due to disturbances, initiating event(s)
caused by the earthquake and the sequence of actuations will depend on the initiating
event. Further operator actions depend on the plant condition. The operator actions are
defined by EOPs and trained on the simulator.
If the plant remains in operation after earthquake, the decision on OBE exceedance will
be made by operator based on CAV and response spectrum criteria. The plant will
continue to operate or will be shutdown if OBE exceeded. If the reactor scram initiated
but the OBE hasn’t been exceeded, the restart has to be performed after predefined
testing and walk-downs.
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The seismic recording systems composed from tri-axial accelerometers that are installed at
critical locations of structures and main components, provide information for the post-event
evaluation of the plant condition.

5.9. Summary of the methods applied at Paks NPP
The comparison of the seismic re-evaluation methods “as usual” and the methods applied at
Paks NPP is shown in the Table 7.
Seismic Margin Seismic PSA

Input

Scope
Structural
response

Screening

Evaluation,
qualification

Relay
qualification
Modifications
Results

DB reconstitution at Paks
NPP
RLE
Hazard curve
PSHA: median 10-4/a nonexceedance, site specific
GMRS (UHRS), nonlinear
soil, DRS as per Reg. Guide
1.208
Success +
Event tree/ fault All Safety related (+
backup path
tree
interacting)
Median
Probabilistic
Conservative structural
structural
structural
response, (Gmin, Gmax, Gav),
conservative FRS, median
response,
response
FRS in limited cases, Class 3
frequency
outside of containment
shifting
Walk-down and Walk-down and Walk-down and screening
screening per
screening per
per margins considerations
margins criteria, fragility
and GIP, GIP-VVER, only
experienceestimations
the bounding spectrum
based
criterion was accepted.
Analysis of
Selected fragility As per new design for Class
selected SCs
calculations.
1 and 2 SCs, realistic
(CDFM)
Median
damping and ductility for
capacities+ log Class 3; Testing, GIP, GIPstandard
VVER and replacement for
deviations
active
Screening;
qualification of
outliers
Upgrades if
needed
Plant level
HCLPF

Screening +
Qualification per screening
limited fragility Test or replacement
Risk informed
upgrades
CDF

S PSA at Paks NPP
Hazard curve;
UHRS;
Nonlinear soil for GM;
Analysis of liquefaction;
Event tree/ fault tree
modelling
Detailed information
available, from the
previous works

Based on the extensive
previous works

Detailed information
available + fragility
development based on
the results of the
performed analyses;
Containment +
Liquefaction
Screen and limited
fragility development

Replacements, upgrading per Certain additional needs
design requirements
for upgrades identified
Design basis reconstituted Weak links, CDF and its
uncertainty evaluated

Abbreviations used in the Table 7: GMRS, UHRS, DRS – ground motion, uniform hazard and design base response
spectra respectively, FRS – floor response spectra; Gmin, Gmax, Gav – maximum, minimum, and average values of the soil
shear modulus; CDFM – Code Deterministic Failure Margin (see Section 3.2.2).

Table 7. The seismic re-evaluation methods as usual and the methods applied at Paks NPP
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6. Maintaining the seismic qualification during operation
6.1. Modification design and procurement of equipment
During modifications, replacements and reconstructions, design and procurement can be
executed by complying with the seismic safety requirements corresponding to the seismic
and safety classification. These processes are part of the configuration management and
subject to authority approval. There is a database for seismic and safety SSCs. A procedure
exists ensuring the adequacy of the design and procurement specifications.

6.2. Operation and maintenance aspects
Adequate maintenance and status monitoring programs are in place in order to maintain the
required status of elements classified from the point of view of seismic safety and requiring
maintenance, e.g. the anchorage of piping and components, damping devices. Maintenance
of the qualification for earthquake is also part of the ageing management programmes.

6.3. Seismic housekeeping
The proper housekeeping is not irrelevant from the point of view of seismic safety. The
following actions have to be required:
-

Restoring of fixing elements of cabinets and racks after maintenance
Restoring of the anchorages, fixing bolts, pipe hangers and the damping devices
requiring maintenance and review,
Appropriate fixing of maintenance devices stored in the plant area.

7. Periodic safety reviews
According to the IAEA Safety Standard NS-G-2.10, the aim of the Periodic Safety Review (PSR)
is “to determine by means of a comprehensive assessment of an existing nuclear power plant:
the extent to which the plant conforms to current international safety standards and practices;
the extent to which the licensing basis remains valid; the adequacy of the arrangements that
are in place to maintain plant safety until the next PSR or the end of plant lifetime; and the
safety improvements to be implemented to resolve the safety issues that have been identified.”
Regarding external hazards the objective of the review of hazard analysis is to determine the
adequacy of protection of the nuclear power plant against internal and external hazards with
account taken of the actual plant design, actual site characteristics, the actual condition of SSCs
and their predicted state at the end of the period covered by the PSR, and current analytical
methods, safety standards and knowledge.
The period of the PSR is generally ten years. During ten years the knowledge and
understanding of the site hazard may develop and a feedback from experiences of other
plants may motivate review and upgrading programme. As it can be seen from the
experiences of plenty of nuclear power plants, the seismic safety, just like the safety in
general, is not a static thing and it covers the whole life cycle of the facility.
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Chapter 5

Probabilistic Assessment of Nuclear Power Plant
Protection Against External Explosions
Heinz Peter Berg and Jan Hauschild
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/51492

1. Introduction
In recent years new threats required safety assessment experts to reconsider the internal and
external loads of nuclear installations, in particular nuclear power plants, focusing not only
on internal hazards but also on the destructive power of external hazards such as aircraft
crash, flooding including tsunamis, severe weather conditions and also explosions and
blasts and their combination which can cause significant damage on the plant’s operability,
being potentially conducive to severe accidents. The cumulated effects of such external
loads include the destruction of buildings and access ways, the debris build-up, the loss of
electrical power supply as well as the loss of cooling capacity of the reactor core and the fuel
pools.
International experience has shown that internal hazards such as fire and external hazards
can be safety significant contributors to the risk in case of nuclear power plant operation.
This is due to the fact that such hazards have the potential to reduce simultaneously the
level of redundancy by damaging redundant systems or their supporting systems or even to
loose all redundancies at once.
This has been strongly underlined by the nuclear accidents at the Fukushima-Daiichi
nuclear power plants in March 2011 resulting from a very strong earthquake and a
consequential tsunami.
A challenging prerequisite for any effective protection against external hazards is to
accurately assess them systematically regarding the adequacy of their existing protection
equipment against hazards, in particular those built to earlier standards.
Therefore, comprehensive safety assessments have to be performed in advance with most
actual site-specific data und current knowledge of new research results. Potential methods
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to analyse existing nuclear power plants are deterministic, probabilistic or combined
methodologies.
In the past, most of the engineering work in designing safety features for nuclear power
plants has been performed on a deterministic basis. Moreover, the use of deterministic
safety analysis is still current practice to review the current safety level of operating nuclear
power plants against external hazards.
As an observation from other areas, the probabilistic approach provides different insights
into design and availability of systems and components supplementing the results from
deterministic safety analyses. A more comprehensive risk assessment including the
modeling and assessment of external hazards is usually recommended in the frame of
periodic safety reviews which are performed about every ten years to get a global picture of
the safety level of the nuclear power plant under consideration and which include a
comparison to current safety standards and good practices.
In particular in case of probabilistic safety analyses, such an assessment can be very detailed
and time consuming. Therefore, it is necessary to have appropriate procedures to screen out,
e.g., buildings of a nuclear installation where no further analysis is required or to have a
graded procedure for the respective hazard taking into account plant- and site-specific
conditions.
The assessment of external hazards requires detailed knowledge of natural processes,
along with plant and site layout. In contrast with almost all internal hazards, external
hazards can simultaneously affect the whole facility, including back up safety systems and
non-safety systems alike. In addition, the potential for widespread failures and hindrances
to human intervention can occur. For multi-facility sites this makes the situation even more
complex and it requires appropriate interface arrangements to deal with the potential
domino effects.
In contrast to other external hazards (e.g., earthquakes, winds, or floods), an explosion has
the following distinguishing features:




The intensity of the pressures acting on a targeted building can be several orders of
magnitude greater than these other hazards.
Explosive pressures decay extremely rapidly with distance from the source.
The duration of the event is very short, measured in thousands of a second, or
milliseconds. This differs from earthquakes and wind gusts, which are measured in
seconds, or sustained wind or flood situations, which may be measured in hours.

An explosion is defined as a rapid and abrupt energy release, which produces a pressure
wave and/or shock wave. A pressure wave has a certain pressure rise time, whereas a shock
wave has zero pressure rise time. As a result of the pressure and/or shock wave, an
explosion is always audible. Explosions can be classified into a number of types as
illustrated in Figure 1.
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Figure 1. Types of explosion

Explosion is used broadly to mean any chemical reaction between solids, liquids, vapours or
gases which may cause a substantial rise in pressure, possibly to impulse loads, fire or heat.
An explosion can take the form of a deflagration or a detonation. BLEVE (Boiling Liquid
Expanding Vapour Explosion) is a physical explosion also resulting in pressure or shock
wave.
The most common type of chemical explosion is the heterogeneous explosion. In
heterogeneous explosions, a propagating reactive front clearly separates the non-reacted
materials from the reaction products. The reaction front, usually called the reaction zone or
flame (front), moves through the explosive mixture as the explosion occurs. In this zone the
strongly exothermic reactions occur. Heterogeneous explosions are divided into two types:
deflagrations and detonations.
In deflagrations, the reaction zone travels through the explosive mass at subsonic speed,
while the propagation mechanism is heat transfer (by conduction, radiation and
convection). Reaction zone propagation velocities (flame speeds) of deflagrations may vary
over a wide range and so do the corresponding explosion pressures. One example of a
deflagration experiment is shown in Figure 2; in this case the deflagration was very short
and lasted less than one second.
In some instances, accelerating deflagrations show a deflagration-to-detonation transition
(DDT) as shown in Figure 1.
The major characteristic of a detonation is its extremely high speed: the explosion zone
moves at a supersonic speed. While, for deflagrations, the flame speeds are relatively low
(typically one to several hundreds of metres per second), detonation flame speeds in air can
easily reach one to two kilometres per second. The propagation mechanism of a detonation
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is an extremely rapid and sharp compression occurring in a shock wave as one can see from
Figure 3.

Figure 2. Experiment of a deflagration according to [1]

Figure 3. Detonation as the strongest type of explosion according to [1]

In contrast to a reversible adiabatic compression, shock compression occurs irreversibly
(non-isotropic), due to the extreme rapidity with which it occurs.
Both types of explosion pressure waves (caused by detonation of liquids or solid explosives
or air-gas mixtures and such pressure waves caused by deflagrations of only air-gas
mixtures) have to be taken into account in the safety assessment of the plant under
consideration.
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The first step of the assessment is a screening procedure in order to determine scope and
content of the assessment to be performed, the second step is to propose an appropriate
approach for those cases where a full scope analysis has to be conducted. In the latter case
methods which can be applied to evaluate the probability of occurrence of an external
explosion event are, e.g., fault tree analysis, event tree analysis and Monte Carlo simulation.
The presented results show that the probability of occurrence of external explosion pressure
waves can be successfully assessed by means of the Monte Carlo simulation.

2. Guidance on assessing external events
Since 2005, a revised guideline for a probabilistic safety assessment [2] as well as revised and
extended supporting technical documents [3-4] are issued in Germany which describe the
methods and data to be used in performing probabilistic safety assessment in the frame of
comprehensive safety reviews.
In these documents, probabilistic considerations of aircraft crash, external flooding,
earthquakes and explosion pressure waves are required. Also on international level, new
recommendations regarding external hazards including explosions pressure waves and the
safety assessments to be performed are recently issued (see, e. g., [5-7]).
For the site evaluation for nuclear installations which will be built in the future safety
requirements have been developed [8-9]. In that context activities in the region that involve
the handling, processing, transport and storage of chemicals having a potential for
explosions or for the production of gas clouds capable of deflagration or detonation shall be
identified.
Hazards associated with chemical explosions shall be expressed in terms of overpressure
and toxicity (if applicable), with account taken of the effect of distance. A site shall be
considered unsuitable if such activities take place in its vicinity and there are no practicable
solutions available.
The safety assessment should demonstrate that threats from external hazards are either
removed, or minimised or tolerated. This may be done by showing that safety related plant
buildings and equipment are designed to meet appropriate performance criteria against the
postulated external hazard, and by the provision of safety systems which respond to
mitigate the effects of fault sequences.
Explosion pressure waves with relevance to the site can be caused by shipping, fabrication,
storage and reloading of explosive materials in closer distances to a nuclear power
plant.
These different causes lead to two significant different types of risky situations for the site
and the plant which have to be assessed within a probabilistic safety assessment:
1.

The explosive material is available as a stationary source in the neighbourhood of the
plant under consideration (e.g., a storage facility or a fabrication facility).
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2.

The explosive material is mobile, i.e. it is shipped in close distance to the plant on the
road, by train or on ships along a river or the sea nearby.

In the latter case, the situation is not stable and changes with the varying distances.
Moreover, the transport way could be a straight line or a bent which has to be addressed in
the calculations - see [10] for a straight road and [11-12] for a bent river.
Usually, a uniformly distributed accident probability is assumed along the transport way.
However, in reality the accident probability may increase in junctions or confluences and –
in case of rivers and roads – in curves or strictures. Such an example is explained later on in
more detail.
Accidents with explosive material are not only theoretical considerations but happen in
reality, sometimes with catastrophic consequences.
Data for traffic accidents on rail or road involving explosions are provided in reference [13].
From the total number of accidents (1932) in this database 37% occurred on railways and
63% on roads. The accidents are classified into four different types: release, explosion, fire
and gas cloud. The analysis has shown that in the majority of accident gas was released,
followed by fires. Explosions appeared in 14% and gas clouds in only 6%. The most frequent
initiating event with 73.5% of the accidents result from collisions.
One extremely severe transportation accident took place in June 2009 in Viareggio which
resulted in comprehensive safety evaluations [14-15]. Although no industrial plant was
damaged in this accident, the potential explosion severity is visible. The accident followed
the derailment of a train carrying 14 tank cars of liquefied petroleum gas. The first tank car
was punctured after the derailment releasing its entire content that ignited causing an
extended and severe flash-fire that set on fire several houses and lead to 31 fatalities.
A more recent accident happened in January 2011 on the river Rhine in Germany,
fortunately without any environmental consequences. However, a ship capsized and
blocked for many weeks the river for other transportation but, in particular, had the
potential to lead to an explosion because – in addition to 2400 tons mainly of sulphuric acid
– one tank also contained water and hydrogen.
A further event happened on Mach 11, 2011 on the river Elbe where a transport ship had a
damage of an engine and, thus, needed to be anchored outside the regular waterway. One of
the questions which arise from this event was if the boundary conditions usually applied
and discussed below could be violated because the ship leaves the determined waterway
and was, therefore, nearer to the nuclear power plant.
For the respective nuclear power plant comprehensive investigations regarding explosions
pressure waves have been performed within the periodic safety review. This includes the
identification of the types of ships which are running on the river, the TNT equivalent, the
real distance between the ships and the nuclear power plant. Information is in particular
based on the information of the Water and Shipping Office Hamburg. This information
shows that the biggest tanker ever transported gas on the river Elbe required a maximal
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safety distance of about 990 m due to the arrangement and size of the tanks and the
explosive material loaded according to [18]. This distance is less than the actual distance of
1200 m between the regular waterway and the nuclear power plant and, thus, would not
have been led to a hazardous situation for the nuclear power plant, even in the case that the
transport ship would have been a gas tanker.

3. Screening process
In a first step, the important areas of the plant are divided into the three classes A, B and C
for the analysis of explosion pressure waves to reflect the degree of protection against the
impact by the explosion pressure waves. These classes are the same as for the consideration
of aircraft crashes [16].
Class A contains systems, where in case of their damages a hazard state directly arises or where
an initiating event may occur which cannot be controlled by the emergency cooling system.
Class B contains systems where in case of their damages a hazard state not directly arises,
but where an initiating event may occur which is controlled by the emergency cooling
system.
Class C contains the safety systems needed for core cooling.
Typical examples of these different classes are [17]:
Examples for class A are the primary coolant circuit, the main steam safety and shut-off
valve equipment in case of PWR or pressure relief valves in case of BWR.
Examples for class B are the network connection with the machine transformers and
auxiliary power systems (emergency case), the turbine building (main steam line break, loss
of the main heat sink, loss of the main feed water) and the switchgear building. The
possibility of false signals in the damage control plants with the consequence of a loss of
coolant accident has to be considered.
Class C (separated emergency building) consists of buildings that are structurally designed
to withstand external influences, including those buildings which are designed against
external events. In general a destruction of these systems does not lead to an occurrence of
an initiating event. If - in addition to emergency cooling system functions - also further
system functions are located in the same building, these assumptions have to be reviewed. If
necessary, the results of this review are to be considered in the analysis.
Basic idea in case of explosion pressure waves is a prescribed check if the frequency of core
damage states is less than 1E-07 per year for the plant under consideration. This is the case when




the total occurrence frequency of the event “explosion pressure wave” (i.e. the sum of
all contributions from detonation and deflagration) is determined to be less than 1E-05
per year,
the buildings of classes A and C are designed against the load assumptions shown in
Figure 4,
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the safety distances according to the BMI guideline [18] are fulfilled, based on the
formula (1):
R 8  L1/ 3

(1)

with
R = safety distance (in m) of the place where the explosive gas is handled from to the
respective plant which should be larger than 100 m, and
L = assumed mass of the explosive material (in kg).
It should be noticed that the total mass to be assumed depends on the type of explosive
material.
For the case that the prerequisites of this prescribed check are met, no further probabilistic
considerations are necessary.
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Figure 4. Pressure behaviour at the building for a single pressure wave according to [18]

Otherwise the procedure has to be in accordance with the graded process of evidence
regarding explosion pressure waves as presented in Table 1 (see [19]).
Criteria
Criterion 1: Occurrence frequency <1E-05 per year
Criterion 2: Classes A and C are designed according
to load assumptions and safety distances
determined in length lR according to [18]
Criterion 1: Not fulfilled
Criterion 2: Fulfilled
Criterion 1: Not fulfilled
Criterion 2: Not fulfilled

Extent of analysis
Verification using the prescribed
check

Conservative estimation of
occurrence frequency
Detailed probabilistic safety analysis
required

Table 1. The graded process of analysing explosion pressure waves
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4. Methods as recommended in the German PSA document for nuclear
power plants
4.1. Introduction
The German PSA document on methods [3] describes the approaches to be used in the
probabilistic safety assessment which have to be performed in the frame of comprehensive
safety reviews of nuclear power plants.
One part of this approach is dedicated to the screening process already explained in section
2, the further parts of this document deal in more detail with the occurrence frequency of
explosion pressure waves taking into account the site-specific situation, sources of possible
explosion pressure waves in the surrounding of the plant, and the procedure for the
calculation of occurrence frequencies of accidents during transportation of explosive
material by ships, trains or trucks and of accidents of stationary plants near the plant under
consideration.

4.2. Assessment
In case that the plant buildings classified as A and C are designed according to the BMI
guideline [18] and the safety margins regarding distance and mass of the explosive material
are kept, it can be assumed that in the most unfavourable case of an explosion pressure
wave event





no event is initiated which directly leads to a hazard state,
due to the event explosion pressure wave a system failure occurs in the class B and an
initiating event is initiated which can be controlled by the emergency cooling system as
designed,
the emergency cooling system is protected against the effects of the event explosion
pressure wave.

In the most unfavourable case, a loss of offsite power with destruction of the secondary
plant parts (main heat sink, feed water supply) can be assumed, which occurs with the total
occurrence frequency of the event explosion pressure wave. It is assumed for simplifying
the analysis that together with the occurrence of this event those systems which are outside
of the classes A and C fail.
For the calculation of the frequency of the hazard state, resulting from explosion pressure
waves, this initiating event and the incident-controlling functions of the emergency cooling
system (stochastic non-availabilities) are to be modelled and quantified in an event tree (or
using another appropriate method).
The frequency of the event explosion pressure wave to be chosen is the sum of all
contributions of the events detonation and deflagration, as far as they can lead to hazardous
states of the plant, resulting from accidents during transportation procedures or the
operation of stationary plants in the surrounding of the plant under consideration.
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The occurrence frequency of a detonation is several orders of magnitude lower compared
with a deflagration [20]. As far as the distance of the area where the deflagration started has
a distance larger than 100 m from the plant under consideration (see safety margins in
accordance with [18]), no endangerment of the plant buildings has to be assumed.
In case of accidents with materials with the potential of a detonation (in particular
explosives, ammunition, gases exothermically disintegrating) the detonation is expected to
occur at the accident location, i.e. at a transport route or a fixed industrial installation. Here
the approach as provided in formula (2) is applied:

H E ,SMZ  HU ,SMZ  WZ

(2)

with
HE,SMZ Annual frequency of a explosion pressure wave by explosives, ammunition or
gases exothermically disintegrating in the surroundings of the nuclear power plant,
HU,SMZ Annual frequency of accidents with explosives, ammunition or gases
exothermically disintegrating in the surroundings of the nuclear power plant,
Conditional probability of the ignition in case of an accident.
WZ
The deflagration pressure of maximal 10 bar drops over 100 m around a factor 1E04, so that
within the power station pressure values within the range of the wind pressures are
reached.
In case of explosive gas air mixtures (combustible gases with air; inflammable steams, e.g.
also of liquid gas, with air) clouds can appear and a drifting of these clouds from the place
where the accident happened into the direction of the plant is possible.
In this situation the deflagration can take place in the area of the plant buildings. The
approach applied for this case is described in the following equation [20]:

H E ,GLG
 HU ,GLG  WM  WD  WZ

(3)

with
HE,GLG Annual frequency of an explosion pressure wave by gas air mixtures in the
surroundings of the nuclear power plant,
HU,GLG Annual frequency of accidents with combustible gas in the surroundings of the
nuclear power plant,
WM
Conditional probability for the development of an explosive gas air mixture in case
of an accident with combustible gas,
WD
Conditional probability for drifting of the gas air mixture to the nuclear power
plant (as a result of temporal averaging of the arising wind directions),
Conditional probability of the ignition at the area of the plant.
WZ
In a more detailed verification the assumptions introduced can be replaced by plant-specific
proofs, considering the different effects of the determined explosion pressure waves.
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In the case of a deviation from the BMI guideline [18] partial results of the total occurrence
frequency of the event arise which contribute directly to the frequency of the hazard states.
These contributions are to be determined by a differentiated view of the assigned explosion
pressure waves and their effects.

5. Occurrence frequency of accidents during the transport of explosive
materials
One important input for the calculations is the occurrence frequency of accidents during the
transport of explosive material with different transportation means. Information has to be
gathered from the competent institutions in the respective country. As an example the
approach in Germany is shortly described.

5.1. Train accident statistic
According to the accident statistics of the German Railways there was in Germany in the
time frame of 10 years no accident of dangerous goods transports with explosive materials.
From the zero-error statistics, there is the expectation value for the current admission rate of
accidents in Germany in dangerous goods transports by rail with explosive materials
(hUEG,B):
hUEG , B 

1
2  10 a

(4)

Thus, HUEG,B is defined as

HUEG , B 

hUEG , B
LE , B

nl

(5)

with
HUEG,B yearly frequency of accidents in case of transports of dangerous goods with
explosive materials by rail in the vicinity of the nuclear power plant,
LE,B
train transport kilometers per year with explosive materials,
n
number of transports (trains) per year with an explosive good passing the nuclear
power plant,
l
section length l along the nuclear power plant (e.g. l = 2 km) which could lead to a
hazardous situation for the nuclear power plant.
The section length l can be calculated from
l  2 r 2  a2

with
a

minimum distance of the railway line to the nuclear power plant,

(6)
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r

radius of the nuclear power plant within which
a) damages are expected in case of a detonation,
b) the drifting of a gas-air cloud (deflagration) has to be expected.

5.2. Ship accident statistics
Ship accidents (provided in Germany by the local Waterways and Shipping Directorate) are
provided for a defined time period and the river-km and distinguished by the types of
accidents. Information with respect to the participation of gas, liquid gas and ammunition
shipments to the accident is usually given. The evaluation is performed according to the
procedure in [21].

5.3. Occurrence frequency of accidents with explosive materials in stationary
installations
In that context, installations such as industrial plants, loading and discharging stations,
storage tanks, gas pipelines have to be taken into account according to [3].
In case of natural gas the formation of an explosive gas mixture is only assumed for the
accident area because the specific gravity of natural gas is less than the air and drifts of the
gas mixture in the direction of the nuclear power plant are therefore excluded.

6. Monte Carlo simulation
6.1. Basics
6.1.1. Monte Carlo simulation
Detailed basics of the MCS like random sampling, estimators, biasing techniques and
performance characteristics (e.g. figure of merit / fom) are specified for example in [22] and
[23].
In the references [9, 11, 19, 24] the MCS has been applied and verified successfully in order
to estimate the probability of external explosion pressure waves.

6.1.2. Estimators in use
As the last event estimator (lee), introduced in [28], is used to predict the probability of an
event (e.g. an explosion event), the observed frequency of explosions within the radius rP is
determined. The sample mean probability is

Pˆ
E

1 N
  P (i)
N i 1 E

where PE(i) {0, 1} and N = number of trials.

(7)
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An alternative method is to compute the theoretical probability of an explosion event within
the radius rP in each scenario the wind direction will move the explosive gas mixture to the
plant. The advantage over the lee is that each scenario gives a contribution to the probability
of occurrence.
By analogy with transport theory, this procedure is called free flight estimator (ffe) also
described in [25]. Depending on the accident coordinate (xi, yi) and the wind direction φi in
trial i the probability of an explosion event within the radius rP is given by
PE ( xi ,
i ) exp    1 / vW  d1 ( xi ,i ) 
 exp    1 / vW  d2 ( xi ,i ) 

(8)

where d1(x, φ) and d2(x, φ) are the distances between the accident coordinate and the
intersection of the wind direction and the plant area with radius rP.
The intersection coordinates (xI, yI) of the wind direction φi and the plant area with radius rP
are determined by means of
2

xI2   yi  tan(i )  ( xI  xi )  
rP2

(9)

and
2

y I   yi  tan(i )  ( xI  xi )  .

(10)

The sample mean probability is
Pˆ
E

1 N
  P (x ,  )
N i 1 E i i

(11)

where N = number of trials.

6.1.3. Biasing techniques in use
If the forced transition method is used (see, e.g., [26]), the next transition is forced to take
place within the area (wind direction, distance, time etc.) of interest.
The modified conditional cdf is
P( X  x | x1  X  x2 ) 
F( x | x1 , x2 )


F( x)  F( x1 )
.
F( x2 )  F( x1 )

(12)

The weight associated to this bias is


w * F( x2 )  F( x1 ) .

(13)
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6.2. Application
The following application is a case study that represents the evaluation of the probability of
occurrence of an external explosion pressure wave that takes place near a plant. The
probability of occurrence is assessed on the condition that an accident with combustible gas
already occurred.
The application is not restricted to a special field of industry; plants of process industry
might be in the focus as well as nuclear power plants. The application is depicted in Figure
5. It consists of plant-1 (in the focus of this study), plant-2 (gasholder e.g.), street 1 and 2
(frequented by tank-lorries that carry explosive liquids) and a river (frequented by
gas-tanker that carry explosive liquids). The river is subdivided into 6 subsections; each
subsection is characterised by an individual length, width and gas-tanker accident
frequency.

Figure 5. Case study: plant-1, plant-2, river, road and hazardous scenario (gas-tanker accident)

An accident (plant-2, street 1, street 2 or river) at the coordinate (xi, yi) may cause the
development of explosive gas mixture (gas-tanker accident e.g. - Figure 5).
Depending on the wind direction φi the cloud of gas mixture can drift to the plant. An
ignition of the gas mixture close to plant-1 (within the radius rP) is in the focus of this study.
All relevant application parameters of Figure 5 are given in Table 2.
Description
length of street 1: lS1
length of street 2: lS2
width w
plant 1
radius rP
plant 2
Table 2. Relevant application parameters

Parameters
4,800m
800m
1,860m
area: 10,000m2
150m
area: 13,000m2
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Although the application is described in a generalized way, it incorporates several elements
that are typical in order to assess the impact of explosion pressure waves: accident, wind
direction, wind speed and ignition.
In the following the example is subdivided into three parts described in sections 6.4 to 6.6:
accident at plant-2 (gas holder), accident on street 1 or 2, accident on the river. For each
example application the frequency of explosions within the radius rP is determined.
The probability of an explosion event within the plant area with radius rP is evaluated by
means of the Monte Carlo simulation (MCS). In order to make the MCS more efficient
biasing techniques are adopted as shown in [26-28]. The algorithm to model and solve the
problem is based on the German probabilistic PSA guideline [2] and the supporting
technical document on PSA methods [3].
It should be noticed that the events, boundary conditions, parameters and results given
in Figures 5 to 14 and Tables 2 to 6 are only example values and do not represent
conditions and results of any specific application. However, the described approach
is applicable without any general changes by using explicit site and plant specific
data.

6.3. Assumptions
The case study depends on the following assumptions:

Figure 6. Empirical accident river-section frequencies
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Accident-coordinate:
 plant-2: Fixed accident-coordinate (x, y) on condition that the accident already
occurred.
 street 1 and 2: Uniformly-distributed accident-coordinate (xi, yi) depending on
the length lS1 and lS2 of the streets on condition that the accident already
occurred.
 river: Uniformly-distributed accident-coordinate (xi, yi) depending on the
subsection of the river on condition that the accident occurred in the river-section i.
It is assumed, that the accident frequency is higher in sections with confluences or
curves than in straight river-sections.
The development of explosive gas mixture occurs with fixed probability wG.
Empirical-distributed wind direction.
Empirical-distributed wind speed.
Exponentially-distributed ignition probability depending on the time.
An explosion within the radius rP around the plant is in the focus of this study.

The parameters and distribution models are given in Figures 6 to 8 and Table 3.

Figure 7. Empirical wind-direction frequencies
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Description

Distribution

plant-2: accident (x, y)-coordinate

fixed coordinate

street 1: accident (x, y)-coordinate

U(a, b) depending on length of 4,800m and
width of 10m

street 2: accident (x, y)-coordinate

U(a, b) depending on length of 800m and
width of 10m

river: accident river-section

empirical

river: accident (x, y)-coordinate

U(a, b) depending on river-section area

development of explosive
gas mixture

fixed probability: 0.3

wind direction φ

empirical

wind speed vW

empirical

time τ to ignition

Exp(λ): Exp(0.01 s-1)

Table 3. Parameters and distribution models

Figure 8. Empirical wind-speed frequencies

6.4. Case study 1 – gas holder accident
The first case study (Figure 9) deals with a gas holder accident at plant-2. The accident at the
plant-2 coordinate (x, y) may cause the development of explosive gas mixture. Depending on
the wind direction φi the cloud of gas mixture can drift to the plant. An ignition of the gas
mixture close to plant-1 (within the radius rP) is in the focus of this study. It is assumed that the
accident coordinate (x, y) is fixed. The minimal distance dP2 from plant-2 to plant-1 is approx.
570m. Further relevant application parameters of Figure 9 are given in Table 2 and Table 3.
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Figure 9. Gas holder accident at plant-2

6.4.1. Analysis
The MCS depends on a sequence of single events:






Accident (x, y)-coordinate: fixed.
Development of explosive gas mixture: fixed probability (0.3).
Wind-direction φ: empirical-distributed (Figure 7).
Wind-speed vW: empirical-distributed (Figure 8).
Time τ to ignition: Exp(0.01 s-1)-distributed.

6.4.2. Results
Different ranges of conditional explosion-probability PE are depicted in Figure 10. The
denotation of the different ranges of the explosion event probability P E, which is normalised
on 1m2, is as follows: red area (> 1E-07/m2), orange area (≤ 1E-07/m2), yellow area (≤ 5E08/m2), green area (≤ 1E-08/m2).

Figure 10. Gas holder accident - ranges of conditional explosion event probability PE/1m2
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The methods, number of trials, the simulation time and the results like mean value, variance
and figure of merit (fom) are listed in Table 4.
The results in Figure 10 reflect the empirical distributed wind-direction, where the cloud of
gas mixture is moved in most cases into the direction north-east and north-west.
method

trials

time [s]

mean

variance

fom

MCS-lee

1E05

6.97

3.25E-03

3.24E-03

4.43E06

MCS-lee
biased

1E05

25.99

3.26E-03

5.35E-05

7.19E07

MCS-ffe

1E05

7.47

3.28E-03

4.44E-04

3.01E07

MCS-ffe
biased

1E05

28.19

3.33E-03

4.49E-05

7.90E07

Table 4. Gas holder accident - conditional probability of an explosion event within the plant area with
radius rP

As the different Monte Carlo methods (Table 4) are compared it can be found out that all
solutions fit a mean about approx. 3.3E-03 which verifies the results as well as the adopted
different Monte Carlo algorithms. If the variance and the figure of merit are regarded the
MCS in combination with the ffe and biasing techniques is the most efficient approach.

6.5. Case study 2 – tank-lorry accident
The second case study (Figure 11) deals with a tank-lorry accident on street 1 or street 2. It is
assumed that the accident coordinate (xi, yi) is uniformly-distributed depending on the
length of street 1 and street 2. The minimal distance dS1 from street 1 to plant-1 is approx.
595m and the minimal distance dS2 from street 2 to plant-1 is approx. 605m. Further
relevant application parameters of Figure 11 are given in Table 2 and Table 3.

Figure 11. Tank-lorry accident on street 1 or street 2
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6.5.1. Analysis
The MCS depends on a sequence of single events:






Accident (x, y)-coordinate: uniformly-distributed depending on the length and the
width of street 1 and street 2 (Table 3).
Development of explosive gas mixture: fixed probability (0.3).
Wind-direction φ: empirical-distributed (Figure 7).
Wind-speed vW: empirical-distributed (Figure 8).
Time τ to ignition: Exp(0.01 s-1)-distributed.

6.5.2. Results
Different ranges of conditional explosion-probability PE are depicted in Figure 12. The
denotation of the different ranges of the explosion event probability P E, which is normalised
on 1m2, is as follows: red area (> 1E-07/m2), orange area (≤ 1E-07/m2), yellow area (≤ 5E08/m2), green area (≤ 1E-08/m2). The methods, number of trials, the simulation time and the
results like mean value, variance and figure of merit (fom) are listed in Table 5.

Figure 12. Tank-lorry accident - ranges of conditional explosion event probability PE/1m2

method

trials

time [s]

mean

variance

fom

MCS-lee

1E05

6.86

5.40E-04

5.0E-04

2.70E07

MCS-lee
biased

1E05

26.69

7.78E-04

6.25E-06

5.99E08

MCS-ffe

1E05

7.04

7.50E-04

8.20E-05

1.73E08

MCS-ffe
biased

1E05

27.72

7.70E-04

5.16E-06

6.99E08

Table 5. Tank-lorry accident - conditional probability of an explosion event within the plant area with
radius rP
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As the different Monte Carlo methods (Table 5) are compared it can be found out that most
solutions fit a mean about approx. 8.0E-04 which verifies the results as well as the adopted
different Monte Carlo algorithms. If the variance and the figure of merit are regarded the
MCS in combination with the ffe and biasing techniques is the most efficient approach.

6.6. Case study 3 – gas-tanker accident
The third case study (Figure 13) deals with a gas-tanker accident on the river. The river is
subdivided into 6 subsections; each subsection is characterised by an individual length,
width and gas-tanker accident frequency. It is assumed, that the accident frequency is
higher in sections with confluences or curves than in straight river-sections. The accidentcoordinate (xi, yi) is uniformly distributed depending on the river-section i.
The vertical distances between the plant and the river are between 440m (dR-1) and 780m
(dR-2). In the given application ships can reach every location at the river. Further relevant
application parameters of Figure 13 are given in Table 2 and Table 3.

Figure 13. Gas-tanker accident on the river

6.6.1. Analysis
The MCS depends on a sequence of single events:








Empirical-distributed accident probability depending on the subsection of the river
(Figure 6). It is assumed, that the accident frequency is higher in sections with
confluences or curves than in straight river-sections.
Uniformly-distributed accident-coordinate (xi, yi) on condition that the accident
occurred in the river-section i.
Development of explosive gas mixture: fixed probability (0.3).
Wind-direction φ: empirical-distributed (Figure 7).
Wind-speed vW: empirical-distributed (Figure 8).
Time τ to ignition: Exp(0.01 s-1)-distributed.
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6.6.2. Results
Different ranges of conditional explosion-probability PE are depicted in Figure 14. The
denotation of the different ranges of the explosion event probability P E, which is normalised
on 1m2, is as follows: red area (> 1E-07/m2), orange area (≤ 1E-07/m2), yellow area (≤ 5E08/m2), green area (≤ 1E-08/m2). The methods, number of trials, the simulation time and the
results like mean value, variance and figure of merit (fom) are listed in Table 6.

Figure 14. Gas-tanker accident - ranges of conditional explosion event probability PE/1m2

method

trials

time [s]

mean

variance

fom

MCS-lee

1E05

7.91

1.24E-03

1.24E-03

1.02E07

MCS-lee
biased

1E05

28.02

1.30E-03

1.67E-05

2.14E08

MCS-ffe

1E05

8.52

1.31E-03

1.20E-04

9.80E07

MCS-ffe
biased

1E05

28.67

1.27E-03

1.35E-05

2.58E08

Table 6. Gas-tanker accident - conditional probability of an explosion event within the plant area with
radius rP

Close to the river-sections 2 and 3 the conditional explosion event probability increases, this
is due to the higher accident frequency in these sections combined with the specific winddirection frequencies.
As the different Monte Carlo methods (Table 6) are compared it can be found out that most
solutions fit a mean about approx. 1.3E-04 which verifies the results as well as the adopted
different Monte Carlo algorithms. If the variance and the figure of merit are regarded the
Monte Carlo simulations in combination with the ffe and biasing techniques is the most
efficient approach.
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6.7. Summary of results
The results of the MCS are evaluated on the condition that the accident already occurred. In
order to assess the frequency of occurrence of an external explosion event the frequency of
accidents with combustible gas has to be considered. It should be noticed that the results for
the frequency of occurrence of an external explosion event will be several magnitudes lower
than the results for the conditional explosion event probability given in this paper.
Furthermore the events, boundary conditions, parameters and results given in Figures 5 to
14 and Tables 2 to 6 are only example values and do not represent conditions and results of
any specific application.
Figures 10, 12, and 14 indicate that the conditional explosion-frequency decreases as the
distance to the place of accident increases. This is due to the exponentially distributed
ignition probability which depends on the time or the distance to the accident.
The results in Tables 4, 5 and 6 indicate that the conditional probability of occurrence of
external explosion pressure waves in consideration of realistic conditions (accident
frequency depending on environmental conditions, wind direction & wind speed) can be
successfully assessed by means of the MCS.
With the aid of biasing techniques the MCS becomes more efficient, the variance is reduced
and the figure of merit (fom) rises. In most cases it can be found out that the solutions fit
approx. the same mean which verifies the results as well as the adopted different Monte
Carlo algorithms. If the variance and the figure of merit are regarded the MCS in
combination with the ffe and biasing techniques is the most efficient approach.

7. Countermeasures to avoid or mitigate the adverse effects of external
explosions
Knowledge of the explosion characteristics and the structural impact on buildings of the
respective plant is necessary to determine the appropriate countermeasures in order to
ensure a safe operation of the nuclear power plant. However, fundamental changes of the
plant under consideration are mainly possible only during the design and construction
phase.
Basic features of the loads induced on structures by air blasts are described in IAEA Design
Guide [5] in terms of a normalized distance that takes into account the amount and type of
the explosive charge. The guide presents charts that allow the determination of the peak
value of the incident pressure, the total impulse of the positive phase and other relevant
design parameters, which are generally used for design or verification purposes of sensitive
nuclear structures. For the determination of the resulting actions on structures subjected to a
specified blast event, the load-time functions induced by the incident pressure wave must be
evaluated in the next step.
In general, it is impossible to protect structures from all man-made and natural hazards.
However, assessing the possible damages caused by a defined hazard enables risk-informed
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decisions about the kinds and number of design changes needed to effectively protect the
relevant structures of the nuclear power plants.
This is, in particular, required for the designs of nuclear power plants which are currently
under construction or even in the planning phase. Such a hazard assessment has been
recently performed [29-30] and for this case a detonation at the highway close to the nuclear
power plant has been postulated. For the scenario, the maximum overpressure caused by
the explosion has been determined to check if the plant could survive the detonation
without damage.
Figure 15 shows the particle velocity field in the pressure wave just before the wave front
arrives at the plant under consideration.

Figure 15. Velocity field at the pressure wave front just before shock wave arrival at the nuclear power
plant according to [30]

In case of a plant already operating since several years, the implementation of effective
countermeasures is much more difficult or even not possible.
On the one hand, comprehensive calculations can be performed to show that existing
assumptions in the calculation provided for the licensing of the plant have been very
conservative.
On the other hand, organizational and technical provisions can be taken to reduce the
occurrence of an external explosion pressure wave at the plant.
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One organizational possibility is to interdict the transport of explosive material, e.g. on a
road, in the neighbourhood of the plant. Another solution is to close the road for transit
traffic such that the road is only leading to the nuclear power plant.
One technical countermeasure to reduce the explosion frequency on site is the installation of
an automatic ignition system placed at a save distance from the site. An assessment has been
performed for such an installation which showed that – if the igniters are correctly designed
and installed – the shock wave impact after an ignition on the buildings will be limited and
will not cause any structural damage.

8. Concluding remarks
The evaluation of external hazards in relation to nuclear power plant design is
traditionally considered as a two-step process. The detailed evaluation is preceded by a
screening phase where potential scenarios are identified. Many scenarios are screened
out on the basis of different criteria, such as distance from the site, probability of
occurrence, expected consequence on the plant, or because their effects on the plant are
expected to be enveloped by some others. Typically, explosion pressure waves are part
of the probabilistic safety assessment as in case of comprehensive periodic safety
reviews.
In the German safety guidance document on methods [3] the screening process for the
explosion events is explicitly described. The classes of buildings with respect to their
protection are the same as for the aircraft crash assessments. Since the updated PSA
guideline has been issued in 2005 also requiring the assessment of external events, first
practical experience in performing and reviewing the external probabilistic safety
assessments are available. One topic is the assessment of the conditional probability of the
occurrence of external explosion pressure wave and the discussion of appropriate methods
according to the state of the art.
The presented case study and its results (provided in Figures 10, 12, 14 and Tables 4, 5, 6) in
the second part of this paper indicate that the conditional probability of occurrence of
external explosion pressure waves in consideration of realistic conditions (accident
frequency depending on environmental conditions, wind direction and wind speed) can be
successfully assessed by means of the Monte Carlo simulation.
As a next step the assessment of explosion events should be extended to include much more
realistic boundary conditions regarding



the extent of the hazard and the explosive gas mixture,
the ignition probability that depends on environmental conditions [31].

Different ignition models are discussed in [32]. The applied model should be more realistic
like the applied exponentially-distributed ignition model; moreover the applicability to
integrate the new ignition model into the Monte Carlo algorithm should be given.
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Chapter 6

Flow Accelerated Corrosion
in Nuclear Power Plants
Wael H. Ahmed
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/51346

1. Introduction
In general, corrosion is defined as the degradation of a material by means of chemical
reactions with the surrounding environment. Several types of corrosion occur in a variety of
situations in the nuclear power plants. Some of these types are common such as rusting of
steel when located in moist environment, and the other type of corrosion such as flow
accelerated corrosion required special treatment due to their impact on the plant safety and
reliability. FAC degradation mechanism results in thinning of large areas of piping and
fittings that can lead to sudden and sometimes to catastrophic failures, as well as a huge
economic loss. FAC is a process caused by the flowing water or wet steam damaging or
thinning the protective oxide layer of piping components. The FAC process can be described
by two mechanisms: the first mechanism is the soluble iron production (Fe2+) at the
oxide/water interface, while the second mechanism is the transfer of the corrosion products
to the bulk flow across the diffusion boundary layer. Although the FAC is characterize by a
general reduction in the pipe wall thickness for a given piping component, it frequently
occurs over a limited area within this component due to the local high area of turbulence.
The rate of the metal wall loss due to FAC depends on a complex interaction of several
parameters such as material composition, water chemistry, and hydrodynamic.
In general, erosion processes or mechanisms can be categorized as:
i.

ii.

Shear stress erosion: In this category, the surface of a material gets destroyed in singlephase flow at high velocity, by the effects of shear stresses and the variations in the
fluid velocity.
Liquid impact induced erosion: This form of erosion occurs in two-phase flow by the
impingement of liquid droplets entrained in flowing gases or vapours. It can cause
damages to power plant condenser tubes, elbows, turbine blades, etc. The wear process
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can however be avoided by a combination of improvements in: plant design, drying the
steam, and the use of more corrosion-resistant steels.
iii. Flashing-induced erosion: This form of erosion occurs when spontaneous vapour
formation takes place due to sudden pressure changes. Locations where this type of
erosion occurs are found in drain and vent lines downstream of control valves.
iv. Cavitation erosion: This type of erosion is caused by repeated growth and collapse of
bubbles in a flowing fluid as a result of local pressure fluctuations. In the regions of
higher pressures downstream, the sudden collapse of gas bubbles results in pressure
spikes that may erode the material in their vicinity. These bubbles will however get reabsorbed along the piping system without causing any damage to the downstream
straight piping component.
On the other hand, degradation mechanisms involve combined effect of chemical and
mechanical processes can be summarized as:
i.

ii.

Erosion-corrosion: In this mechanism a combination of mechanical and chemical
material degradation processes take place. The combined effect of the two processes is
considered more severe especially in the case when copper alloy heat exchanger tubes
are exposed to high velocities.
Flow-Accelerated Corrosion: The pipe wall thinning due to this degradation
mechanism in carbon steel piping is not due to the mechanical effect only, however, the
wall thinning is mainly due to dissolution of normally protective magnetite film that
normally forms on the internal pipe wall surface.

1.1. Conditions required for FAC
It has been observed that the following conditions result in FAC degradation in nuclear or
fossil power plants:








Flow conditions: both single- and two-phase flow conditions, with water or watersteam mixture as the flowing liquid, at a temperature of > 95oC, and flow velocity is
greater than zero.
Chemistry condition: the flowing liquid should be such that a potential difference exists
between the liquid and the carbon steel pipe wall. This difference will be responsible for
the dissolution of the protective oxide layer in the flowing stream. A high magnetite
solubility and subsequent rapid removal of the magnetite, is facilitated by either
demineralised and neutral water or slightly alkalinized water under reducing conditions.
Material: the pipe material must be carbon steel or low-alloy steel. General practice
recommends that for a well-designed system, FAC will be effectively inhibited if steel
components are made to contain at least 0.1% chromium.
Flow Geometry: FAC has been observed to occur downstream of flow-restricting or
redirecting geometries like an orifice, sudden contraction, expansion, elbows, reducers,
etc.

Failures and accidents due to FAC degradation have been reported at several nuclear power
plants around the world since 1981 [1]. However, detailed analysis of the FAC related
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failures did not start before the severe elbow rapture downstream of a tee occurred at Surry
Unit 2 power plant (USA) in 1989, which caused four fatalities and extensive plant damage
and resulted in a plant shutdown. In 1999, an extensive steam leakage from the rupture of
the shell side of a feed-water heater at the Point Beach power plant (USA) was reported by
Yurmanov and Rakhmanov [2] (Figure 1). In 2004, a fatal pipe rupture downstream of an
orifice in the condensate system due to FAC occurred in the Mihama nuclear power plant
Unit 3 (Japan) [2]. More recently, the pipe failure downstream of a control valve at Iatan
fossil power plant in 2007 resulted in two fatalities and a huge capital of plant loss as
reported by Moore [3]. Although, a combination of lab research and attempts to correlate lab
results with plant experience has been the major efforts made towards the study of FAC
mechanism since the 1970’s, the lab research only focused on understanding the
mechanisms, and correlating experimental results in order to reduce the lab effort and to
develop usable forms for the plant engineers. Several well cited correlations used to predict
the actual corrosion rates due to FAC in piping systems and incorporated in computer
software such as CHECWORKS developed by Electric Power Research Institute (EPRI).
Following the abovementioned accidents, most utilities around the world have been
following EPRI guideline of improving the flow water chemistry to slow down the rate of
damage. Also, in the event of disposition of highly susceptible or damaged areas, utilities
have typically taken the following initial steps:
1.
2.
3.
4.

Replace individual worn components with other components of same material.
Replace individual worn components with other components of FAC resistant material.
Replace entire worn lines with other components of same material.
Replace entire susceptible lines or the more susceptible portions with other components
of FAC resistant material.

The recent review by Ahmed [4] highlighted the significant research conducted on
investigating the effect of fluid chemical properties on flow accelerated corrosion (FAC) in
nuclear power plants. He concluded that the hydrodynamic effects of single and two-phase
flows on FAC have not been thoroughly investigated for many piping components. In order
to determine the effect of the proximity between two components on the FAC wear rate,
Ahmed [4] has investigated 211 inspection data for 90o carbon steel elbows from several
nuclear power plants. The effect of the velocity as well as the distance between the elbows
and the upstream components was discussed. Based on the analyzed trends obtained from
the inspection data, the author indicated a significant increase in the wear rate of
approximately 70% that was identified to be due to the proximity.
Furthermore, the repeated inspections in nuclear power plants have shown that piping
components located downstream of flow singularities, such as sudden expansion or
contractions, orifices, valves, tees and elbows are most susceptible to FAC damage. This is
due to the severe changes in flow direction as well as the development of secondary flow
instabilities downstream of these singularities [4]. Moreover, in two-phase flows, the
significant phase redistributions downstream of these singularities may aggravate the
problem. Therefore, it is important to identify the main flow and geometrical parameters
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require in characterizing FAC damage downstream of pipe fittings. These parameters are:
the geometrical configuration of the components, piping orientation, and the flow
turbulence structure which will affect the surface shear stress and mass transfer coefficients.

Figure 1. Examples of failures due to FAC worldwide (Yurmanov and Rakhmanov [2])
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For single phase flow, the secondary vortices and/or flow separation downstream of pipe
fittings considered to be important parameters need to be analyzed and modelled while
predicting the highest FAC wear rate location. For example; the secondary flows in elbows
induce a pressure drop along the elbow wall that can significantly increase the wall mean
and oscillatory shear stresses as discussed by Crawford et al. [5]. Also, orifices and valves
promote turbulence close to the wall in the downstream pipe and thus enhance the rate of
mass transfer at the wall [5]. These mechanisms have been identified as the governing
factors responsible for FAC as explained by Chen et al. [6].
The hydrodynamics parameters controlling FAC in two-phase flows are considered more
complex than for single-phase flows due to the complexity of two-phase distribution and
the unknown interactions between the gas phase and the liquid [8]. These interactions play a
major role in the mass, momentum, and energy transfer between the flow phases as
explained by Hassan et al. [9]. Also, the inlet two-phase flow pattern plays an important
role in the flow dynamics downstream of the orifices since the phase redistribution
downstream depend on the upstream flow regime. For example, bubbles can have
significant effects on the turbulent kinetic energy close to the wall, affecting the wall shear
stress and pressure. Moreover, Jepson [10] showed that high velocity slugs can cause high
turbulence and shear forces at the pipe wall and thus enhance the destruction of the
protective inhibitor film.
Computational fluid dynamic (CFD) analysis is used to predict turbulent fluid flow with
great accuracy for many applications. However, only the recent advances in computational
power have allowed the use of CFD for mass transfer and corrosion studies. This indicated
that the accurate prediction of mass transfer near the wall requires resolving the mass
transfer boundary layer which may be an order of magnitude smaller than the viscous sublayer. In order to perform the CFD calculations with good accuracy, fine near-wall grids
with correct near-wall turbulence models can therefore provide mass transfer data for the
corrosion species. In these cases corrosion is controlled by the mass transfer, relation
between the wall mass transfer coefficient and corrosion rate can be derived as explained in
details by Keating and Nesic [11]. Furthermore, in formulating the CFD codes, consideration
is made to the hydrodynamic parameters affecting the mass transfer rate of the corrosion
products to the bulk fluid and consequently the FAC rate. These hydrodynamic parameters
are the flow velocity, pipe roughness, piping geometry, and steam quality or void fraction
for two-phase flow.
The hydrodynamic effects of the working fluid on FAC have been investigated by many
researchers using CFD. Bozzini [12] adopted numerical simulations for investigating wall
erosion/corrosion inside a pipe bend for a four-phase flow that comprised of two immiscible
liquids, gas and particulate solids. On the other hand, Chang et al. [13] suggested an
evaluation scheme to estimate the load carrying capacity of thinned-wall pipes exhibiting
FAC. In their study, they employed a steady-state incompressible flow CFD code to
determine the pressure distributions as input conditions for a structural finite element
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analyses in order to calculate local stresses. More recently, Ferng [14] developed an
approach that used an erosion/corrosion model and three-dimensional single and two-phase
flow models to predict locations of serious FAC in power plant piping systems. Their
predictions agreed very well with plant measurements.

2. FAC rate and mass transfer
The FAC process in carbon steel piping is described by three steps. In the first process, metal
oxidation occurs at metal/oxide interface in oxygen-free water and explained by the
following reactions:
Fe  2 H 2O  Fe 2   2OH   H 2

(1)

Fe 2   2OH   Fe  OH 2

(2)

3 Fe  4 H 2O  Fe3O4  4 H 2

(3)

The first process involves the solubility of the ferrous species through the porous oxide layer
into the main water flow. This transport across the oxide layer is controlled by the
concentration diffusion. The second step is described by the dissolution of magnetite at
oxide/water interface as explained by the following reaction:
1 / 3 Fe3O4   2  b  H   1 / 3 H 2  Fe  OH b

 2 b

  4 / 3  b  H 2O)

(4)

where:
Fe(OH)b(2-b)+ represents the different iron ferrous species b=(0,1,2,3)

In the third step (Eq. 4), a diffusion process takes place where the ferrous irons transfer into
the bulk flowing water across the diffusion boundary layer. In this process, the species
migrated from the metal/oxide interface and the species dissolved at the oxide/water
interface diffuse rapidly into the flowing water. In this case, the concentration of ferrous iron
in the bulk water is very low compared to the concentration at the oxide/water interface.
It can be noticed that FAC mechanism involves convective mass transfer of the ferrous ions
in the water. The convective mass transfer for single phase flow is known to be dependent
on the hydrodynamic parameters near the wall interface such as flow velocity, local
turbulence, geometry, and surface roughness. In addition, the physical properties of the
transported species or the water do not affect the local transport rate in adiabatic flow
especially when temperature changes in piping system are negligible. Over a limited length
of piping component, FAC rate is considered as direct function of the mass flux of ferrous
ions and can be calculated from the convective mass transfer coefficient (MTC) in the
flowing water. Then, FAC rate is calculated from the MTC and the difference between the
concentration of ferrous ions at the oxide/water interface (Cw) and the concentration of
ferrous in the bulk of water (Cb) as:
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FAC rate  MTC( Cw – Cb )

(5)

Several research works [15-17] showed that MTC is one of the important parameters
affecting FAC and the experimental data are often expressed in terms of Sherwood (Sh),
Reynolds (Re) and Schmidt (Sc) numbers as:
Sh  a.Re b .Sc c

(6)

where a, b and c are related to mass transfer which occurs under a given flow condition and
can only be obtained experimentally. Where (Sh) in the non-dimensional representation of
MTC as a function of the local hydrodynamic parameters and expressed as:
Sh  MTC.dH / D

(7)

where: dH = hydraulic diameter, and D = diffusion coefficient of iron in water.
In Equation (6), the velocity exponent varies between 0.8 for lower Reynolds numbers and
1.0 for very high Reynolds numbers. This difference in the velocity exponent is caused by
the surface roughness. This indicates that the FAC rate increases as the surface roughness
increases. It should be also noted that the experimental studies and the correlations
developed for MTC were carried out under low flow rates conditions compared with
common operating conditions in power generation industry. Therefore, the MTC data
obtained in the literature for moderate and high Reynolds numbers at power plant
conditions can lead to significant errors.
In the case of piping downstream orifices, Tagg et al. [18] described the wear enhancement
profile empirically in terms of the maximum Sherwood number using Reynolds number at
the vena contracta section (��� ) as follows:
����� � ���� � ������� � �� ����

(8)

On the other hand, the local enhancement profile downstream of the orifice at different axial
locations (z) is described empirically by Coney [19] referred to by Chexal et al. [20] as:
���

����

�� ����

�
� � � �� �� � �� ����������
� ����
����

(9)

where ���� is the Sherwood number for the smooth straight pipe, Shz is the Sherwood
number at any axial location (z), Az and Bz are empirical constants.

Another modelling approach for FAC prediction was carried by Remy et al., [21], to
develop a criteria in order to avoid FAC damage. They model the FAC mechanism as a
combination of two main mechanisms. These mechanisms are divided into two steps. In
the first of which is the production of soluble ferrous ions, which is represented by a firstorder reaction:
VC  K (Ceq - C)

(10)
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VC = total corrosion rate, K = reaction rate constant, Ceq = the soluble ion concentration at oxide
water interface. The second step of FAC is correlated to the transfer of ferrous ion into the
bulk water, which is a convective transport phenomenon that can be modelled as:
FIF  k (C - C )

(11)

where: FIF = the ferrous ion flux, MTC = mass transfer coefficient, C ͚ = ferrous ion
concentration in the bulk flow. These two steps are assumed to be equal at equilibrium state,
and can be expressed in terms of the combined equation:
VC  2K(MTC) (Ceq - C)/(MTC  2K)

(12)

which was finally reduced to:
TL  kCeq

(13)

TL is the thickness loss kinetic which is mainly correlated to the FAC wear rate. This
conclusion of linear relationship between FAC rate and concentration was early refuted by
Poulson [22], giving reasons in favour of non-linearity. These reasons including:
a.
b.
c.

d.

removal of a surface film above a critical value of K, e.g. carbon steel in nitrate
solutions,
interactions of anodic and cathodic areas, e.g. iron in Nacl or FeCl3 solutions,
coupling of reactions, where flow effects K, which changes the corrosion potential and
also the oxide solubility (∆C). This leads to a dependency on Kn (where n is between 1
and 3), and
dual control, e.g. situations in which the rate is partially controlled by activation such as
copper alloys in seawater, or alternatively by two transport processes. This tends to
lead to a dependency on Kn, where n is less than 1.

A comprehensive report on FAC in power plants, by EPRI [3], presents empirical models
that have been used successfully to predict components that are most likely to wear, and
provide reasonable estimates of pipe wall-thinning. These models are however computerbased due to the large amount of information that needs to be processed. These models are
represented in the following two groups:

i.

Berge model

The model assumed that the chemical dissolution of the magnetite at the oxide/water
interface occurs in accordance with the following equation:
DR  K (Ceq - CS )

(14)

where DR is the ferrous iron production rate; K is the reaction rate constants or (kinetics); Ceq,
is the equilibrium concentration of magnetite; and CS, is the magnetite concentration at
oxide/water interface. Finally, the FAC rate is given as:
FAC rate  2K (Ceq - CS )

(15)
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ii.

MIT model

This model is mainly an improved version of Berge’s model considering the diffusion through
the porous oxide layer and incorporating both oxide thickness (δ) and porosity (Ѳ), and also
considers diffusion of iron hydroxides through the pores, to determine the FAC rate as:
FAC rate 

 (Ceq  C )

 1 K *  (1  f )(1 k  

D)



(16)

3. FAC modelling in two-phase flow
For FAC under two-phase flow condition, Remy et al. [21] indicated that same correlations
used for single-phase flow calculations are also applicable in two-phase flow calculations.
The only difference in the analysis is the calculation of actual Reynolds number, using the
actual water velocity taking into account the void fraction between the steam and water.
EPRI report [3] incorporated the idea of Remy et al. [21] on the use of single phase
correlations in clculating FAC under two-phase flow conditions. Calculation begin by
determining Reynolds number for the liquid phase, ReL, as follows:

Re L  VL

dH

L

(17)

Where the liquid velocity expressed as:

 Q   1 x 
VL  
 . 

 A L   1   

(18)

The flow is considered to be a single phase liquid flow when the steam quality (x) and the
steam void fraction (α) are both equal to zero (0), while α = 1 implies no presence of liquid,
hence ReL = 0 and no FAC damage is expected. Under two-phase flow conditions, when (α )
is greater than (x), and ReL> Re, the mass transfer coefficient increases and consequently FAC
wear rate increases.
In two-phase flow the void fraction is usually not equal to steam quality because the liquid
and the vapour phases are moving with different velocities, and sometimes in different
directions. If homogeneous flow is assumed, the two phase’s velocities are assumed to be
equal, which results in a steam quality-void fraction relationship as a function of pressure.
However, due to the fact that the homogeneous flow assumption is not suitable for many
industrial applications, more sophisticated models were developed by researchers to relate
steam quality to void fraction. One of the most cited model is the Chexal-Lellouche void
model:

 

jg


CO j  V gj

(19)
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where:
〈j〉 and 〈jg〉 are the mixture and vapour volumetric fluxes.

Another model developed by Kuo-Tong et al. [23] to predict FAC damage locations on High
pressure (HP) turbine exhaust steam line. Their choice of High pressure (HP) turbine
exhaust steam line as a case study was based on the plant measured data of pipe thickness
which indicated HP lines as a good example where serious FAC takes place under two
phase flow conditions. They reported that FAC phenomenon strongly depends on the
piping layout and local flow conditions. They proposed a new mathematical approach to
simulate FAC wear rate. The approach includes the use of 3D two-phase flow
hydrodynamic CFD model to simulate the two-phase flow behaviour in HP lines, integrated
with FAC Models to investigate the impact of the local parameters on FAC damage. The
improvement of their new approach over the previous work is the ability to account for the
multi-dimensional characteristics applied to FAC wear rate prediction. This is consider a
great advantage in predicting FAC compared to the previous codes such as CHECKWORK
or CAECE program which are based on empirical correlations that are dependent on the
global flow conditions in the piping lines. In developing their code, the following
assumptions were adopted:





Adiabatic flow, since the piping in the type of the above-cited facilities is generally
thermally insulated.
Droplet-type two-phase flow, because of the high steam quality (> 85%) usually
experienced in the studied piping. Hence, the vapour phase (steam) was modelled as a
continuous phase and the liquid droplet as a dispersed phase.
Simplified geometries, where valves in the piping are not considered.

Their final hydrodynamic CFD models include two-fluid 3D continuity and momentum
equations. Closure relations such as the mixture k-e turbulent models, two-phase constitutive
equations were also used. The developed FAC model claimed to include droplet impingement
model, which was used to simulate the mechanically-assisted form of material degradation.
In a similar two-phase flow analysis applied to the extraction piping system connecting the
low-pressure turbine (LPTB) and feed water heater (FWH) at boiling water reactors (BWR),
Yuh et al. [24] developed a code to predict FAC wear in BWR piping system. Their
mathematical approach is very similar to the work done by Kuo-Tong et al. [23], with the
exception to the addition of corrosion model used. They obtained the local distributions of
fluid parameters including two-phase flow velocities, void fractions, turbulent properties,
and pressure. These results were further used to establish the relation for droplet kinetic
energy that represents the FAC damage. The comparison of between their model and the
plant measured data show qualitatively a good agreement.

4. FAC prediction downstream an orifice
Once the relationship between mass transfer and FAC wear rate is established, the
computational model for MTC downstream of an orifice can be formulated. Fully developed
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turbulent pipe flow is assumed in order to determine MTC profiles downstream of the
orifice. ANSI specifications of orifice were used to construct the geometrical model. Since
the experimental condition in the present study is carried out for straight pipe section
fabricated from hydrocal (CaSO4.½H2O) downstream of an orifice to simulate faster effect
of mass transfer rates. The Solution is obtained for Renormalization Group (RNG) K-Ɛ
differential viscosity model for turbulent flow in conjunction with the species transport
equations using FLUENT CFD code.
The velocity field of the incompressible viscous flow is obtained using the one dimensional
Reynolds averaged governing equations as follows:
Continuity equation:
 ui

 ui
0 
 0

xi
 xi


(20)

Momentum equation:
uj


 ui
P
  1  ui




 ui uj 

x j
xi x j  Re x j



(21)

Species mass transport equation for a steady process with no chemical reaction is:


.(  vYi )  . J i  Si

(22)

where: J i is the diffusion flux of species i, and arises due to concentration gradient, and Si
is the source term.
In Equation (11), the Boussinesq eddy viscosity assumption [25] is used for modeling the
Reynold’s stress. The eddy viscosity model relation is expressed as:
  uiu
t [( U i / z j )  ( U j zi )]  2  k ij / 3
j

(23)

where t is defined as the “turbulent viscosity” and expressed as:

t  C  f  (  k 2 /  )

(24)

The turbulence kinetic energy ( k ) and the turbulence kinetic energy dissipation rate (  ) are
defined as follows:
k (u2  v 2  w 2 ) / 2,  v(ui / z j )2

(25)

Therefore, the equation for turbulence kinetic energy can be also expressed as follows:
[(r eff /  k )(k / r )]
( Uk )
(r  Vk ) [( eff /  k )(k / z)
 (1 / r )

 [1 / r ]
 Gk  
z
r
z
r

(26)
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and the equation for the turbulence kinetic energy dissipation expressed as:
[(r eff /   )( / r )]
( U )
(r  V  ) [( eff /   )( / z)
 (1 / r )

 [1 / r ]

z
r
z
r
( / k)(C 1 f1Gk  C 2 f2  )

(27)

In Equations (16) and (17) the generation of kinetic energy of turbulence term ( Gk ) can be
written as:


Gk eff [2[(U / z )2  (V / r )2  (V / r )2 ]  [(U / r )  (V / z)]2 ]

(28)

where the effective viscosity ( eff ) is defined as:

eff

effective




molecular



t



(29)

turbulent

The calculation of the local MTC is obtained similar to El-Gammal et al. [26] as:
MTC( z) 

 DSLc / n|w
( c w  cb )

(30)

where cw is the species concentration along the wall (obtained from hydrocal properties
table), cb is the species concentration in the bulk flow beyond the diffusive boundary layer, n
is the normal vector to the wall surface and DSL is the diffusive coefficient of the solid
species, which is calculated by using Wilkie’s semi-empirical relationship, [26]:
DSL 

7.4  10 15  T    MS

  V 0.6

(31)

where T is the temperature (K), Ψ is the association factor for the solvent (2.6 for water), MS
is the molecular mass for the solvent (18 g for water), η is the solvent absolute viscosity
(Pa.s), V is the molecular volume of the dissolved species (144.86cm3/mol for hydrocal) at
ambient temperature.
The concentration of hydrocal species in the bulk of water cb is calculated as follows:
cb ( z ) 

1
 u(r )c(r )dA
UA 

(32)

where U is the area average velocity, u(r) is the instantaneous flow velocity, c(r) is the
species concentration profile, and A is the cross sectional area of the pipe. The term
c / n|w (z) is calculated by taking the concentration gradient at the wall at an axial location
(z). Substituting equations (31) and (32) into equation (30), the cross-sectional average for
MTC(z) along the axial direction can be calculated.

Flow Accelerated Corrosion in Nuclear Power Plants 165

In order to evaluate the FAC wear rate downstream orifice, the conservation equations are
integrated over each control volume in the flow field which extended upstream downstream
of the orifice. Reynolds Average Navier-Stokes equations were solved using the K-Ɛ (RNG)
differential viscosity turbulence model to account for low-Reynolds-number (LRN) effects.
The solution convergence is greatly improved by using fine near-wall grids. Also, the
computational mesh was refined where high velocity and species concentration gradients
were expected. Due to the high Schmidt numbers encountered in mass transfer problems,
Nesic et al. [27] suggested that the maximum value of Y+ should not exceed 0.1.The
Reynolds average mass transport equation was also solved for determining the
concentration field of the dissolved wall species.
For the present case study, numerical simulations were performed at Reynolds number, Re =
20,000 and orifice-to-pipe diameter ratios of d/D = 0.25, 0.5 and 0.74. Prior to the
commencement of the simulations, a sensitivity study of three different grid numbers was
performed and the results indicate a deviation in flow characteristics within ±2%. The flow
characteristics for the three orifice geometries are found to be qualitatively similar.
Therefore, only representative vector and contour plots for d/D = 0.5 are presented here. Fig.
(2a) shows the mean velocity vectors normalized by the averaged inlet velocity (UO) within

Figure 2. Numerical results for the flow downstream orifice

the flow domain. It can be seen that the flow accelerates as it approaches the orifice then
separates at the sharp edges of the orifice, forming large vortices downstream. These
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vortices sustain the reduction in the flow cross-sectional area further downstream up to the
minimum area known as the vena contracta, after which the flow decelerates towards the
flow reattachment point. This is the cause of the high velocity central region observed just
downstream the orifice which changes to lower velocity region as the flow develops further
downstream. Fig. (2b) shows the profiles of the mean horizontal velocity for the three
geometries at different axial locations. The ordinate r/D is measured from the centreline of
the pipe while Z/D is measured from the orifice. As shown in the figure, the maximum
centreline velocity increases within the circulation zone as the orifice diameter decreases.
The relative reductions in the centreline velocity at Z/D=1 through Z/D=4 are about 93%,
92%, 75% and 5.7% respectively, as d/D increases from 0.25 to 0.74. Downstream Z/D = 5, the
velocity profiles are almost similar for the three geometries, with the flow returning to fully
developed turbulent flow at Z/D≅ 30. The flow reattachment length downstream the orifice
also increases as the orifice diameter decreases, with the shortest at Z/D≅ 2 for d/D = 0.74, or
by Z/D≅ 3 for d/D = 0.5 and Z/D≅ 4 for d/D = 0.25.
Another important flow parameter that can be related to the FAC is the skin friction
coefficient Cf which is defined as Cf = τW/(1/2ρUO2), where τW is the wall shear stress. The
distribution of Cf downstream the orifice for the three d/D ratios are illustrated in Fig. (3).
Variation of Cf is found to be similar for the three d/D ratios. Typical profile show an
increase steeply downstream the orifice due to the reversed flow generated by the
separating vortices, and reaches a maximum value at Z/D ≅ 0.4, 1.3 and 2.3, for d/D = 0.74,
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Figure 3. Skin friction coefficient along the pipe wall downstream the orifice for different orifice
diameters
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0.5 and 0.25 respectively. The skin friction coefficient then decreases steeply and reaches a
minimum value at Z/D ≅ 1.4, 3.4 and 3.7, for d/D = 0.74, 0.5 and 0.25 respectively, within the
flow re-attachment region. As the flow progresses downstream, the surface shear stress
increases due to the boundary layer developed by the reattached flow, and reaches the
second local peak between Z/D = 4 and 5. These local peak values of Cf decrease as d/D
increases, the first value decreases by about 92% as d/D increases from 0.25 to 0.74, while the
second value decreases marginally. In general, the shear stress found to decrease as the
boundary layer thickness increases downstream restricting orifices.
The contours of normalized turbulent kinetic energy (TKE) within the flow domain for d/D =
0.5 are shown in Fig. (4a). TKE increases appreciably within the flow separation zone due to
the high velocity gradients within this region. Fig. (4b) shows the profiles of the normalized

Figure 4. (a) – Contours of normalized turbulent kinetic energy downstream the orifice, for d/D = 0.5
and Re = 20,000 and (b) radial profiles of normalized turbulent kinetic energy at Re = 20,000.

TKE for the three d/D at different axial locations downstream the orifice. The profiles are
found to be qualitatively similar for all the three d/D; within the circulation region (Z/D = 0 –
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2). The normalized TKE value increases from zero at the wall to a maximum value at the
centreline. These local peak values of TKE, as well as its radial location from the wall,
increase as d/D decreases. All the profiles however collapse to a single line at Z/D = 8 as the
flow becomes fully developed. The axial distribution of normalized TKE downstream the
orifice is shown in Fig. (4b) for the three d/D ratios. Moreover, the peak value of TKE
decreases by about 96% as d/D increases from 0.25 to 0.74.
The predicted MTC distributions downstream the orifice is shown in Fig. (5). The mass
transfer found to increase sharply downstream the orifice and reaches a peak value at Z/D ≅
1, 4 and 3, for d/D = 0.74, 0.5 and 0.25 respectively, after which it decreases steeply to the
fully developed value downstream. The MTC distributions found to correlate very well with
the TKE profiles. The non-dimensional mass transfer coefficient represented by Sherwood
number (Sh) and the mass transfer enhancement ShZShfd downstream the orifice are shown
in Figs. (6a and 6b). The peak value of Sh, as well as ShZShfd, decreases by about 63% and
42% when d/D increases from 0.25 to 0.5 and from 0.5 to 0.74 respectively. The axial
locations of the peak values however move downstream from Z/D ≅ 1 to 4 when d/D
decreases from 0.74 to 0.5, while the peak locations move upstream from Z/D ≅ 4 to 3 when
d/D decreases from 0.5 to 0.25.
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Figure 5. Mass transfer coefficient distributions downstream the orifice (Re = 20,000)

FAC rate downstream the orifice is shown in Fig. (7) for different d/D ratios. The peak value of
FAC increases as d/D decreases. In the present analysis, the peak value increases by about 90%
when d/D decreases from 0.74 to 0.25. Moreover, the axial locations of the peak values however
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move downstream from Z/D ≅ 1 to 3 as d/D decreases from 0.74 to 0.25. The location of FAC
peak values found to also correlate very well with the location of the peak TKE.

Figure 6. a: Sherwood number distributions downstream the orifice, for different orifice diameters, and
Re = 20,000, b: Enhancement of mass transfer downstream the orifice, for different orifice diameters, and
Re = 20,000
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Figure 7. FAC wear rate downstream the orifice, for different orifice diameters, and Re = 20,000

4.1. Power plants inspection data
Ultrasonic techniques (UT) measurements are commonly used to determine the wall
thinning measurement in nearly all power plants and to provide more accurate data for
measuring the remaining wall thickness in piping system. The UT inspection data were
obtained at grid intersection points marked on the piping component. The data are usually
stored in a data logger and transferred to a PC for further processing using appropriate
software. The wall thickness data were obtained at different grid point on the piping as
shown in Fig. (8). For each pipe downstream an orifice, the difference between the measured
wall thickness and the nominal pipe wall thickness is calculated and considered to be the
wear at this axial location along the pipe. Sometimes, scanning within grids and recording
the minimum found within each grid square is an acceptable alternative to the above
method. However, it should also be noted that scanning within grids and the minimum wall
thickness recorded can affect the accuracy of the data if point-to-point comparison between
two consecutive inspections times. The inspection data are used to determine whether the
component has experienced wear and to identify the location of maximum wall thinning as
well as to evaluate the wear rate and indentify wear pattern in piping component.
In the present case study, 132 inspection data collected from 5 nuclear power plants and 3
fossil power plants for piping downstream an orifice were analyzed. The data of very high
and low values of wear are compared to adjacent inspection readings in order to remove
data outliers. Once the data set for each inspection location is verified, the wear is identified
at each band along the pipe axis. The measured wear data at different location from the
orifice were presented for different piping systems as shown in Fig. (9). It can be concluded
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that the effect of geometry found to strongly affect the FAC wear rate downstream of the
orifice. The maximum value of the wear found to be located within 5D downstream of the
orifice which agrees very well with the inspection data collected from different power
plants. Also, the hydrodynamic profiles such as TKE and MTC found to characterize the
FAC wear rate downstream the orifice and the value of the maximum FAC wear rate
increases as the orifices diameter reduces.

Figure 8. Inspection grids downstream of the orifice

5. Effect of proximity between piping components on FAC
From the above case study of the flow downstream an orifice, it can be concluded that the
size and the geometry of a piping component directly influence the flow velocity and hence
the local mass transfer rate. In addition, components with geometries that promote increase
in the velocity and turbulence tend to experience higher FAC rate such as elbow, tee,
reducers and valves, etc. The effect of turbulence on the FAC rate is represented by the
geometry enhancement factor as described by Chexal et al. [20]. Moreover, a component that
has another component located close upstream experience more turbulence that further
increases the FAC rate. One would expect that such components tend to experience more
severe FAC as discussed by Kastner et al. [28] and Poulson [29]. In fact, the piping geometry
at the point of rupture at Surry 2, where the elbow located downstream of a T-fittings, is a
strong evidence of the proximity effect.
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Figure 9. Measured wear rate downstream orifces at different power plants

In summary, a significant amount of research has been conducted on investigating the effect
of fluid chemical properties on FAC in nuclear power plants, online monitoring for strategic
FAC locations, and FAC control based on chemical fluid decomposition. However, the
hydrodynamic effects of single- and two-phase flows on FAC have not been thoroughly
investigated, and are currently not well understood. The present case study aims to evaluate
the effect of components located in proximity to another component upstream on the pipe
wall-thinning rate due to FAC using real inspection data from different degraded elbows in
several power plants. Also, to inspire future discussions among the scientific community to
revisit the effect of component geometry on FAC wear rate in order establish new
codes/correlations that meet actual industrial findings. In order to accomplish this goal,
ultrasonic (UT) inspection data for 90o carbon steel elbows for different systems across
different nuclear power stations are analyzed in order to quantify the effect of the proximity
between components on the FAC wear rate. The effect of the flow velocity as well as the
distance between the elbows and the upstream components is also discussed in the present
analysis.
The increase in the wear rate due to the proximity is calculated for 90o elbows located within
1D of the upstream Components. Ahmed [4] evaluated several UT data of back-to-back
elbows for deferent nuclear power stations as shown in Figure (10). The results are clearly
showing an increase in the wear rate due the proximity of the elbow with the upstream
components as the majority of the data are consistently above zero. The increase in the wear

Flow Accelerated Corrosion in Nuclear Power Plants 173

rate is approximately equal to 70% in average. The distribution of the data occurrence is
plotted in Figure (11) to represent the percentage of components to the total used
inspections that have the same wear rate. If a linear wear over the operating time is
assumed, one can determine the remaining life of component located in the proximity from
another component will results in reduction in component life by more than half life.
Although the results show a large scatter of the data with a standard deviation of 50%, the
proximity is believed to have a significant effect on the wear rate.
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The other set of UT data is collected for 90o elbows located at different distances (L) from the
upstream component are presented. The ratio (L/D) is used to represent the nondimensional upstream distance with respect to the pipe diameter. As discussed before, a
component that has another component located close upstream is expected to experience
more turbulence which increases the FAC rate. On the other hand, it is expected that the
effect of the turbulence produced from the upstream component becomes much less as the
distance from the upstream component increases as shown in Fig. (12). It should be noted
that the extent of the proximity effect as shown in Figure (6) is 0 to 5 piping diameters as the
a average increase in the wear rate is equal to 70 % (with a standard deviation of 50%) which
approximately the same as for elbows within 1D from the upstream components. As the
distance between the two components increases the change in the wear rate decreases to
reach a minimum value in the fully developed region.
A general trend between the increase in the wear rate and the non-dimensional upstream
distance (L/D) is obtained using the average values in the wear rates at different (L/D). The
additional effect of the component located upstream close to another component is
previously correlated by Kastner et al. (1990) as:
Effect of Proximity

 % e

 0.231L D   100

(33)

The average values of FAC wear rate in Fig. (12) are compared to the empirical equation
proposed by Kastner et al. [28] and found to be in good agreement with the present data
shown in Fig. (13). However, the correlation tends to over predict the data as the distance
between the components approaches zero which can be attributed to the accuracy of the
proposed correlation and the UT measurements uncertainty.
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Figure 13. Comparing data with Kastner et al. [28] correlation

As discussed before, components with geometries that promote increase in the flow velocity
and turbulence tend to experience higher FAC rate such as elbow, tee, reducers downstream
of orifices and valves, etc. Therefore, the turbulence production is expected to be dependent
on the component geometry. Consequently, the type of the upstream component could be
also considered as a contributing factor and should be considered while performing the flow
and mass transfer analysis.

6. Conclusions and recommendations
The effect of geometry found to strongly affect the FAC wear rate. For example, the
maximum value of the wear found to be located within 5D downstream of the orifice. Also,
the analyzed trends obtained from the plants inspection data show significant increase in the
wear rate due to the component proximity. The CFD simulation of the hydrodynamic
parameters such as TKE and MTC found to characterize the FAC wear rate downstream of
piping components. Additional experimental and numerical investigations are required to
further evaluate the close proximity effect for different components configuration. Findings
of the present work will allow the power plant FAC engineers to identify more accurately
susceptible components and reduce the inspection scope/time.
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Chapter 7

Thermal Reactors with High Reproduction of
Fission Materials
Vladimir M. Kotov
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/51599

1. Introduction
Efficiency of power reactors is determined by the expenses of raw material for its work and
by efficiency of heat to mechanical energy transformation.
In general modern nuclear power plants (NPP) use thermal reactors with enriched by
isotope 235U uranium (comparing to raw uranium) in the beginning of campaign. This fuel
allows having sufficient reactivity margin for obtaining burn-up more than 30-50
MW*day/kg. This reactor type is developed by itself during short period of nuclear power
plants development. Raw uranium cannot supply required burn-up even in reactors with
best heavy-water moderator. An effective technology of isotope separation was made for
military purposes.
Known shortage of thermal reactors is small usage of raw uranium during its work (0.5 – 1.0
%). Stocks of cheap ore for these reactors are enough for 40-50 years at power level of 4000
GW [1].
The next step in nuclear power plants development is suggested usage of fast neutron
reactors. This transition is connected with fuel enrichment increase and it supplies
possibility of fission reactions on fast neutrons, which produce more secondary neutrons. By
solving technical problems at this direction, nuclear power plants supplied with cheap
enough fuel for many centuries can be built. But this development direction has one
shortage. It is extremely expensive.
When it`s advocates say that high price is because of modern technical solutions shortages,
they are half right. Insuperable high price is because of high raw uranium requirement for its
start. For using nuclear power plants with total power of 4000 GW, which are supplied for
3000 years, all cheap uranium stocks must be processed in 40-50 years [2]. It is connected with
ecological problems and some complexity in non-proliferation of nuclear fission materials.
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The best thermal reactors related to high reproduction of fission materials are heavy water
moderated reactors. Today there are several types of such reactors. But its potential still is
not fully discovered. In CANDU reactors and like-CANDU reactors in the best cases are
used fuel on the base of natural uranium as advantage. But achieved burn-up in these
reactors is significantly lower than in light water reactors. Besides it, neutron moderation
energy and heat leak from channels energy is lost in heavy water. These factors and
compactness of light water vessel reactors have caused its leadership in modern nuclear
power plants. Now this is shadowing potential performance of heavy water reactors.
There are designs of heavy water reactors, which allow improvement of technical and
economical performance of it. In general it is related with use of thorium in fuel.
In fifties gaseous coolant in heavy water reactors have been tested, which allowed to use
different values of pressure in reactor and maximal pressure in Rankin cycle. With use of
fuel rods, which are much the same design as used in majority of modern reactors, coolant
temperature up to 500 оС (EL-4, France) and even a little more (KKN, Germany) was
achieved.
Efficiency at temperature, which is similar to achieved, at thermal power plants is more
40%. In the mentioned reactors efficiency is close to 30 % only. Possibly, that this experience
served as a reason of transition to high temperature gas cooled reactors with graphite
moderator and Briton cycle. Using gas cooled heavy water reactor is not in favor.
If heavy water channels reactors allow better characteristics than existing WWER, PWR,
BWR, then it is necessary to know technical solutions, which are needed for this transition.
The purpose of the work is demonstration of thermal reactors development possibility in
direction of fission materials reproduction increase, which is sufficient for obtaining burnup comparable with burn-up of the best modern reactors. This development direction shows
that these reactors have high raw uranium usage and can supply high durability of nuclear
power plants work at high power with modest requirements in uranium mining. Small
amount of fission materials in spent fuel reprocessing is significant advantage. At the same
control level it allows less possibility of fission material proliferation. The possibility of
reaching the high efficiency coefficient of nuclear plants with the proposed reactors is
shown.

2. About usage problems of raw uranium and thorium
In fission reactors can be used uranium and thorium. But only in raw uranium there is
fission isotope - 235U. Fission material in thorium is absent, but can be obtained by neutron
irradiation (233U). The basic raw uranium isotope - 238U at neutron irradiation becomes
fission nuclide - 239Pu.
One of reactor characteristics is raw uranium usage, obtained in its fuel cycle. If core has no
conditions for producing 239Pu from 238U, then raw uranium usage is less than isotope 235U
portion in it.
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In open cycles fuel is once used. A fuel with initial contents of fission and raw isotopes is
loaded to a core. At the end of campaign the fission materials contents is decreased and the
fuel not used any more. If enriched by 235U uranium is used as an initial fuel, then for raw
uranium usage calculations is necessary to calculate raw uranium mass, required for a core
loading with enriched uranium [3]. Raw uranium usage Isp is calculated as:
I sp 

(1)

M nat  M o  M k ;

Where:
Mnat – raw uranium mass, required for initial fuel producing;
Mo – mass of initial fuel loading;
Mc – fuel mass at the end of reactor campaign.
Portion of raw uranium usage Qu, as relative quantity is calculated as:
(2)

Qu  Isp / Mnat ;

In closed cycles after the end of campaign fuel is reprocessed for extraction of fission
material rests. Different situations are possible.
In the first, the most undesirable situation, not all fission nuclides can be separated from
raw nuclides. For example, 235U remains in raw 238U in small amounts so this mix cannot be
loaded to a core. Produced 239Pu and 241Pu can be extracted from this spent fuel by chemical
methods. Extracted fission materials must be diluted in portion of remained 238U to produce
new fuel. Portion of raw uranium usage in this case is:


Qu

I

sp

 MPu / Cdv



(3)

/ M nat

Where:
MPu – mass of isotopes 239Pu and 241Pu, extracted from spent fuel and used in new fuel
production;
Cdv – fission materials contents in initial fuel.
This formula is not taking into account difference between properties of initial and final
fission materials and following history of fuel usage. It is estimation. This formula is more
precise for condition MPu / Cdv < 0.5 * Mnat, that characterize modern thermal reactors.
Account of following fuel usage history can be conducted by formula:

Dis





Y * 1     2    n 1 ;

Where:
Y – fuel nuclides burn-up during campaign;
ψ – ratio of extracted fuel material mass at the end of campaign to its initial mass;
n – campaign number of this fuel cycle.

(4)
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The shortage, connected with impossibility of cheap extraction of fission isotope 235U from
raw isotope 238U during spent fuel reprocessing, can be overcome by two ways. The first
way is in increasing of initial 235U burn-up, so at the end of campaign its contents is
negligibly small. Another way is in using fuel with different nucleus charge – using fission
isotope of uranium in thorium, fission isotopes of plutonium in raw 238U. Usage of both
ways simultaneously is possible.
Because of fission isotopes absence in raw thorium there is no problem with raw thorium
usage.
Known stocks of thorium are bigger than known stocks of uranium. It will be ideal if
nuclear power industry use both elements in its work. Basic raw material in the present time
is uranium. Spending cheap stocks of uranium will lead to necessity of depleted uranium
reprocessing from dumps of enrichment plants and spent fuel and thorium usage.
One of the problems with thorium fuel is 232U production, which is source of high energy
gamma-ray quanta [4]. One way of this problem solution is usage of automatics at thorium
spent fuel reprocessing.

3. Characteristics of hypothetical thermal reactors with high reproduction
of fission materials
3.1. Fuel 238U + 235U
High fission nuclides reproduction in thermal reactors is possible if amount of capture acts
in fission nuclides is close to amount of absorption acts in raw nuclides.
Dependence of multiplication factor and fission nuclides reproduction coefficient for
reactors with different fuel types and no neutron loss is shown on figure 1.
Three types of fuel are shown. Blue lines show data for mix of 238U and 239Pu, red lines for
mix of 238U and 235U, brown lines for mix of 232Th and 233U. Continuous lines show
multiplication factor, dotted lines – reproduction coefficient. Left lines of each type show
data of neatly thermal reactor without epithermal neutron absorption. Right lines show data
for reactor with 10% epithermal neutron absorption from total absorptions.
Multiplication factor for such reactor with mix 238U and 235U is calculated as:

К n *  5f *  / ((1  n) *  8a  n( 5f  5a ));

Where:
n – portion of isotope 235U in fuel;
σ5f – fission cross-section of isotope 235U;
σ5a – absorption cross-section of isotope 235U;
σ8a – absorption cross-section of isotope 238U;
ν – neutron amount at fission of 235U.

(5)
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Figure 1. Dependence of multiplication factor and fission nuclides reproduction coefficient for reactors
with different fuel types and no neutron loss.

Data for cross-sections and number of secondary neutrons, used in calculations, are taken
from [5].
Fission materials reproduction coefficient in initial fuel is calculated:
КВ


1  n 

*  8a / n *  5f ;

(6)

From data, which shown at figure 1 for hypothetical reactor, it can be seen that there is
diapason of uranium enrichment (from 0.46 up to 0.66 %) in which reproduction coefficient
and multiplication factor are more than unity simultaneously. For each of shown variants at
reproduction coefficient equal unity multiplication factor is close to 1.1.
To estimate possibility of real reactor work at this diapason of enrichment is necessary to
take into account two factors – presence of additional neutron losses in construction
materials and neutron leakage, and production influence of secondary fission materials,
actinides and fission products, which are sufficient neutron absorbers.
Estimation of these factors in point model of reactor is possible by introduction of neutron
loss in construction materials and leakage term in system of equations, describing
accumulation and neutron absorption in initial fuel nuclides and additional nuclides
produced during reactor work.
Sufficiently precise estimation of reactor campaign characteristics with different fuel types
can be made taking into account following nuclides:
-

Raw nuclides in fuel – 235U, 238U, 232Th;
Secondary fission nuclides – 233U, 235U, 239Pu, 241Pu;
Nuclides of fuel chains – 233Pa, 234U, 236U, 237U, 239Np, 240Pu, 242Pu;
Actinides – 241Am, 242Am;
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-

Fission products with high absorption cross-section and atomic mass:
99 (Nb, Mo, Tc); 103 (Ru); 131 (Sb, Te, J, Xe); 133 (Te, J, Xe, Cs); 135 (J, Xe); 143 (La, Ce,
Pr, Nd); 145 (Ce, Pr, Nd); 149 (Nd, Pm, Sm); 151 (Nd, Pm, Sm, Eu); 152 (Sm); 153 (Sm,
Eu); 155 (Sm, Eu, Cd); 157 (Eu, Cd).

In general, for each of nuclides the equation is solved:
dNz
 z 1  N z 1  z  N z   z  N z   ;
dt

(7)

where:
Nz – number of nuclei with charge z in fuel;
λ – decay constant;
σ – neutron cross-section absorption;
Ф – neutron flux in fuel
Calculations of campaign of point reactor model with these conditions are made with the
program [6]. The program takes into account fission possibility for 238U, 232Th, 233Pa, 234U,
236U, 237U, 239Np, 240Pu, 242Pu [5].
Results of reactor campaign calculation with 0.47 % initial contents of 235U in fuel and
absence of epithermal neutrons absorption in 238U are shown at figure 2. Here (and
everywhere in analogous cases) contents of fission nuclides (235U и 239Pu) is normalized on
initial contents of 235U in fuel, and fuel power – on its initial value.
For representative comparison of campaigns is made Table 1. It includes:
C FM - the content of the base fission materials at the campaign beginning, %;
F M – Fission materials in fuel;
R M – raw fuel nuclides;
Mode – campaign conducting features:
Line – the simplest flow of the campaign (without fuel replacements);
Sup Poz – campaign with the joint work of fuel with different burn-up (look at i.5);
Sup Poz +233U Gen – campaign with generation of 233U (look at i. 6);
AKM – the absorption of neutrons in construction materials and leakage, %;
Φ – neutron flux, sm-2s-1;
Т – campaign duration, hours;
Y – fuel burn-up, %.
Rmin – minimum operational reactivity during the campaign, %;
R SZ – integral reactivity at the end of campaign, %;
U3 – portion of 233U fissions from total fissions;
U53 – portion of 235U fissions, which formed from 233U, from total fissions;
U55 – portion of 235U fissions, which is from natural uranium, from total fissions;
Pu9 – portion of 239Pu fissions from total fissions;
Pu1 – portion of 241Pu fissions from total fissions;
Qu op –portion of raw uranium usage in open fuel cycle;
Qu sh – portion of raw uranium usage in closed fuel cycle;
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Table 1. Campaign characteristics

Reactor power with constant neutron flux increases during campaign. Power has peak of 28
% and at the end of campaign is 20 % greater than initial value. It is caused by 239Pu
accumulation, which has bigger fission cross-section than 235U, and 239Pu contents
stabilization with decreasing portion of 235U.
Contents of 239Pu becomes stable during campaign but its value is less than initial contents of
U in fuel. It shows necessity of taking into account characteristics difference between
fission nuclides at calculation of reproduction coefficient. With use of formula (2) and 235U
fission characteristics reproduction coefficient equal to unity is calculated. At the same
conditions reproduction coefficient for 239Pu is less unity (0.786).
235
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Figure 2. Reactor campaign characteristics with initial contents 235U in fuel 0.47 % and absence of
absorption in 238U on epithermal neutrons. (string 1 of Attachment Table 1)

3.2. Fuel 238U + 239Pu
Region with reproduction coefficient equal unity for fuel on the base of mix 238U + 239Pu
relocates to less value of fission materials contents comparing to fuel on the base of 238U and
235U.
Multiplication factors for RC=1 is increased.
U and

238

Pu are shown at
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Figure 3. Reactor campaign characteristics with initial contents of 239Pu in uranium-plutonium fuel 0.37
% and absence of absorption in 238U of epithermal neutrons (string 2 of application’s table 1).
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Portion of 239Pu is 0.37 % from total mass of these nuclides and in 238U there is no absorptions
in epithermal region.
Contents of 239Pu during campaign is stable enough, but not equal to initial one and
decreasing for ~25 %. Stabilization of 239Pu is reached earlier than in the previous campaign.
The role of 241Pu increases. Its amount increases to ~ 1/3 of 239Pu at stationary level. Value of
reactivity margin during this campaign is less, but its fluctuation is also less. Despite less
contents of fission material in initial fuel slightly higher burn-up is reached after the same
work time.
Decreasing of 239Pu amount and reactivity margin in the first hours of campaign is caused
by delay of transformation of 239U into 239Pu, and significant neutron losses in the chain of
241Pu. It is important to make comparison with fuel characteristics on the base of mix 233U
+ 232Th.

3.3. Fuel 232Th + 233U
For the fuel on the base of mix 232Th + 233U the region with reproduction coefficient equal to
unity relocates to higher contents of fission materials. Multiplication factor in this region
also shows increase comparing to variants with fuel on the base of 238U and 235U.
Reactor campaign characteristics with 233U + 232Th in initial fuel is shown at figure 4.
Contents change of 233U during campaign is not big. Reactor power change is also not big.
But power is decreasing at the campaign beginning and after that returns to its initial value.
Power decrease at the campaign beginning is caused by 233U contents decrease, and return is
caused by 235U accumulation. Comparatively small accumulation of 235U is well explained by
small neutron absorption cross-section of 233U, from which produces 235U.
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Figure 4. Reactor campaign characteristics with initial contents of 233U in uranium-thorium fuel equal to
1.55 % (string 3 of application’s table 1).
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Positive reactivity margin in this campaign is decreasing at its beginning because of 233Ра
contents increase and its comparatively long half-life. After 2000 work hours reactivity
fluctuation is small because all fuel nuclides has stabilized. The reached duration of this
campaign is considerably higher than it of the previous campaigns.

4. Analysis of hypothetic reactors campaign
4.1. Variants of campaigns for figures 2, 3, 4
Let us compare some campaign characteristics of three shown variants of reactors with
different fuel type, which are significant for its working out for applying in practice. This
comparison is needed because the choice of initial conditions for campaign characteristics
calculation is, in principle, not equivalent. Comparisons can delete this shortage.
Portion of raw uranium usage is usage rationality of this fuel kind (at this campaign). It is
important because uranium is unique natural material containing fission isotope 235U.
Only the first of three considered campaigns can be used in the open cycle, i.e. without
nuclides, which were gotten from the spent fuel.
Closed fuel cycles with raw thorium or raw uranium can work without 235U usage. Thus, the
complete use of natural uranium, which used at the initial stages of these campaigns, is
reached.
At the base of 238U+235U fuel simplest campaign cannot reach high raw uranium usage.
Reproduction of fission materials is too small, neutron losses in reactor control elements is
too big. Reached burn-up is minimal among all suggested variants.

4.2. Variants with equilibrium fuel
Characteristics of reactors campaign with initial contents of 239Pu and 241Pu sum in the
uranium-plutonium fuel, which is equal to equilibrium, which can be formed from the
campaign by picture 3, are presented at string 4 of application’s table 1.
Fission reproduction coefficient in this campaign is equal to unity practically always during
campaign. Neutron absorption in control rods increases up to 3.3 %. Reactor power is
practically constant. Its decrease is not more than 1 %.
Optimization of campaign with fuel on the base 233U + 232Th by the same means is also
interesting. These data are shown at string 5 of application’s table 1.
Equilibrium of fission materials in the campaign with equilibrium contents of 233U, 235U and
thorium is achieved after 2000 work hours. Neutron absorption in control rods is 5.8 %.
Reactor power decreases to 93.2 % from initial value at 2000 work hours and remains stable.
Power decrease is caused by 233U formation and role of 233Ра with long half-time.
Large reactivity margin with increase possibility of neutron losses in construction materials
and for leakage is significant difference between this and previous campaign.
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4.3. Change of resonant absorption in raw materials
As it can be seen from charts of figures 1 equal reproduction coefficient is achievable with
different fission materials contents in fuel. It is done by changing of resonant absorption in
raw nuclides. Described results are made for cases with no resonant absorption.
Theoretically these characteristics remain constant at the same durability and neutron flux
with increase of resonant absorption and achieving the same reproduction coefficient:
-

portion of absorption in control rods;
final contents of fission products;
final value of reactivity.

Burn-up of fuel nuclides is changed. Reactor work with high burn-up is desirable. For
campaign search with increased resonant absorption in raw nuclides data from figures 1 is
not sufficient, because it is based on two nuclide campaign when its real number is six in
campaign with uranium-plutonium fuel with limitation of 240Pu.
Described cases are not common in reactors with low reproduction coefficient, where
resonant absorption in raw nuclides leads to multiplication factor decrease in the campaign
beginning and decreases campaign durability.

5. About possibility of practical campaign realization with high
reproduction
The basic difference of real reactors is presence of neutron absorption in construction
materials and neutron leakage from reactor. These factors can be researched in the described
models without reference to the reactor design by additional term insertion for these
neutron losses.
Neutron flux values used in previous calculations are not always applicable. Possibility of
neutron flux change and its influence on campaign characteristics must be examined.
Arrangements for reactor campaign improvements and its effects should be also considered.
Without reference to a reactor design following arrangements can be considered:
-

combined use of several fuel kinds (from described above);
fuel dynamic loading use, which suggests using of several equal fuel portion, each of
them works in reactor during specified time, after that it is replaced with next fuel
portion. In the cycle each portion is used once;
zone superposition regime of campaigns with different start moments;
insertion of excess of fission materials to initial fuel;
fission materials production with use of control rods with raw nuclides addition (232Th
and 238U).

5.1. Neutron flux influence on campaign characteristics
Campaign characteristics calculations, which were presented above, use ~9*1013 sm-2sec-1
neutron flux. Flux increase allows improving economical issues – decrease of fuel
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requirement at specified power output. It is especially valuable for the case when during
campaign ratio of neutron flux to power is almost constant.
Campaign characteristics calculations for above mentioned fuel types with neutron flux in
diapason from 2.5*1013 to 2.0*1014 sm-2s-1 and campaign durability from 5000 to 40000 hour
were carried out. At flux from 2.5*1013 to 1014 sm-2s-1 change in final mass of fission materials,
control rods absorption and reactivity at the end of campaign are slight for all fuel kinds.
Change of its parameters for fuel with raw 238U at neutron flux 2*1014 sm-2s-1 is slight.
Final reactivity for thorium containing fuel under the neutron fluxes more than 1014 sm-2sec-1
is fast becoming less than zero [7]. Flux rising influence is could be watched at string 5 and 6
of application’s table 1, where the one fuel type is used, but it has the different neutrons
fluxes in 9*1013 sm-2sec-1 and 5*1013 sm-2sec-1. At larger flux reactivity is less than zero after
16500 hours, and at smaller flux it is near the 0.03 after 39000 hours. By estimation it
becomes zero after 50000 hours of work reactor.
These effects are explained by neutron absorption in 233Ра, which has comparatively high
half-time period (27.4 days) and large absorption cross-section (66 barn). However, not
everything is so simple. The reactivity in campaign with non-equilibrium fuel (figure 4) and
9*1013 sm-2sec-1 flux remains high during 39000 hours.

5.2. Combined work of several fuel types
Reactor campaign characteristics with 0.64 % initial contents of mix 233U, 235U, 239Pu and 241Pu
in uranium-thorium fuel with 238U – 75 % and 9*1013 sm-2s-1 neutron flux are shown at string
7 of application’s table 1.
Contents of fission materials is corresponding to its equilibrium contents. Reproduction of
fission nuclides is close to unity. Portions of energy release from fission components are:
233

U  39.76 %; 235 U – 4.26 %; 239 Pu – 42.21 %; 241 Pu – 13.76 %.

That means in fission components from raw
components from raw 232Th ~44 % fissions.

U occurs ~56 % fissions, and in fission

238

Positive reactivity at the campaign end in this variant is less than with equilibrium fuel on
the base of 232Th and 233U. Campaign with the same fuel, but 5*1013 sm-2s-1 flux is presented at
string 8 of application’s table 1. Reached burn-ups in the both cases are close to each other
and it is says about decreasing of negative role of thorium nuclides component fuel.

5.3. Dynamic loading regime use
Most part of absorptions in fission products is in 135Хе. Absorption in 135Хе in high neutron
flux (more than 5*1013 sm-2s-1) is close to portion of 135I formation from fission products.
Portion of 135I formation is ~6 %, and total absorption in all fission products is slightly above
10 %.
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Peculiarity of
half-life.

135

Хе is its formation from

135

I with half-life 6 hours and decay with 9 hours

In dynamic loading regime [7] fuel works in reactor during time close to 135I half-life,
formation of 135Хе and its neutron absorption is minimal. During fuel exposition out of core
135Хе is decaying.
Dependence of neutron absorption portion in 135Хе, which formed during fuel work on work
duration and neutron flux and portion of remaining 135Хе after fuel exposition out of core is
shown on figure 5.
It can be seen that even in maximal neutron flux (1014 sm-2s-1) neutron absorption in
30 % at work time about 8-10 hours.

Хе is

135

We can note that portion of remaining 135Хе after fuel exposition practically does not depend
on loading characteristics of fuel in reactor.
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Figure 5. Dependence of ratio neutron absorption in 135Хе to 135I formation on fuel work time and
neutron flux.

Data from charts on figure 5 can be used for estimation of 135Хе neutron absorption at
dynamic loading regime. For example, in neutron flux 5*1013sm-2s-1 with 5 work hours and
exposition 45 hours neutron absorption in 135Хе is less than 30% of fission product 135I
formation and is about ~1.9 %. Saved 4 % of neutrons can be used for construction material
absorption and leakage.
For effective usage of dynamic loading duration of working regime can be in the region of 5
to 10 hours and exposition time – 35-50 hours. Increasing exposition time more than 60
hours is unreasonable. So fuel mass can be 3.5 – 5.0 times larger.

192 Nuclear Power – Practical Aspects

Dynamic loading regime for traditional fuel types with rigid placed fuel assemblies in a core
is sufficiently complicated. In general it can be made in reactors, which have fuel assemblies’
replacements without reactor shut down, such as CANDU or RBMK-1000. But large amount
of replacements, needed for this regime realization, decreases durability of these fuel
assemblies and replacement mechanism.
Dynamic loading regime is possible in molted salt reactors [8] and in reactors with spherical
fuel circulation in heat-exchange loop [9]. Work [10] shows that this regime can significantly
simplify a molted salt reactor technology of fuel purification from fission products and
actinides.

6. Joint work of zones with different campaign moments in the same core
6.1. Ideal reactor with zero loss of neutrons
Modern power thermal neutron reactors widely use campaigns with multiple fuel reloading
[11, 12]. During each reloading fuel with maximal burn-up is moved out core, fuel with
different burn-up is rearranged and fresh fuel is loaded. Necessity of reloading is caused by
fission materials concentration decrease during irradiation.
It is shown in presented above data that high concentration of fission materials is stabilized
in high fission materials reproduction reactors during campaign burn-up. Burn-up increase
in campaign of such reactors is purpose of multiple fuel replacements with entering regime
of negative reactivity in some part of core with maximal burn-up.
Terms of detailed campaign and compact campaign are introduced here for better
understanding. Detailed campaign is theoretically calculated campaign with continuous
reactor work with use of negative reactivity. Compact campaign contains the portions of
various fuels with different burn-up level. Durability of compact campaign is equal
durability of detailed campaign divided on number of fuel zones with different campaign
burn-up. For work regime with fuel replacements is used term “zone superposition”.
It can be noted that work in compact regime is possible only if neutron absorption in control
elements in detailed campaign is more than zero.
Fuel with nuclides 235U and 238U in zone superposition regime is considered. Figure 6 shows
detailed campaign characteristics of initial fuel 235U (0.47 %) + 238U in neutron flux 9*1013 sm2s-1 and multiplication factor of compact campaign with four fuel replacements. In
superposition regime fuel works in reactor for 25000 hours. Raw uranium usage in
campaign increases up to 3.81%. Multiplication coefficient at the end of detailed campaign
becomes lower than unity by 0.04.
Characteristics of campaign with the same fuel type and different initial contents of fission
materials in the beginning of campaign are presented at the string 10 of Attachment Table 1.
Here it is corresponds to natural uranium fission materials contents. Larger burn-up and
raw uranium usage in open fuel cycle is obtained in this variant.
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Figure 6. Detailed campaign characteristics with initial fuel 235U + 238U and multiplication factor of
compact campaign with four fuel replacements (string 9 of Attachment Table 1).

6.2. Reactors with non-zero loss of neutrons
The string 11 of Attachment Table 1 shows characteristics of detailed campaign with fuel
239Pu + 239Pu + 238U and multiplication factor of compact campaign with eight fuel
replacements. Neutron loss in construction materials and leakage is 1.7% in this campaign.
This campaign is identical to the campaign, which is presented at the string 2 of Attachment
Table 1 and figure 3, by the fuel type and composition. In spite of neutron loss presence
larger campaign duration and burn-up is obtained in the campaign.
Comparison of campaign characteristics with natural uranium and different neutrons loss in
the construction materials and leakage is presented at the strings 10, 12, 13, and 14 of
Attachment Table 1. Selected data from this table is presented in Table 2.
1
2
3

Neutron loss, %
The duration of the campaign, hour
Burn-up, %

0
34 000
3,92

1.7
29 000
3,38

2.8
24 000
2,84

5.2
19 000
2,41

Table 2. Comparison of campaign characteristics with natural uranium and different neutron loss in
zone superposition regime.

Characteristics of reactor campaign fueled with natural uranium and neutron loss 5.2% is
presented at the string 14 of Attachment Table 1, and at the string 12 of Attachment Table 1–
campaign with the same fuel and neutron loss 1.7%.
Pu production in reactor campaign with 5.2 % neutron loss is only reaching stationary
level. Stationary level of 241Pu production in the campaign with 1.7 % neutron loss is
reached.
241
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For comparison, characteristics of reactor campaign with the same fuel and 5.2 % neutron
loss but without zone superposition using are presented at the string 23 of Attachment Table
1. Such campaign has the worst characteristics among others by campaign duration, fuel
burn-up and raw uranium usage, and Rsz value – average neutron loss in control elements
during campaign.
In reality campaign at string 23 of Attachment Table 1should be finished at least at 1000
hours earlier on condition of sufficient positive reactivity. Characteristics of this campaign
are quite close to characteristics of CANDU reactor campaign.
It should be noted, that calculations shown in the present work are made for point model of
reactor. In cases, when fission materials contents change at campaigns is minimal, real
reactor campaign characteristics matches this calculation in great extent.

7. Fission materials production in control elements
7.1. Task formulation
Previous chapter material analysis shows that campaign characteristics improving,
including the reproduction coefficient, with the same fuel type is obtained by decrease of
neutron absorption in control elements. Improvement not always can be made by neutron
flux change or superposition regime implementation. It is interesting to replace useless
neutron absorption in control elements (cadmium, boron, gadolinium etc.) by absorption in
raw fuel materials (238U and 232Th). First activation products of raw nuclides must be deleted
from the core. This technology should not permit fission materials formation in chain of
product transformation in the core. Activation chains of 238U and 232Th are:
238

U  n 239 U  1412 s  239 Np  2.33 d  239 Pu;

(8)

232

Th  n 233 Th  1325 s  233 Pa  27.4 d  233 U;

(9)

Uranium chain has the minor time reserve, but it is big enough.
Any technology always supplies some part of final fission product into the absorber placing
area. It is simple to estimate the negative effect of such penetration. It is defined by
purification time outside core from primary activation products (239Np and 233Pa) and degree
of fission materials penetration into core loop.
It can be noticed that equal effect from absorption in raw and fission nuclides of uranium
chain is obtained at raw to fission nuclides contents ratio 530, and for thorium chain it is
equal to 182. Comparison of fission nuclide half-life periods, ratios of raw and fission
components with same influence to reactivity, and fission characteristics (233U has larger part
of fissions from total neutron absorptions) shows, that thorium is preferable primary
candidate for control element development with fission material production. Estimation
effectiveness can be made by division of precursor half-time to ratio of raw and fission
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components with same influence to reactivity. For thorium this parameter is 3.6 hours, and
for uranium – 6.33 minutes. Difference is 36 times.
This suggestion realization does not mean that all control elements must produce fission
components. There is no need to have it in safety system with total neutron absorption at
zero level in any case of campaign.
At initial development stage it is possible to divide two functions of control system:
traditional, for fast regulation of reactor power with efficiency of 1 β and slow regulation
system with fission materials production and efficiency of maximal reactivity in campaign.
Part of neutrons involved in fission materials production is linked with produced fission
material amount and energy emitted in core by formula:
n  Q * g * ;

(10)

Where:
n – amount of produced fission materials, nuclei;
Q – fission energy emitted in core, J;
g – link coefficient between emitted power and fissions number (3.1*1010), J-1;
ξ – part of neutrons, which are involved into fission materials production.
With core power 1000 MW and 1 % of involved in fission materials production neutrons
amount of produced fission material is equal to 1.2*10-4 g per second. For year mass is
~3800 g.
It is possible to use value of fuel burn-up and number of fuel reloading during the campaign.
Insertion of produced fission materials is made with each new fuel portion. In this case the
number of inserted nuclei of produced fission materials is described by formula:
n1  m *  / j;

(11)

Where:
n1 – amount of nuclei of produced fission materials, which are inserted with each fuel
reload;
m – amount of fuel nuclei, including raw and fission components;
χ – fuel burn-up during campaign;
j – number of fuel reloads during campaign.
Calculation of campaign characteristics with fission materials production by use of
redundant reactivity compensation is made by iterative method. Adsorption of redundant
neutrons at this process leads to additional reactivity insertion. At the good realization of
campaign this additional reactivity is added to areas of detailed campaign with negative
reactivity, which supplies prolongation of initial fuel work duration. Iterations in carried out
calculations are not always optimal. Measures of optimal iteration are values of Rmin and R
SZ, which are shown in the Attachment Table 1.
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7.2. Fuel is natural uranium
Let’s examine how neutron loss in control elements used for generation of 235U in reactor
with initial fuel 235U + 238U influence on campaign characteristics (figures 10, 12 - 14).
Characteristics of detailed campaign with 1014 sm-2sec-1 neutron flux, 233U production and 1,7
% neutron loss are shown at the string 15 of Attachment Table 1.
Maximum fuel burn-up (5.27%) is reached in this campaign in comparison with previous
campaigns; duration of detailed campaign is 34000 hours. Reactivity change during work is
close to optimum results (K-1 from 1 % up to 3.2 %). Reactor power is stable. Reactor power
change in constant neutron flux is not exceeding 2.5% from the average. 233U generation
increase in the campaign with this fuel type is possible at the expense of operating reactivity
pike lowering.
Enough good indexes by this technology can be received into the reactor with 5.2% neutron
loss. Description of such campaign is presented in string 24 of Attachment Table 1. Indexes
of such campaign are high enough.

8. Characteristics of reactors with high fission materials reproduction
8.1. Possibility of neutron loss decrease
Obtaining of high fission materials reproduction is possible only in reactors, which have the
minimal neutron loss in construction materials and leakage. This loss must be about 1-2% by
the preliminary analysis of previous materials. It is not possible to realize on practice all of
the discussed fuel cycles.
Let us consider in this chapter could be achieved good results with bigger neutron loss level
and what must be considered as good results.
CANDU (and its many versions) with heavy water as coolant and moderator, with
zirconium shells and channel walls is the nearest reactor to high fission materials
reproduction reactors. Let’s look at the characteristics of this reactor and its possible
modifications, which are directed to neutron loss decrease. Fuel assembly of CANDU
reactor with 37 fuel element (on left) and modification of this assembly with replacement of
7 central fuel element by beryllium block are presented in the figure 7.
Characteristics of initial reactor and its 6 modifications are presented at the table 3:
1.
2.
3.
4.
5.

Reactor with fuel assembly at the figure 19 (on the left) with standard reflector,
standard fuel on the basis of natural uranium dioxide;
Reactor by the i.1, with enriched by isotopes 90Zr and 120Sn in fuel rod shells and fuel
assembly casing zirconium and tin.
Reactor by the i.2, with bigger thickness of heavy-water reflector.
Reactor by the i.2, with addition of graphite reflector to heavy-water reflector.
Reactor by the i.4, with fuel rods made of metallic uranium (80% of volume) and
bismuth (20% of volume).
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6.

Reactor by the i.5, with fuel assembly shown at the figure 19 (on the right) with
beryllium insertion.
Reactor by the i.6, which differs by using of heavy water instead of graphite layer in
reflector.

7.
№

Parameter\variant

1

2

3

4

5

6

7

1

Leakage

1.7904

1.7789

1.1121

1.1354

0.915

1.041

1.182

2

D

0,163

0.172

0.391

0.221

0.147

0.213

0.254

3

Be

- 0,513

- 0,531

4

C

0.356

0,285

0,327

5

O

0,443

6

Zr

2,54

7

90Zr

8

Sn

0,441

0,489

0,456

0,396

0,399

0,410

0.281

0.283

0.281

0.236

0.240

0.239

0.0298

0.0287

0.0319

0,125

9

120Sn

10

Bi

11

∑

5,061

2,70

2,30

12

K eff

1,1171

1.1473

13

RC

0,808

0,804

Reflector
Cell
Fuel

D2O 21

0.023

0.024

0.0254

0.079

0.078

0.0772

2,481

2,081

1,809

1,660

1.15489

1.15093

1.1265

1.13233

1.13428

0,80

0.802

0,871

0,855

0,853

D2O 62
37 fuel rods
UO2

D2O+C

D2O 62
30 fuel rods + Ве
0.8*U + 0.2*Bi

Table 3. Neutron loss (string 1-11, %), multiplication factor and reproduction coefficient (string 12, 13,
relative units) and fuel types and reflector types in variants of CANDU reactor models.

Figure 7. Fuel assembly of CANDU reactor (on the left) and its modification with beryllium insertion (on
the right). 1 – fuel assembly casing; 2 – fuel element shell; 3 – fuel rods; 4 – coolant; 5 – beryllium insertion.
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Analysis of calculation results allows saying:
1.
2.

3.
4.
5.

Initial variant of reactor has the worst characteristics;
Major change of properties is reached by the change of natural zirconium and tin to its
isotopes 90Zr и 120Sn. These isotopes have the best properties among the rest of isotopes
of these elements and have the considerable contents in natural elements. Neutrons loss
of this changing has decrease till 5.06% to 2.70%.
Decreasing of leakage at the expense of reflector thickness increasing at the i.3 and 4
also leads to appreciable lowering of neutrons loss.
Important improvement of characteristics is obtained by replacement of oxide fuel by
metallic, including the reproduction of fission materials.
The best parameters among the presented variants have the reactor, with fuel assembly
made from 30 fuel rods and beryllium insertion. Differences between 6 and 7 variants,
which is differ by reflector construction, are minor.

1.7 %, 2.8 % and 5.2 % neutron loss are used in Table 1 as results of CANDU reactor
calculation.

8.2. Construction of fuel assembly with composite core
Good neutron-physical characteristics of metallic fuel are well-known [13, 14]. Such fuel is
used on reactors by the first stages of atomic energetic progress. Significant swelling under the
enough small burn-up is the lack of it. Maximum allowed burn-up of “KC-150” [15] reactor is
settled by the level in 15 MW*day/kg. It is indicated that this burn-up equal to 4 MW*day/kg
the maximal extension of fuel element is laying down for 5-7% under the temperature to
3500C. Rod-shaped fuel element of traditional construction with such characteristics of
swelling cannot be perspective for reactors with burn-up of 40 MW*day/kg and higher.
Situation can be changed, if we will use the fuel element with composite metal core. 2
variants of such fuel element construction are presented at the figure 8. Core of such fuel
element is containing fuel elements 2 and 3, liquid-metal filler 4, which are placed under the
protection cover.
In variant, which is placed on the left, the core contains 8 leaf fuel cells and one cylindrical
fuel element. These elements at swelling occupy the space, which was filled by liquid metal
(with fuel working temperature). At the second variant only 2 fuel elements are used. These
elements are identical and inserted into each other. Cuttings, which bring down the pressure
during swelling in radial direction, are made on elements surfaces.
Bismuth, lead [16] and tin can be filler material. If cover is made from zirconium, then lead,
by preliminary estimations, leaves the list of candidates because it actively interacts with
zirconium and breaks its initial structure. It is possible, that bismuth in clean type will
actively interact with zirconium with such result.
Tin at the time of interaction with zirconium forms the solid compound – zirconium
stannide Zr3Sn2 on its surface, which is melted at temperature 1985 0C [17]. Tin is included
into the composition of zircaloy, which is used in fuel element covers. Shortage of tin (its
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enough high absorption cross-section) is possible to delete by using tin enriched by
isotope. 120Sn has the best properties among tin isotopes with even atomic weight.

Sn

120

It is possible, that alloy of tin with bismuth and lead also will form the tin stannide on the
surface of zirconium, which prevents the interaction of zirconium with bismuth and lead.
Rigorous research in this direction is necessary.

1 – fuel element cover; 2 and 3 – fuel elements; 4 – filler.

Figure 8. Variants of fuel element construction with composite metallic core.

We should specify requests to whole of possible varieties of core composite elements, which
must have high workability of fuel element with maximal level of burn-up.
In this case the statement is follows: space between particles must create stable conditions
for separate particles location under fuel element cover when increasing volume in specified
limits without appearing of additional effort between particles;
This claim dissects for some independent claims:
-

Allowed reduction of areas gage, which is occupied by composite core, is settled;
In the initial condition surface of particles is must be distant from each other by the all
surface of particles;
Crush elements might be placed between particles without changing the distance
between them for realization of increasing of particle sizes;
In the working progress, under the decreasing of crushed elements dimensions it is
desirable, that the distance between particles centers is staying invariable or changing
negligible.

It should be marked that important factor in such construction of fuel element, which
decrease the metallic fuel elements swelling, is their small thickness. The small thickness
increases the migration of fission gaseous splinters over the external surface with decreasing
of inner mechanical stresses.
By the estimations, forms changing of metallic fuel rods under the execution of given claims
and initial content of liquid-metal filler in 20% by the volume is not leading to trespassing of
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fuel element cover under the burn-up till 40-59 МW*day/kg. Such fuel has being used in
calculations of reactor models, which was presented in the table 1.

8.3. Open fuel cycle
Open fuel cycle can be realized by the initial fuel, which consists of 235U and 238U. This fuel
can contain natural uranium, as in CANDU reactors, enriched uranium, as in the majority of
modern reactors, and, as it presented on the calculation above, from the 235U impoverished.
Fission materials in all of these cases are made from natural uranium passing the chains,
which is bounded with recycling of spent fuel. Let’s assume that technology of 233U
generation is not bounded with recycling of spent fuel and might take the part in opened
fuel cycle.
The final product of open fuel cycle can be the perfect base or composite part of closed fuel
cycle. Especially, if fission isotopes of plutonium come to equilibrium.
Open cycles, which are presented in strings 1, 9, 10, 12 -15, 17, 23 and 24 of Attachment Table 1,
are described above. Maximum portion of natural uranium usage on it is reached under the
conduction of superposition mode areas with 233U generation. Quite high part of using is
reached in the superposition mode under the decreased neutrons losses in construction
materials and for leakage. In these cases fission isotopes of plutonium are in equilibrium at
campaign end. Maximal reached part of natural uranium using in presented cycles forms
5.27%. This amount in cycles with generation of 233U can be increased at the expense of
generation mode optimization. Optimization is not appeared by paramount task at this work.
Thereby, there are different ways for reaching of high natural uranium usage in open fuel
cycles and reception of closed fuel cycles fission components on its.

8.4. Closed fuel cycles.
In this work it is considered that all initial fuel products use technology of spent fuel
recycling. In closed cycles it is possible to use raw uranium based fuel or raw thorium based
fuel.

8.4.1. Uranium-plutonium fuel
The best closed fuel cycle characteristics are achieved with use of equilibrium contents of
fission materials. But the ideal equilibrium uranium-plutonium cycle has very small
contents of fission materials so the neutron leakage plays more important role than in
CANDU with raw uranium.
Fission materials contents in equilibrium uranium-plutonium fuel equals 0.34 % in condition
of resonant neutrons absorption absence in 238U (in CANDU its contents is more than twice
larger – 0.712 %).
Solution of the task is possible in two ways – 1) by increasing of initial contents of 235U by
adding it, 2) increasing of fission materials contents by increasing resonant absorption in 238U.
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The string 19 of Attachment Table 1shows variant with addition of 0.35 % 235U from mass of
238U, that equals equilibrium contents of 239Pu and 241Pu. This fuel can be made by plutonium
isotopes, which are extracted from spent fuel, addition to a mix of raw uranium (half of 238U
mass) and 238U from spent fuel.
The string 20 of Attachment Table 1 shows campaign characteristics with initial fuel
containing equilibrium contents of 239Pu and 241Pu and addition of 235U, which contents is
much less than in previous fuel. Resonant neutron absorption in 238U is 1.2 times higher.
Production of 233U is lead. Equilibrium contents of 239Pu and 241Pu is also 1.2 times greater.
Burn-up of 3.49 % and raw uranium usage 12.12 % is achieved.
String 18 of Table 1 of Attachment shows campaign with this technology. Strings 21 and 22
show campaign with no 233U production. Maximal burn-up 3.51 % and maximal raw
uranium usage 14.28 % is achieved.

8.4.2. Uranium-thorium fuel
Equilibrium cycle with uranium-thorium fuel even without resonant neutron absorption in
thorium has high fission materials contents, which mean possibility of high burn-up
achieving in detailed campaign. Features of uranium-thorium campaign are high neutron
absorption in 233Ра and its long half-life, which are used in technology of 233U production by
reactivity margin decreasing.
Detailed campaign with neutron flux about 1014 sm-2s-1 becomes very short even in case of
low neutron losses which equals 1.7 %. The campaign with twice lower neutron flux is
possible at neutron losses of 5.0 %.
Figure 9 shows detailed campaign characteristics with equilibrium uranium-thorium fuel
with 233U production at neutron flux 6*1014 sm-2s-1 and neutron losses 5.0 %.
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Figure 9. Detailed campaign characteristics with equilibrium uranium-thorium fuel and 233U
production. Neutron flux is 6*1014 sm-2s-1, neutron loss – 5.0 % (string 25 of Table 1 of Attachment).
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High stability of reactor power is obtained in compact campaign. Reactivity margin decrease
in detailed campaign is observed in first 5000 hours. During all time of detailed campaign
reactivity stays positive. Reactor work prolongation over 24000 hours is possible. At the
shown campaign burn-up of 4.35% is reached.
The difference of the campaign from uranium-plutonium campaign is possibility of
significant amount increase of fission materials to the end of the campaign. Reproduction
coefficient of the campaign, which is shown at figure 20, is more than unity by 11 %.

8.4.3. Mixed fuel
Mixed fuel (with uranium-thorium raw materials) is rational to use in closed cycles with
equilibrium between fission and raw materials.
This fuel is less dependent from neutron flux than pure thorium fuel. Together with it the
fuel is more sensitive to the neutron losses. At 238U contents 75 % in campaign beginning,
fission materials contents 1.16 % neutron losses 2.8% neutron flux less than 8*1013 sm-2s-1 is
possible effective work. The duration of the campaign can be 34000 hours.
Campaign with mixed fuel can supply simultaneous use of thorium and uranium fuel with
burn-up corresponding to its natural contents with high and even full use of raw uranium
[18].
Closed fuel cycles with uranium fuel after several cycles can have increased contents of
242Pu, which is feeble burning out and being absorber and filler decreasing of campaign
effectiveness. The possible way of solving is plutonium isotope separation. In mixed fuel
242Pu accumulation will be less and its critical contents will be reached much later. The losses
for it are also less.

8.5. About neutron balance in the campaign
In previous materials model of abstract reactor with parameter “neutron losses in
constructive materials and leakage” is used. Dependence of reactor characteristics and its
campaign is more complex in real life.
More detailed presentation of these relations can be obtained from neutron balance during
reactor work. Neutron creation is present not only in fission nuclides but in raw fuel
components and such constructive materials as heavy water and beryllium.
Figure 11 show neutron balance in reactors with two types of fuel assemblies with different
coolants. Fuel assembly for heavy water coolant is shown at figure 10-a, and fuel assembly
for liquid metal – at figure 10- b. Measures for neutron energy loss prevention at fuel
location are used in fuel assembly for liquid metal coolant.
Reactor calculations with use of program [19] are conducted, which are the base for reactor
campaign calculations with use of program [20].
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1 – case of fuel assembly, 2 – gaseous gap, 3 – screen, 4 – coolant, 5 – fuel rod, 6 – beryllium insert for a) and gaseous
cavity for b).

Figure 10. Fuel assemblies with water (a) and liquid metal (b) coolant.

Neutron absorptions (black columns) neutron fissions (blue columns) in different fuel
nuclides are shown on diagrams. Two types are used 235U – natural raw uranium signed as
U235N, and formed during transformations of thorium chain (232Th-233Pa-233U-234U-235U),
signed as U235S.
Fission nuclides have columns for difference between secondary neutrons and total neutron
absorptions (red columns). Difference for raw 232Th and 238U between number of secondary
neutrons and number of total absorptions with fission are indicated in yellow columns.
Columns 1 and 2 indicate neutron absorptions in construction materials and fission
products correspondingly.
In left part of each column lay data for reactor with liquid metal coolant, in right part – data
for reactor with water coolant/
Total height of red and yellow columns must be equal to total height of black columns for
nuclides 232Th, 238U, 234U, 240Pu and columns for neutron absorptions in construction
materials and fission products.
If neutron loss in construction materials and leakage are less, than more neutrons can be
absorbed in fission products, which number increases during campaign.
For the compared variants fission activity in raw nuclides and ratio of absorptions and
fissions in 241Pu are better. In result total neutron absorption in fission products (8 %) for
heavy water coolant reactor is less than total neutron absorption in fission products (13 %)
for liquid metal coolant reactor at the same neutron losses for construction materials and
leakage. So reactor with liquid metal coolant has campaign with burn-up 25.5 MW*day/kg
when heavy water coolant reactor has campaign with burn-up 11,3 MW*day/kg. Liquid
metal cooled reactor has higher raw uranium usage in open cycle campaign.
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Figure 11. Liquid metal and heavy water cooled reactors neutron balance in campaign with
equilibrium by fuel nuclides regime.

8.6. External neutron sources for reproduction coefficient increase in thermal
reactor
External neutron sources can be included in neutron balance if it is linked somehow with
reactor work. There are schemes, where neutrons, which are formed in reactions between
accelerated protons and nuclei of heavy metals, are emitted to the reactor’s core. This
scheme has significant lack of reactor work reliability because of use less reliable source –
electric nuclear installation. When autonomic electric nuclear installation is used only for
233U formation by neutron absorptions in thorium, reactor work almost is not depending on
work reliability of electric nuclear installation. Work [21] demonstrates that raw uranium
usage can be increased up to 100 % with use of comparatively small energy expenses (less
than 2,5 % of produced energy).
Note, that modern thermal reactors, which use less than 1% or raw uranium, about 1% of
produced energy spent for fuel enrichment.
Possible characteristics of joint work of fission reactor and neutron source based on fusion
reactor are shown [22].

9. About development directions of nuclear reactors and devices for
energy transformation
Achieving of good results of raw uranium usage with small uranium mass used cannot be
the sole claim for highly effective reactor. Claim for effective energy transformation is also
significant. High value of efficiency allows not only decrease uranium usage for unit of
power production but decrease of negative effect to the nature, because small efficiency
means more thermal energy release.
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Complexity of nuclear reactor technology, effective work with energy transformation
installations requests contradictions make us to look for different technical solutions, which
can provide desired result. During development of atomic power plants many solutions,
different coolant types, construction materials, schemes of thermal to electrical power
transformation were tested.
In field of thermal reactors the base niche is occupied by water-water reactors. Between two
types of these reactors (pressurized and boiling) there is a competitive contest. Now in
heavy water moderated reactors there are both transfer directions of water coolant thermal
energy to turbine. Maximal efficiency of this scheme is limited by ~34 %, which is depending
on acceptable water pressure in a core and its temperature correspondingly.
High efficiency can be obtained in fast liquid metal cooled reactors with coolant temperature
about 500 оC, which is typical for combustible fuel powered electro stations. Feature of this
scheme is decoupling of coolant load conditions and Rankin cycle actuating medium.
Pressure of coolant in reactor vessel can be close to atmospheric.
Decoupling of coolant load conditions and actuating medium also exists in schemes with
gaseous coolant [23]. Energy transfer direction with use of gaseous coolant in 50-60-ties of XX
century has transformed by type of energy receiver from Rankin cycle to Briton cycle [24].
Potential some efficiency increase (up to ~48 %) in this scheme is possible, but has some
negative effects. Main effects are listed below.
The first. There is a need to steep increase of coolant temperature, up to 1000 оC. It causes
increase of expenses for reactor and energy transformation installation.
The second is fuel rod design complication caused by higher coolant temperature. Besides
expenses increase it causes tendency of fission products release increase.
The third is power increase on the Briton shafting four times higher than Rankin steam
turbine with the same power output and cost rise, correspondingly.
All these factors are negative for NPP economy, time for solution preparation to practical
realization.
The paper [25] shows usage possibility in Briton cycle instead of turbines piston machines,
which supply high efficiency obtaining possibility at lower coolant temperature. It is obtained
because of absence energy transfer chain from high speed gas to blades of turbine (and vice
versa in compressor), which makes basic energy loss in Briton cycle. Shortages of this solution
are absence of practical schemes of needed piston machines and less power of a unit.

9.1. Heavy water reactor with gaseous coolant in Rankin cycle
9.1.1. Technology problems
In channel heavy water reactors portion of energy, which is released in moderator, is lost for
energy production because the moderator has low temperature. In channel released energy
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is used for energy transformation. Together with heat flow to moderator from channel
thermal energy loss is about 10 % from total energy released in the core. Maybe it is a reason
of HTGR design with high temperature graphite, which transfers energy of neutron
moderation to fuel assemblies.
Rankin cycle with two steam overheating, one at maximal pressure in cycle (at the entrance
to turbine) and additional – after steam expansion to specified pressure, is used in modern
reactors. At small maximal pressure levels steam at last stage and turbine exit is wet with
high specific humidity. It leads to exit blades corrosion, necessity of valuable alloys usage.
Blades of last stage have maximal size and determine total cost of turbine.

9.1.2. Solution description
Scheme of joint work of heavy water reactor with gaseous coolant and Rankin cycle steam
turbine, which is based on full use of fission energy (including neutron moderation energy)
and three stepped steam entering to turbine, is suggested in the paper [26].
First feature of the solution is based on heat emission to the steam in Rankin cycle, which is
made not in a single process, but several with different temperature intervals.
The second feature allows avoiding presence of steam with high specific humidity on exit
stage blades of turbine. Good parameters are achieved at maximal steam temperature 500 °C
and maximal pressure 20.0 MPa.
Scheme of coolant ducts and steam loop of heavy water channel reactor with gaseous
coolant is shown at figure 12. Differences of this scheme from other solutions are usage of
neutron moderation energy in Rankin cycle for water of steam loop heating, separation of
coolant duct on four ducts, which supply with energy re-heater and water evaporator,
separate steam overheaters. Coolant ducts for heating and water evaporation can be water
ducts.
Neutron moderation energy transfer to water in Rankin cycle is realized with use of vessel
of reactor design with greater than atmospheric pressure, but less than maximal pressure in
coolant duct. It allows having moderator with temperature greater than water heated in
Rankin cycle and decrease thickness of duct walls.
Separation of overheaters ducts allows decreasing of danger of hermetization loss of steam
loop with high pressure. Actions for sequence avoiding of hermetization loss is made to
duct with small portion of reactor power (~20 %). Reactor scheme at figure 12 gaseous
coolant duct, which is linked to high pressure steam duct, has vessel, which supplies
decrease of maximal pressure at accidental steam leakage to coolant (volume of steam is
limited) and increase time of pressure growth in coolant duct at such leakage (work
condition of automatics becomes better).
Besides this separation optimizes energy expenses for coolant pumping by use of
temperature differential in corresponding external heat exchangers.
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Figure 12. Scheme of coolant ducts and steam loop of heavy water channel reactor with gaseous
coolant.

9.2. Description of reactor with thermal power 80 MW
Calculation of neutron and thermal characteristics of the reactor are conducted with use of
programs [16, 27], campaign characteristics with use of program [19], Rankin cycle and
turbine characteristics with use of programs [28, 29].
Sketches of reactor design with thermal power 80 MW with gaseous cooled fuel assembly
and with water cooled fuel assembly are worked out. Water cooled fuel assemblies are
located in central part of the core.
The reactor has 85 fuel assemblies, which are located in nodes of triangular grid with step 18
sm. Core is surrounded by two-layer reflector. Inner layer is heavy water, outer layer is
graphite.

9.2.1. Description of fuel assembly
Each fuel assembly has 59 fuel rods with outer diameter 6 mm.
Coolant cross-section is limited by a screen made of zirconium alloy thin shell (thickness 1
mm), and a casing made of the same alloy shell (thickness 3 mm) at distance of 2 mm from
the screen. The gap between the screen and the casing is gas filled. The gas pressure equals
to average by channel height pressure of actuating medium.

208 Nuclear Power – Practical Aspects

Gaseous coolant in fuel assembly can be hydrogen or helium. Fuel on base of metallic
uranium and thorium is chosen for the work variant (figure 13). Each fuel rod has uranium
fuel elements alternating by height with thorium fuel elements [30]. Initial contents of 235U in
uranium elements is 0.5 %. Initial contents of 239Pu and 241Pu in uranium elements, and initial
contents of 233U in thorium elements equal to equilibrium contents of these nuclides during
durable campaign.
This design supplies constant energy release distribution by height of fuel rod independent
from fuel type under the shell – uranium or thorium.

1 – rod shell, 2 – uranium fuel element, 3 – thorium fuel element.

Figure 13. Disposition of uranium and thorium fuel elements by fuel rod height.

Quality of fuel rod height energy release distribution becomes better with increase of
portion of equilibrium nuclides and, correspondingly, raw uranium usage portion increase.
Difference of fuel elements form with uranium and thorium has significant role at
reprocessing of spent fuel, when there is need to separate uranium and thorium fuel.
With use of equivalent fuel elements with mix of uranium and thorium, where also can be
obtained uniform energy release, we will have problem of separation fission 233U and 235U
from raw 238U. Without this separation raw uranium usage portion has steep decrease.

9.2.2. Campaign characteristics
Change of reactivity margin during two variants of the campaign without fuel replacement
and with one fuel replacement.
At constant neutron flux in core ratio of reactor power at campaign end to power in
campaign beginning in variant without fuel replacement equals 37,6 %, and with one
replacement – 17,6%. Fuel burn-up is 5,1 % or 48,7 MW*day/kg.
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Uranium tablets of first campaign are made from raw uranium with adding of 0,357 % 239Pu
and 0,12 % 241Pu. It is possible to have the same mass of nuclides with different mixture
contents. In thorium tablets of the first campaign is added 2.3 % 235U of high enrichment.
Uranium tablets are divided on two parts at spent fuel reprocessing. Fission products and
plutonium is extracted from 70% of spent fuel uranium mass of the first campaign. This fuel
part is replaced with raw uranium, in which extracted plutonium is added.
Fission products are separated from the second fuel part. Add mass of raw uranium which
equals mass of burned 238U in uranium fuel.
Fission products are separated from the thorium fuel part. Add mass of thorium which
equals mass of extracted fission products.
Usage of raw uranium in closed cycle is 5%.
In reactor core there is 2312 kg of fuel. Spent fuel reprocessing requirement is 680 kg per
annum. Raw uranium requirement is 510 kg per annum. Required mass of thorium is 14 kg
per annum.
For comparison, reactor WWER-1000 uranium requirement is 10 times larger per unit power
and relative amount of dissipated power is more 1.4 times.

9.2.3. Thermal characteristics of fuel assemblies
Thermal characteristics of fuel assemblies with hydrogen coolant are presented in table 4.
Characteristics of fuel assemblies with helium coolant are slightly different. Hydrogen is
cheaper than helium so it is preferable.

Coolant

Н2

Gas in the gap of fuel assembly

Function of fuel assembly

СО2

3
overheating

Temperature at fuel assembly entrance, 0С
Temperature at fuel assembly exit, 0С
Fuel assembly number in reactor
Coolant flow in fuel assembly, kg/s
Coolant velocity at fuel assembly entrance,
m/s
Coolant velocity at fuel assembly exit, m/s
Pressure difference in fuel assembly, Pa
Coolant pump power in fuel assembly, kW
Total coolant pump power, kW / % from
total

2

1

overheating overheating

Water
heating

285.9
510
10
0.286
28.8

285.3
510
12
0.285
28.6

376
510
17
0.478
55.36

141
375
46
0.274
20

40.1
3892
5.24

40
67.35
3882
9617
6.25
36.8
65.63/0,2

31.5
2923
17.34
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Tmax at fuel rod shell, 0С
Tmax fuel rod, 0С
Tmax of gas gap of fuel assembly, 0С
Tmax of fuel assembly screen, 0С
Tmax of fuel assembly casing, 0С

805
1125
337

336
364

182

181

758
979
388
420
202

813
1035
203
223
168

Table 4. Thermal characteristics of fuel assemblies with gaseous coolant.

Basic features of these assemblies are listed below.
-

Work of all fuel assembly elements is conducted in acceptable temperature region.
Hydraulic loss for pumping is small.

All this features obtained with simple fuel assembly design and its base elements – fuel
rods. Used fuel rods are well fine-tuned at practice of large number of reactors. Small
hydraulic losses lead to small required power of coolant pumps. It characterizes costs level
for reactor creation and losses level during exploitation.

9.2.4. Rankin cycle characteristics
Calculations of cycle variants, which are different by maximal steam pressure, number of
interim stages of re-heating and steam expansion characteristics on it, are conducted. The
most economic variant of possible by complexity manufacturing is shown at table 5 and
figure 14.
This cycle use two interim overheating and minimal total steam expansion. Zero water
content in steam at turbine exit is obtained. This means small turbine HWD, usage
possibility in turbine design cheaper materials for the blades and correspondingly smaller
cost.
Cooler of this variant also has small HWD and comparatively high temperature of fluidized
steam supplies possibility of its use as heat source for home and business needs.
The second variant has steam quality on the exit of turbine 0.93, which differs much from
steam quality in VVER – 0.75. Total steam expansion is 3.7 times bigger than in VVER, and
42.4% efficiency is obtained.
Problem of material for turbine last stage blades here is not so strong, as in nuclear power
plants with VVER or ABWR reactors [31].
For electro stations, which work in autonomic regime, for example in distant areas from
common electrical supply network, the first variant is preferable by two reasons:
1.
2.

In this case obvious, that there is need in heat of low potential;
Electro station cost is significantly cheaper with less HWD of turbine and less cost of
blades. Turbine cost is significant part of NPP cost [31].
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№ re-heater

T, оС
69,6

1
Cooler
2
Water from
moderator
3
Water from
fuel assembly

Enthalpy
2625,4

0,304

69,3

Portion
of Q
-0,583

290,1
10
610,5
0,2998

365

1811,5
200
2423,1

500

3241,2

275,3

2865,3

275,9
500

7,764

Sp.
volume
5,17

Vapor
quality
1

1,645
1,626

~0,001

0

3,99
0,1527

366

500

Entropy

0,946
0,08

131

4
Water-steam
5
The 1-st
overheating
6
The 2-nd
overheating
7
The 3-rd
overheating

P, gauge
atmospheres

45

3440,4
2999,9

10

3479,1

4,95

0,0074

0,2042

0,0148

6,1446

0,076

7,0323
0,1196

1

0,047

0,1436

0,246

7,764

0,354

Table 5. Steam and water parameters in cycle with 3 re-heating at Pmax=200 gauge atmospheres and
Tmax= 500 оС. Theoretical efficiency is 41.7 %, with account of losses on turbine 38.8 %
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Figure 14. Pressure and temperature dependencies from entropy at final steam quality 1.0.
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At variant with common electrical supply network and absence of heat need (for example in
the tropics) it is required to take into account turbine cost difference of first and second
variants, works financing at NPP building.
In all case it should be noted, that NPP with 39% efficiency is more attractive than other
small power NPP variants with efficiency up to 33%. Especially if we take into account
many times lower raw uranium requirement and absence of uranium enrichment works for
fuel preparation.
On the base of described solutions heavy water gas cooled high power nuclear reactor can
be built. Increase of core HWD leads to neutron leakage decrease, which is base neutron loss
for nuclear reactor with 80 MW thermal power.

9.2.5. About nuclear safety
Figure 15 shows coolant and moderator ducts scheme in heavy water gas cooled reactor,
which prevents power increase at reactivity accident [32].

Figure 15. Coolant and moderator ducts scheme in heavy water gas cooled reactor. 1 – reactor vessel, 2
– moderator, 3 – channel casing, 4 – fuel assembly, 5 – channel thermal isolation, 6 – integral coolant
collector, 7, 8 – inlet and outlet of moderator, 9 – opening, which connects channel with collector, 10, 12
inlet and outlet of coolant, 11 – nozzle of accident drainage of moderator.
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Coolant temperature, which supplies possibility of effective usage of neutron moderation
energy, plays here positive role. Moderator temperature increase requires pressure rise in
reactor vessel that allows making channel walls thinner and decrease neutron loss in it. Let
us take that moderator inlet temperature is 210 °C, outlet temperature 225 °C, flow - 80 kg/s,
moderator pressure - 25 atmospheres.
Moderator boiling at unplanned power increase with work pressure and temperature leads
to 12 time volume increase of evaporated mass and pressure increase at moderator volume.
Core bottom water moves out through nozzle of accident drainage of moderator. Liquid
moderator of core upper part is replaced with steam. Preliminary calculations have shown
that heavy water deletion from core upper quarter decreases reactivity margin by 2.5 β, that
supplies damping of earlier added reactivity.
Damping effect of reactivity accident in this reactor may be not less than in graphite
HTGR. Positive feature of this scheme is possibility of work parameters adaptation of
safety system by way of specifying work temperature and pressure of moderator, when it
starts boiling.

10. About possible scale of nuclear power engineering development
Described actions sufficient using for fission materials reproduction in thermal reactor
supplies besides high portion of raw uranium usage (up to 25% in contrast to ~1 % for
thermal reactors with enriched fuel) small fuel requirement for core loading. Sum of these
effects allows creation of world big nuclear power production industry.
Requirement in raw uranium and thorium of these reactors can be determined by
formulae:
mU  n * t *

mTh

n * t *

m

s

 m * 1  Yu 
s



* Yu *  m g * K i * Ku / 2 ;

(12)



*  m g *  1  Ku  / 2 ;

(13)

where:
n – number of this type built reactor per annum;
t – time of nuclear power engineering development, years;
ms – mass of raw materials, needed for core loading;
Yu – raw uranium portion in fuel;
mg – fuel mass needed for year feeding of reactor;
Ki – portion of raw uranium usage in fuel cycle;
Ku – portion of raw uranium in feeding fuel.
Figure 16 shows development variant of power production with even power grow to the
level of 8000 GW during 80 years with subsequent power level stabilization.
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Work duration of thermal reactors with cheap uranium stocks at this power level and full
raw uranium usage is ~2500 years. It is understandable that at such small raw uranium
requirements is rational use of other more expensive deposits, where uranium stocks are
much more than in cheap deposits.
So, there is significant reserve in world nuclear power production industry.

5000000

U & Th demand, tons

4000000
Wmax = 8000 GWatt
3000000

2000000

1000000

0
0

50

100

150

200

250

Time, years
U i=0.25

U i=1.0

Th

U fast reactors

Figure 16. Dependence of uranium and thorium requirements for different reactor types with zero
initial power and its even increase up to level of 8000 GW with subsequent power level stabilization.

11. Comparison of possibilities of unauthorized fission materials
proliferation at different technologies of fuel cycles
Nonproliferation regime in common case is supplied by IAEA control. With control the
possibility of proliferation is limited by value less than detection error. The base of this error
is inaccuracy of mass detection at chemical reprocessing of irradiated in core material.
Typical value of the error can be in our case ~0.1 % from reprocessed mass of 233U.
For thermal reactor of 1000 MW requirement in 233U is about 10 kg per annum. Accordingly,
in ideal case of reprocessing conducting, possible error in 233U is less than 10 g per annum. If
inaccuracy of the error is 10 %, than proliferation is not much than 1 g per annum. For
minimal warhead in this case is needed more than 1000 years. This term exceeds possible
duration not only a terrorist organization but even a terrorist state.
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12. Conclusion
Fission materials reproduction possibility in different fuel types in ideal core without
neutron losses in construction materials and leakage is shown. Equilibrium concentrations
of fission materials in different fuel types are determined.
Features of detailed regime campaign conduction (with fixed fuel location during all
campaign) and compact regime (with staged spent fuel replacement with fresh fuel).
Characteristics of loss and reproduction in case of CANDU and its possible modernization
variants are examined.
Replacement in zirconium containing materials natural zirconium by isotope 90Zr and
natural tin by isotope 120Sn, replacement of 7 fuel rods in fuel assembly with 37 fuel rods by
beryllium insert for extra neutron production, change of fuel rods with oxide fuel by
metallic fuel is considered as possible modernization directions, which supply high fission
materials reproduction.
Compound metallic fuel rod construction, placed in liquid metal heat transferring medium
is suggested. Shape and small size of fuel rod ensure decrease of negative effect of swelling.
Possibility of neutron loss decrease in CANDU from 5% to 2.8% in case of isotope modified
zirconium and tin and to 1.7% in case of metallic fuel and beryllium insert.
It is suggested that excess neutrons of detailed campaign beginning are used for fission
materials reproduction. By the set of characteristics 233U is the best candidate for reproduction.
Portion of raw uranium use increase in open fuel cycle up to 5.3% and full raw uranium
usage in closed uranium and thorium fuel cycles is shown.
Conditions of high efficiency obtaining in Rankin cycle with heavy water gas cooled reactor
are shown. Scheme of coolant ducts and steam loop of heavy water channel reactor with
gaseous coolant, which ensures full use of neutron moderation energy, decrease energy loss
for coolant pumping and obtaining high steam quality on the turbine exit. These actions
allow to decrease cost for NPP creation, to have efficiency of 43 % taking into account
possible losses in core and steam cycle.
World nuclear power production industry creation with power of 8000GW to the end of XXI
century on the base of suggested thermal reactors with high fission materials reproduction
is shown.
Suggested technologies usage allows increasing world nuclear power industry to the end of
XXI century with requirement decrease of natural uranium mining, proliferation danger
decrease comparing to fast reactors technology.
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On an Analytical Model for the Radioactive
Contaminant Release in the Atmosphere
from Nuclear Power Plants
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1. Introduction
While the renaissance of nuclear power was motivated by the increasing energy demand
and the related climate problem, the recent history of nuclear power, more speciﬁcally two
disastrous accidents have forced focus on nuclear safety. Although, experience gathered
along nuclear reactor developments has sharpened the rules and regulations that lead to
the commissioning of latest generation nuclear technology, an issue of crucial concern is the
environmental monitoring around nuclear power plants. These measures consider principally
the dispersion of radioactive material that either may be released in control actions or in
accidents, where in the latter knowledge from simulations guide the planning of emergency
actions. In this line the following contribution focuses on the question of radioactive material
dispersion after discharge from a nuclear power plant.
The atmosphere is considered the principal vehicle by which radioactive materials that are
either released from a nuclear power plant in experimental or eventually in accidental events
could be dispersed in the environment and result in radiation exposure of plants, animals
and last not least humans. Thus, the evaluation of airborne radioactive material transport
in the atmosphere is one of the requirements for monitoring and planning safety measures
in the environment around the nuclear power plant. In order to analyse the (possible)
consequences of radioactive discharge atmospheric dispersion models are of need, which
have to be tuned using speciﬁc meteorological parameters and conditions in the considered
region. Moreover, they shall be subject to the local orography and supply with realistic
information on radiological consequences of routine discharges and potential accidental
releases of radioactive substances.
The present work provides a model that allows to implement afore mentioned simulations by
the use of a hybrid system. In a ﬁrst step the local meteorological parameters are determined
using the next-generation mesoscale numerical weather prediction system “Weather Research
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and Forecasting” (WRF). The forcasting system contains a three dimensional data assimilation
system and is suitable for applications from the meso- down to the micro-scale. The second
step plays the role of simulating the dispersion process in a micro-scale, i.e. in the environment
within a radius of several tenth kilometers.

2. On the advection-diffusion approach
The Eulerian approach is widely used in the ﬁeld of air pollution studies to model the
dispersion properties of the Planetary Boundary Layer (PBL). In this context, the diffusion
equation that describes the local mean concentrations c̄ = c̄(r, t) at an event point of interest
(r, t) = ( x, y, z, t) arising from a any contaminant point source, which may be time dependent,
can be written as
∂t c̄ + U∇c̄ − ∇ T K∇c̄ = S .
(1)

Here U = (ū, v̄, w̄) T is the vector ﬁeld of the mean wind velocity, the diagonal matrix
K = diag(K x , Ky , Kz ) contains the eddy diffusivities and S is a source term, to be determined
according to the scenario of interest. In equation (1) we tacitly related the turbulent ﬂuxes U� c�
to the gradient of the mean concentration by means of eddy diffusivity (K-theory)
U� c� = − K∇c̄

(2)

The simplicity of the K-theory has led to the widespread use of this theory as mathematical
basis for simulating air pollution phenomena. However, the K-closure has its intrinsic limits: it
works well when the dimension of dispersed material is much larger than the size of turbulent
eddies involved in the diffusion process. Another crucial point is that the down-gradient
transport hypothesis is inconsistent with observed features of turbulent diffusion in the upper
portion of the mixed layer ([9]). Despite these well known limits, the K-closure is largely used
in several atmospheric conditions because it describes the diffusive transport in an Eulerian
framework where almost all measurements are easily cast into an Eulerian form, it produces
results that agree with experimental data as well as any other more complex model, and it is
not computationally expensive as higher order closures usually are.
For a time dependent regime considered in the present work, we assume that the
associated advection-diffusion equation adequately describes a dispersion process of
radioactive material. From applications of the approach to tracer dispersion data we saw
that our analytical approach does not only yield a solution for the three dimensional
advection-diffusion equation but predicts tracer concentrations closer to observed values
compared to other approaches from the literature, which is also manifest in better statistical
coefﬁcients.
Approaches to the advection-diffusion problem are not new in the literature, that are either
based on numerical schemes, stochastic simulations or (semi-)analytical methods as shown
in a selection of articles ([12, 23, 26, 29, 32]). Note, that in these works all solutions are
valid for scenarios with strong restrictions with respect to their speciﬁc wind and vertical
eddy diffusivity proﬁles. A more general approach, the ADMM (Advection Diffusion
Multilayer Method) approach solves the two-dimensional advection-diffusion equation with
variable wind proﬁle and eddy diffusivity coefﬁcient ([21]). The main idea here relies on
the discretisation of the atmospheric boundary layer in a multi-shell domain, assuming
in each layer that eddy diffusivity and wind proﬁle take averaged values. The resulting
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advection-diffusion equation in each layer is then solved by the Laplace Transform technique.
The GIADMT method (Generalized Integral Advection Diffusion Multilayer Technique)
([7]) is a dimensional extension to the previous work, but again assuming the stepwise
approximation for the eddy diffusivity coefﬁcient and wind proﬁle. To generalize, a general
two-dimensional solution was presented by ([22]). The solving methodology was the
Generalized Integral Laplace Transform Technique (GILTT) that is an analytical series solution
including the solution of an associate Sturm-Liouville problem, expansion of the pollutant
concentration in a series in terms of the attained eigenfunction, replacement of this expansion
in the advection-diffusion equation and, ﬁnally, taking moments. This procedure leads to a set
of differential ordinary equations that is solved analytically by Laplace transform technique.
In this work we improve further the solutions of the afore mentioned articles and report
on a general analytical solution for the advection-diffusion problem, assuming that eddy
diffusivity and wind proﬁles are arbitrary functions having a continuous dependence on the
vertical and longitudinal spatial variables.
Equation (1) is considered valid in the domain ( x, y, z) ∈ Γ bounded by 0 < x < L x , 0 < y <
L y (with L x and L y sufﬁciently large), 0 < z < h (here h is the boundary layer height) and
subject to the following boundary and initial conditions,
K∇c̄|(0,0,0) = K∇c̄| ( L x,Ly ,h) = 0

c̄( x, y, z, 0) = 0 .

(3)
(4)

Instead of specifying the source term as an inhomogeneity of the partial differential equation,
we consider a point source located at an edge of the domain, so that the source position rS =
(0, y0 , HS ) is located at the boundary of the domain rS ∈ δΓ. Note, that in cases where the
source is located in the domain, one still may divide the whole domain in sub-domains, where
the source lies on the boundary of the sub-domains which can be solved for each sub-domain
separately. Moreover, a set of different sources may be implemented as a superposition of
independent problems. Since the source term location is on the boundary, in the domain this
term is zero everywhere (S (r) ≡ 0 for r ∈ Γ \δΓ), so that the source inﬂuence may be cast in
form of a condition rather than a source term of the equation. The source condition for a time
dependent contamination reads then
S=



ωS dΣ

(5)

where ωS represents a ﬂux across a closed surface that includes the source and is proportional
to the source strength. Instead of considering an explicit source term, we implement the
solution as a superposition of an inﬁnite number of solutions with instantaneous source
represented in an initial condition. The solution for a time dependent source assumes the
following form
c̄(t, x, y, z) =
with instantaneous initial condition
c̄˙(0, x, y, z) = c̄˙0 =  lim

Σ̂ dΣ→0



 t
0

c̄˙(t − τ, x, y, z) dτ

ωS dΣ = Qδ( x )δ(y − y0 )δ(z − HS )

(6)

(7)
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where Q is the emission rate, HS the height of the source, δ( x ) represents the Cartesian Dirac
delta functional and Σ̂ is a unit vector.

3. A closed form solution
In this section we ﬁrst introduce the general formalism to solve a general problem and
subsequently reduce the problem to a more speciﬁc one, that is solved and compared to
experimental ﬁndings.

3.1. The general procedure
In order to solve the problem (1) we reduce the dimensionality by one and thus cast the
problem into a form already solved in reference [22]. To this end we apply the integral
transform technique in the y variable, and expand the pollutant concentration as
c̄( x, y, z, t) = R T ( x, z, t)Y(y),

(8)

where R = ( R1 , R2 , . . .) T and Y = (Y1 , Y2 , . . .) T is a vector in the space of orthogonal
eigenfunctions, given by Ym (y) = cos(λm y) with eigenvalues λm = m Lπy for m = 0, 1, 2, . . ..
For convenience we introduce some shorthand notations, ∇2 = (∂ x , 0, ∂y ) T and ∂ˆ y =

(0, ∂y , 0) T , so that equation (1) reads now,
 



(∂t R T )Y + Ū ∇2 R T Y + R T ∂ˆ y Y = ∇ T K + (K∇) T ∇2 R T Y + R T ∂ˆ y Y




= ∇2T K + (K∇2 ) T (∇2 R T Y) + ∂ˆ yT K + (K∂ˆ y ) T (R T ∂ˆ y Y) .

(9)

Upon application of the integral operator
 Ly
0

dyY[ F ] =

 Ly
0

F T ∧ Y dy

(10)

here F is an arbitrary function and ∧ signiﬁes the dyadic product operator, and making use of
orthogonality renders equation (9) a matrix equation. The appearing integral terms are
B0 =
Z=
Ω1 =
Ω2 =
T1 =
T2 =

 Ly
0

 Ly
0

 Ly
0

 Ly
0

 Ly
0

 Ly
0

dyY[ Y] =

 Ly
0

dyY[ ∂ˆ y Y] =

Y T ∧ Y dy ,

 Ly
0

∂ˆ y Y T ∧ Y dy ,

dyY[(∇2T K)(∇2 R T Y)] =

 Ly 

dyY[(K∇2 ) T (∇2 R T Y)] =
dyY[((∂ˆ yT K)(∂ˆ y Y)]

=

dyY[(K∂ˆ y ) T (∂ˆ y Y)] =

0

 Ly 

 Ly 
0

0

T

∧ Y dy ,


(K∇2 ) T (∇2 R T Y) ∧ Y dy ,

((∂ˆ yT K)(∂ˆ y Y)

 Ly 
0

(∇2T K)(∇2 R T Y)

T

(K∂ˆ y ) T (∂ˆ y Y)

T

∧ Y dy ,

∧ Y dy .

(11)
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Here, B0 = 2y I, where I is the identity, the elements (Z)mn = 1−n22 /m2 δ1,j with δi,j the
Kronecker symbol and j = (m + n )mod2 is the remainder of an integer division (i.e. is one
for m + n odd and zero else). Note, that the integrals Ωi and Ti depend on the speciﬁc
form of the eddy diffusivity K. The integrals (11) are general, but for practical purposes
and for application to a case study we truncate the eigenfunction space and consider M
components in R and Y only, though continue using the general nomenclature that remains
valid. The obtained matrix equation determines now together with initial and boundary
condition uniquely the components Ri for i = 1, . . . , M following the procedure introduced in
reference [22]:


(∂t R T )B + Ū ∇2 R T B + R T Z = Ω1 (R) + Ω2 (R) + R T (T1 + T2 )
(12)

3.2. A speciﬁc case for application
In order to discuss a speciﬁc case we introduce a convention and consider the average wind
velocity Ū = (ū, 0, 0) T aligned with the x-axis. Since the variation of the average wind velocity
is slow compared to the time intervals for which the meteorological data are extracted from
WRF, we superimpose the solution after rotation in the x − y-plane in order to transform every
instantaneous solution into the same coordinate frame, i.e. the coordinate frame for t = 0. By
comparison of physically meaningful cases, one ﬁnds for the operator norm || ∂ x K x ∂ x || <<
| ū|, which can be understood intuitively because eddy diffusion is observable predominantly
perpendicular to the mean wind propagation. As a consequence we neglect the terms with K x
and ∂ x K x .
The principal aspect of interest in pollution dispersion is the vertical concentration proﬁle,
that responds strongly to the atmospheric boundary layer stratiﬁcation, so that the simpliﬁed
eddy diffusivity K → K1 = diag(0, Ky , Kz ) depends in leading order approximation only on
the vertical coordinate K1 = K1 (z). For this speciﬁc case the integrals Ωi reduce to
Ω1 → (∂z Kz )(∂z R T )B ,

Ω2 → Kz (∂2z R T )B ,

(13)

T2 → − Ky ΛB ,

(14)

T1 → 0 ,

where Λ = diag(λ21 , λ22 , . . .). The simpliﬁed equation system to be solved is then,
∂t R T B + ū∂ x R T B = (∂z Kz )∂z R T B + Kz ∂2z R T B − Ky R T ΛB

(15)

which is equivalent to the problem
∂t R + ū∂ x R = (∂z Kz )∂z R + Kz ∂2z R − Ky ΛR

(16)

by virtue of B being a diagonal matrix.
The speciﬁc form of the eddy diffusivity determines now whether the problem is a linear
or non-linear one. In the linear case the K is assumed to be independent of c̄, whereas
in more realistic cases, even if stationary, K may depend on the contaminant concentration
and thus renders the problem non-linear. However, until now now speciﬁc law is known

224 6Nuclear Power – Practical Aspects

Will-be-set-by-IN-TECH

that links the eddy diffusivity to the concentration so that we hide this dependence using a
phenomenologically motivated expression for K which leaves us with a partial differential
equation system in linear form, although the original phenomenon is non-linear. In the
example below we demonstrate the closed form procedure for a problem with explicit time
dependence, which is novel in the literature.
The solution is generated making use of the decomposition method ([1–3]) which was
originally proposed to solve non-linear partial differential equations, followed by the Laplace
transform that renders the problem a pseudo-stationary one. Further we rewrite the vertical
diffusivity as a time average term K̄z (z) plus a term representing the variations κz (z, t) around
the average for the time interval of the measurement Kz ( x, z, t) = K̄z (z) + κz (z, t) and use the
asymptotic form of Ky , which is then explored to set-up the structure of the equation that
deﬁnes the recursive decomposition scheme:
∂t R + ū∂ x R − ∂z (K̄z ∂z R) + Ky ΛR = ∂z (κz ∂z R)

(17)

The function R = ∑ j R j = 1 T R( c ) is now decomposed into contributions to be determined
by recursion. For convenience we introduced the one-vector 1 = (1, 1, . . . ) T and inﬂate the
vector R to a vector with each element being itself a vector R j . Upon inserting the expansion
in equation (17) one may regroup terms that obey the recursive equations and starts with the
time averaged solution for Kz :
∂t R0 + ū∂ x R0 − ∂z (K̄z ∂z R0 ) + Ky ΛR0 = 0
The extension to the closed form recursion is then given by




∂t R j + ū∂ x R j − ∂z K̄z ∂z R j + Ky ΛR j = ∂z κz ∂z R j−1 .

(18)

(19)

From the construction of the recursion equation system it is evident that other schemes are
possible. The speciﬁc choice made here allows us to solve the recursion initialisation using
the procedure described in reference [22], where a stationary K was assumed. For this reason
the time dependence enters as a known source term from the ﬁrst recursion step on.

3.3. Recursion initialisation
The boundary conditions are now used to uniquely determine the solution. In our scheme
the initialisation solution that contains R0 satisﬁes the boundary conditions (equations (3))
while the remaining equations satisfy homogeneous boundary conditions. Once the set of
problems (19) is solved by the GILTT method, the solution of problem (1) is well determined.
It is important to consider that we may control the accuracy of the results by a proper choice
of the number of terms in the solution series.
In reference [22] a two dimensional problem with advection in the x direction in stationary
regime was solved which has the same formal structure than (19) except for the time
dependence. Upon rendering the recursion scheme in a pseudo-stationary form problem and
thus matching the recursive structure of [22], we apply the Laplace Transform in the t variable,
(t → r) obtaining the following pseudo-steady-state problem:


r R̃0 + u∂ x R̃0 = ∂z Kz ∂z R̃0 − Λ Ky R̃0
(20)
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The x and z dependence may be separated using the same reasoning as already introduced in
(8). To this end we pose the solution of problem (20) in the form:
(21)

R̃0 = PC

where C = (ζ 1 (z), ζ 2 (z), . . .) T are a set of orthogonal eigenfunctions, given by ζ i (z) =
cos(γl z), and γi = iπ/h (for i = 0, 1, 2, . . .) are the set of eigenvalues.
Replacing equation (21) in equation (20) and using the afore introduced projector (10) now for
h
h
the z dependent degrees of freedom 0 dzC[ F ] = 0 F T ∧ C dz yields a ﬁrst order differential
equation system:
∂ x P + HP = 0 ,
(22)
where P = P ( x, r ) and H = B1−1 B2 . The entries of matrices B1 and B2 are

(B1 )i,j = −
(B2 )i,j =

 h

 h0

uζ i (z)ζ j (z) dz

∂z Kz ∂z ζ i (z)ζ j (z) dz − γ2i

0

−r

 h
0

ζ i (z)ζ j (z) dz − λ2i Ky

 h

 h0
0

Kz ζ i (z)ζ j (z) dz

ζ i (z)ζ j (z) dz .

A similar procedure leads to the source condition for (22):
P (0, r ) = QB1−1



dzC[ δ(z − HS )]



dyY[ δ(y − y0 )] = QB1−1 (C( HS ) ∧ 1) ( 1 ∧ Y(y0 ))

(23)

Following the reasoning of [22] we solve (22) applying Laplace transform and diagonalisation
of the matrix H = XDX−1 which results in
P̃(s, r ) = X(sI + D)−1 X−1 P (0, r )

(24)

where P̃ (s, r ) denotes the Laplace Transform of P ( x, r ). Here X(−1) is the (inverse) matrix of
the eigenvectors of matrix B1−1 B2 with diagonal eigenvalue matrix D and the entries of matrix
(sI + D)ii = s + di . After performing the Laplace transform inversion of equation (24), we
come out with
(25)
P ( x, r ) = XG( x, r )X−1 Ω ,
where G( x, r ) is the diagonal matrix with components (G)ii = e−di x . Further the still
unknown arbitrary constant matrix is given by Ω = X−1 P (0, r ).
The analytical time dependence for the recursion initialisation (20) is obtained upon applying
the inverse Laplace transform deﬁnition
R0 ( x, z, t) =

1
2πi

 γ +i∞
γ − i∞

P ( x, r )C(z)ert dr .

(26)

To overcome the drawback of evaluating the line integral appearing in the above solution, we
perform the calculation of this integral by the Gaussian quadrature scheme, which is exact if
the integrand is a polynomial of degree 2M − 1 in the 1r variable
R0 ( x, z, t) =

1 T
p 
a pR0 ( x, z, ) ,
t
t

(27)
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where a and p are respectively vectors with the weights and roots of the Gaussian quadrature
p
scheme ([27]), and the argument ( x, z, t ) signiﬁes the k-th component of p in the k-th row of
pR0 . Note, k is a component from contraction with a.

4. Experimental data and turbulent parameterisation
For model validation we chose a controlled release of radioactive material performed in
1985 at the Itaorna Beach, close to the nuclear reactor site Angra dos Reis in the Rio de
Janeiro state, Brazil. Details of the dispersion experiment is described elsewhere ([5]). The
experiment consisted in the controlled releases of radioactive tritiated water vapour from
the meteorological tower at 100m height during ﬁve days (28 November to 4 December
1984). During the whole experiment, four meteorological towers collected the relevant
meteorological data. Wind speed and direction were measured at three levels (10m, 60m and
100m) together with the temperature gradients between 10m and 100m. Some additional data
of relative humidity were available in some of the sampling sites, and were used to calculate
the concentration of radioactive tritiated water in the air (after measuring the radioactivity of
the collected samples). All relevant details, as well as the synoptic meteorological conditions
during the dispersion campaign are described in ref. [5]. The data from experiments 2 and 3
were used to obtain the numerical results and are presented in table 1.
Exp Period U (m/s) h(m) u ∗ (m/s) L (m) w∗ (m/s) Q( MBq/s)
2

3

2.2

1134

0.4

3

3

2.6

1367

0.5

−951

−1147

0.6

25.3

0.7

20.5

Table 1. Micro-meteorological parameters and emission rate for experiments 2 and 3 at third period.

The micro-meteorological parameters shown in table 1 are calculated from equations obtained
in the literature. The roughness length utilized was 1m and the Monin-Obukhov length for
convective conditions can be written as L = − h/k (u ∗ /w∗ )3 ([35]), where k is the von Karman
constant (k = 0.4), w∗ is the convective velocity scale with wind speed U, u ∗ = kU/ln(zr /z0 )
is the friction velocity, where U is the wind velocity at the reference height zr = 10m, and
h = 0.3u ∗ / f c is the height of the boundary layer with the Coriolis coefﬁcient f c = 10−4 .
In the atmospheric diffusion problems the choice of a turbulent parameterisation represents a
fundamental aspect for contaminant dispersion modelling. From the physical point of view a
turbulence parameterisation an approximation for the natural phenomenon, where details are
hidden in the parameters used, that have to be adjusted in order to reproduce experimental
ﬁndings. The reliability of each model strongly depends on the way the turbulent parameters
are calculated and related to the current understanding of the planetary boundary layer. In
terms of the convective scaling parameters the vertical and lateral eddy diffusivities can be
formulated as follows ([11]):
Kz = 0.22w∗ h

z 1 
3

h

1−


4z
8z
z  13 
1 − e h − 0.0003e h
h

(28)
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Ky =
z
q v = 4.16 ,
h

1
3

ψ� =



√

πσv
16( f m )v q v

σv2 =

with

z 2  z − 23
1−
−
+ 0.75
h
L

0.98cv
2

( f m )v3

 12



ψ�
qv

and

2  2
3
z 3 2
w∗
h

( f m )v = 0.16

(29)

where σv is the standard deviation of the longitudinal turbulent velocity component, q v is
the stability function, ψ� is the dimensionless molecular dissipation rate and ( f m )v is the
transverse wave peak.
The wind speed proﬁle can be described by a power law u z /u1 = (z/z1 )n ([25]), where u z
and u1 are the horizontal mean wind speeds at heights z and z1 and n is an exponent that is
related to the intensity of turbulence ([16]).
Thus, in this study we introduce the vertical and lateral eddy diffusivities (eq. (35) and eq.
(29)) and the power law wind proﬁle in the 3D-GILTT model (eq. (16) or equivalently eq. (20))
to calculate the ground-level concentration of emissions released from an elevated continuous
source point in an unstable/neutral atmospheric boundary layer.
The validation of the 3D-GILTT model predictions against experimental data from the Angra
site together with a two dimensional model (GILTTG) are shown in table 2. While the present
approach (3D-GILTT) is based on a genuine three dimensional description an earlier analytical
approach (GILTTG) uses a Gaussian assumption for the horizontal transverse direction ([22]).
Figure 1 shows the comparison of predicted concentrations against observed ones for the three
dimensional approach, which reproduces acceptably the observed concentrations, although
this simulation did not make use of the terrain’s realistic complexity.
In the further we use the standard statistical indices in order to compare the quality of the
two approaches. Note, that we present the two analytical model approaches, since the earlier
1,0

80
70

0,8
60
50

Co (Bq/m 3)

Co (Bq/m 3)

0,6

0,4

40
30
20

0,2
10

Experiment 3

Experiment 2
0

0,0
0,0

0,2

0,4

0,6
3

Cp (Bq/m )

0,8

1,0

0

10

20

30

40

50

60

70

80

3

Cp (Bq/m )

Figure 1. Observed and predicted scatter diagram of ground-level concentrations using the 3D-GILTT
approach for the experiment; dotted lines indicate a factor of two.

228 10
Nuclear Power – Practical Aspects

Will-be-set-by-IN-TECH

Exp. Period Distance (m) Observed (Bq/m3 ) Predictions (Bq/m3 )
GILTTG 3D-GILTT
2

3

610

0.58

0.20

0.40

2

3

600

0.50

0.19

0.40

2

3

700

0.53

0.29

0.44

2

3

815

0.61

0.38

0.47

2

3

970

0.54

0.47

0.48

2

3

1070

0.86

0.51

0.48

2

3

750

0.39

0.33

0.46

2

3

935

0.40

0.45

0.48

3

3

705

38.89

47.18

31.13

3

3

700

24.09

46.53

31.02

3

3

815

48.95

59.98

32.66

3

3

970

36.22

73.03

32.95

3

3

1070

33.50

78.65

32.44

3

3

500

50.26

17.74

22.58

3

3

375

26.86

2.57

11.67

3

3

960

19.61

72.35

32.97

3

3

915

18.02

69.04

33.03

Table 2. Concentrations of nine runs with various positions of the Angra dos Reis experiment and
model prediction by the approaches GILTTG and 3D-GILTT.

one was found to be acceptable in comparison to other approaches found in the literature and
both give a solution in closed form. The standard statistical indices are NMSE, the normalized
mean square error; COR, the correlation coefﬁcient; FA2 and FA5, the fraction of data (in %) in
the cones determined by a factor of two and ﬁve, respectively; FB, the fractional bias and FS,
the fractional standard deviation. The subscripts o and p refer to observed and predicted
quantities, respectively, and C̄ indicates the averaged values. Table 3 presents the results
of the statistical indices used to evaluate the model performance ([14]) and further compare
our model to the GILTTG approach. The statistical index FB indicates weather the predicted
quantities (C p ) under- or overestimates the observed ones (Co ). The statistical index NMSE
represents the quadratic error of the predicted quantities in relation to the observed ones. Best
results are indicated by values compatible with zero for NMSE, FB and FS, and compatible
with unity for COR, FA2 and FA5. The statistical indices point out that a reasonable agreement
is obtained between experimental data and the 3D-GILTT model.
In order to validate the two models we ﬁt the predicted versus observed values by a linear
regression (see ﬁgure 2), where the closer their intersect to the origin and the closer the slope
is to unity the better is the approach. The GILTTG approach results in C̄ p = 1.16C̄o + 7.01
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Statistical Indices
NMSE = (Co − C p

)2 /C

GILTTG 3D-GILTT
1.34

0.38

COR = (Co − Co )(C p − C p )/σo σp

0.67

0.83

FA2 = 0.5 ≤ (C p /Co ) ≤ 2

0.53

0.88

FA5 = 0.2 ≤ (C p /Co ) ≤ 5

0.96

1.00

FB = Co − C p /0.5(Co + C p )

−0.44

0.13

p

Co

FS = (σo − σp )/0.5(σo + σp )

−0.54

0.18

Table 3. Statistical comparisons between GILTTG and 3D-GILTT results.

with R2 = 0.67 and κ = 0.43, whereas the 3D-GILTT obeys the result C̄ p = 0.69C̄o + 3.26
2
with R
 = 0.83 and κ = 0.36. In order to perform a model validation we introduced an index
2

κ = ( a − 1)2 + (b/C̄o ) with C̄o = n1 ∑ni=1 Coi , which if identical zero indicates a perfect
match between the model and the experimental ﬁndings. Here a is the slope, b the intersection,
Coi of the experimental data and C̄o its arithmetic mean. Since the experiment is of stochastic
character whereas the stochastic properties are hidden in the model parameters, considerable
ﬂuctuations are present. Nevertheless, by comparison one observes that the present approach
yields the better description of the data.
60

50

Cp

40

30

20

10

GILTTG
3D-GILTT

0
0

10

20

30

40

50

60

Co

Figure 2. Linear regression for the GILTTG and 3D-GILTT. The bisector was added as an eye guide.

5. Meso-scale simulation for K-closure
The consistency of the K-approach strongly depends on the way the eddy diffusivity is
determined on the basis of the turbulence structure of the PBL and on the model ability
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to reproduce experimental diffusion data. Keeping the K-theory limitations in mind many
efforts have been made to develop turbulent parametrisations for practical applications in air
pollution modelling which reveals the essential features of turbulent diffusion, but which as
far as possible preserves the simplicity and ﬂexibility of the K-theory formulation. The aim of
this step is to elaborate parametrisations for the eddy diffusivity coefﬁcients in the PBL based
on the micro-meteorological parameters that were extracted from mesoscale WRF simulations.
The WRF model is based on the Taylor’s statistical theory and a model for Eulerian spectra
([11, 24]). The main idea of the proposed spectral model relies on considering the turbulent
spectra as a superposition of a buoyant produced part (with a convective peak wavelength)
and a shear produced part (with a mechanical peak wavelength). By such a model, the plume
spreading rate is directly connected with the spectral distribution of eddies in the PBL, that is
with the energy containing eddies of the turbulence.
The WRF Simulator is a meso-scale numerical weather prediction system that features
multiple dynamical cores and a 3-dimensional variational data assimilation system. The
simulator offers multiple physics options that can be combined in various ways. Since this
study focusses on the implementation of an interface with a model for the PBL, orography
related features of WRF were of importance, more speciﬁcally the Land-Surface and PBL
physics options were chosen for the present study. In WRF, when a PBL scheme is activated, a
speciﬁc vertical diffusion is de-activated with the assumption that the PBL scheme will handle
this process. The Mellor-Yamada-Janjic PBL scheme derives the eddy diffusivities coefﬁcients
and the boundary layer height from the estimations of the Turbulent Kinetic Energy (TKE)
through the full range of atmospheric turbulent regimes ([19]).
Two grids were used for the WRF meso-scale simulation. The outer grid has an extension of
the order of half the earth radius so that a signiﬁcant part of the large scale geological domain
of interest is included. The inner grid is centred at the point of interest, i.e. the centre of the
power plant where typically the nuclear reactor is located. The simulation may in principal
contain a sequence of days or even months. The micro-meteorological data are extracted at
the centre point of the inner WRF grid. The spectral model needs these quantities to calculate
the eddy diffusivity coefﬁcients.
On the basis of Taylor’s theory, Taylor proposed that under the hypothesis of homogeneous
turbulence, the eddy diffusivities may be expressed as
d
Kα =
dt



σα2
2



=

1
sin(2πntβ−
σi2 β i  ∞ E
i ) dn,
Fi (n )
2π 0
n

(30)

where α = ( x, y, z) and i = u, v, w, FiE (n ) is the value of the Eulerian spectrum of energy
normalized by the Eulerian velocity variance, and σi2 corresponds to the Eulerian variance of
 2 1
2
πU
. For large diffusion travel times (t →
the turbulent wind ﬁeld. Following [33], β i = 16σ
2
i

∞), the ﬁlter function in the integral of eqn. (30) selects FiE (n ) at the origin of the frequency
space, such that the rate of dispersion becomes independent of the travel time from the source
and can be expressed as a function of local properties of turbulence,
Kα =

σi2 β i FiE (0)
4

(31)
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where FiE (0) is the value of the normalised Eulerian energy spectrum at n = 0. In this
way the eddy diffusivity is directly associated to the energy-containing eddies which are the
principal contribution to turbulent transport. In order to use eqn. (31) we have to ﬁnd an
analytical form for the dimensionless Eulerian spectrum. We assume here that the spectral
distribution of turbulent kinetic energy is a superposition of buoyancy and shear components.
Such a TKE model may be evaluated as a good approximation for a real PBL, where turbulent
production is due to both mechanisms ([15, 20]). In these conditions we may write the Eulerian
dimensional spectrum as SiE (n ) = Sib (n ) + Sis (n ), where the subscripts b and s stand for
buoyancy and shear, respectively.
An analytical form for the dimensional spectra in convective turbulence has been reported in
[11]
 
 2
2
0.98ci nz
z 3 2
ū
3
Sib (n ) =   5 
w∗ ,
(32)
nz  Ψ �b
zi
n f ∗ 3 1 + 1.5 ū
∗
f mi

mi

while for mechanical turbulence ([10])
Sis (n ) =

 
2
1.5ci nz
2
ū
3

nz  Φ �s u ∗
5
ū
3
n ( f mi ) 1 + 1.5 f

(33)

mi

where Ψ�b = �wb 3h and Φ �s = �κz
are the dimensional dissipation rate functions, �b and �s
u3∗
∗
∗ is the normalized frequency of
are the convective and mechanical rate of tke dissipation, f mi
the spectral peaks regardless of stratiﬁcation and f mi is the reduced frequency with the mean
wind speed ū in the mixing layer.
The dimensionless spectrum FiE (n ) in eqn. (31) is obtained by normalizing the dimensional
∞
spectra with the total variance, σi2 = 0 SiE (n )dn, that is
FiE (n ) =

SiE
σi2

=

E (n ) + S E (n )
Sib
is

σi2

.

(34)

The total wind velocity
is obtained by the sum of mechanical and convective
 ∞ E variance
2 + σ2 . Making use of eqns. (30), (32), (33)
variances σi2 = 0 (Sib
(n ) + SisE (n )) dn = σib
is

βi  E
E (0) , that for the w-component becomes
and eqn. (34) one ends up with Kα = 4 Sib (0) + Sis
β
Kz = i
4
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6. Application to the Fukushima-Daiichi accident
In order to illustrate the suitability of the discussed formulation to simulate contaminant
dispersion in the atmospheric boundary layer, we evaluate the performance of the new
solution and simulate radioactive substance dispersion around the Fukushima-Daiichi power
plant.
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At the 11th of march, 2011 the Fukushima-Daiichi nuclear power plant accident (coordinates
in latitude, longitude: 37o 25’ 17” N, 141o 1’ 57” E) caused considerable radiation leakage into
the atmosphere and into the sea. The radioactive pollution of the environment and sea was
caused principally by the direct release of contaminated water from the power station. To a
lesser extent atmospheric release of the radio-nuclide from the atmospheric plume are carried
by the winds over the sea during and after the accident sequence. Shorter–lived radioactive
elements, such as Iodine-131 were detectable for a few months (half-live of approximately 80
days). Others, such as Ruthenium-106 and Caesium-134 will still persist in the environment
for several years (Caesium-137 has a half-life of approximately 30 years).
In the following we show the results for a sequence of four days from the 12th to the 15th of
march. Figure 3 shows some meso-scale meteorological information, that was obtained from
WRF. The ﬁrst plot in ﬁg. 3 corresponds to the situation three hours after the beginning of

Figure 3. Temperature and mean wind proﬁle from WRF for 3 hours, 48 hours and 93 hours after the
beginning of constant release of radioactive substances.
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constant release of radioactive material, the second and third plot correspond to 48 hours and
93 hours after time zero.
From the meso-scale meteorological data one may determine the eddy diffusivity coefﬁcients
for each speciﬁc hour. In the z-time plot of ﬁg. 4 we report the dimensionless vertical eddy
diffusivity coefﬁcients as calculated by eq. (35) for four subsequent days. The ﬁgure shows in
a simple way the spatial and time structure of this coefﬁcient. In this context, it is important
to point out that the largest values of the Kz coefﬁcient correspond to the strongest mixing
and likely the minimum level of contamination at ground level. It is evident analysing ﬁg. 4
that the maximum values are reached during the day as a consequence of the strong diurnal
convective mixing and in the range of a dimensionless height between [0.4, 0.7], that is in
the bulk of the convective boundary layer. During the night the mixing is reduced as a
consequence of the formation of the stable boundary layer due to the inversion of the heat
ﬂux.
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Figure 4. The dimensionless eddy diffusivity coefﬁcient dependent on height in multiples of the
boundary layer height for a time sequence of four subsequent days.

In the further we show the radioactive substance concentrations close to the surface around
the nuclear power plant. Figures 5 show the distributions for 3 hours, 48 hours and 93 hours
after the beginning of the substance release with a logarithmic scale.
The centre of the nuclear power plant is located in the centre of the plot, the cost line is almost
in the north south direction, that is parallel to the y-axis in the plot with the ocean to the right
side. Shortly after the beginning of the release the mean wind pointed towards the ocean,
whereas after three days the wind blew towards the south in the direction of Tokyo.
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Figure 5. The logarithmic concentration distribution of radioactive substances released from the nuclear
power plant for 3 hours, 48 hours and 93 hours after the beginning of the release.

7. Conclusions
The present work was based on an Eulerian approach to determine dispersion of radioactive
contaminants in the PBL. To this end the diffusion equation for the cross-wind integrated
concentrations was closed by the relation of the turbulent ﬂuxes to the gradient of the mean
concentration by means of eddy diffusivity (K-theory). We are completely aware of the fact
that K-closure has its intrinsic limits so that one would like to remove these inconsistencies.
However, comparisons of predictions by this approach to experimental data have shown that
there are scenarios where this lack is not signiﬁcantly manifest, which we use as a justiﬁcation
together with its computational simplicity to perform our simulations based on this approach.
Since the consistency of the K-approach depends crucially on the determination of the
eddy diffusivity considering the turbulence structure of the PBL in its respective stability
regimes, we elaborated parametrisations for the eddy diffusivity coefﬁcients based on the
micro-meteorological parameters that were extracted from meso-scale WRF simulations, that
allowed to take into account the realistic orography of the larger vicinity of a reactor site
in consideration. The approach proposed here for the determination of the eddy-diffusivity
coefﬁcient is based on the Taylor statistical diffusion theory and on the spectral properties
of turbulence. The assumption of continuous turbulence spectrum and variances, allows the
parametrisations to be continuous at all elevations, and in stability conditions ranging from a
convective to a neutral condition, and from a neutral to a stable condition so that a simulation

On an Analytical Model for the Radioactive Contaminant
Atmosphere from Nuclear Power Plants
17 235

Release
inPlants
the
On an Analytical Model for the Radioactive Contaminant Release in the Atmosphere from Nuclear
Power

of a full diurnal cycle is possible. Simulating micro-meteorology for a short period for the
Fukushima Nuclear Power Station Accident may be considered a ﬁrst step into a direction
where the impact of the contamination of radioactive material in the site may be simulated
and evaluated for the whole period of the accident until today. Thus the present work may be
understood as one tile in a larger program development that simulates radioactive material
dispersion using analytical resources, i.e. solutions. In a longer term we intend to build a
library that allows to predict radioactive material transport in the planetary boundary layer
that extends from the micro- to the meso-scale.
The quality of the solution may be estimated by the following considerations. Recalling,
that the structure of the pollutant concentration is essentially determined by the mean wind
|| K||

velocity Ū and the eddy diffusivity K, means that the quotient of norms � = ||Ū|| deﬁnes
a length scale for which the pollutant concentration is almost homogeneous. Thus one may
conclude that with decreasing length ( �
m and m an increasing integer number) variations in
the solution become spurious. Upon interpreting � −1 as a sampling density, one may now
employ the Cardinal Theorem of Interpolation Theory ([30]) in order to ﬁnd the truncation
that leaves the analytical solution almost exact, i.e. introduces only functions that vary
signiﬁcantly in length scales beyond the mentioned limit.

The square integrable function χ = r c̄ dt dx dη ∈ L2 (η = y or z) with spectrum {λi } which
is bounded by m� −1 has an exact solution for a ﬁnite expansion. This statement expresses
the Cardinal Theorem of Interpolation Theory for our problem. Since the cut-off deﬁnes some
sort of sampling density, its introduction is an approximation and is related to convergence
of the approach and Parseval’s theorem may be used to estimate the error. In order to keep
the solution error within a prescribed
error,the expansion in the region of interest has to

mL

y,z
contain n + 1 terms, with n = int 2π�
+ 12 . For the bounded spectrum and according to
the theorem the solution is then exact. In our approximation, if m is properly chosen such that
the cut-off part of the spectrum is negligible, then the found solution is almost exact.

Further, the Cauchy-Kowalewski theorem ([8]) guarantees that the proposed solution is a
valid solution of the discussed problem, since this problem is a special case of the afore
mentioned theorem, so that existence and uniqueness are guaranteed. It remains to justify
convergence of the decomposition method. In general convergence by the decomposition
method is not guaranteed, so that the solution shall be tested by an appropriate criterion.
Since standard convergence criteria do not apply in a straight forward manner for the present
case, we resort to a method which is based on the reasoning of Lyapunov ([6]). While
Lyapunov introduced this conception in order to test the inﬂuence of variations of the initial
condition on the solution, we use a similar procedure to test the stability of convergence while
starting from an approximate (initial) solution R0 (the seed of the recursive scheme). Let
| δZn | = � ∑ ∞
i = n+1 R i � be the maximum deviation of the correct from the approximate solution
Γ n = ∑ni=0 Ri , where � · � signiﬁes the maximum norm. Then strong convergence occurs

if
| δZ |

there exists an n0 such that the sign of λ is negative for all n ≥ n0 . Here, λ = �Γ1 � log |δZn| .
n
0

For model validation one faces the drawback, that the majority of measurements are at ground
level, so that one could think that a two dimensional description would sufﬁce, however
the present analysis clearly shows the inﬂuence of the additional dimension. While in the
two dimensional approach the tendency of the predicted concentrations is to overestimate
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the observed values, this is not the case for the results of the three dimensional description,
mainly because it does not assume turbulence to be homogeneous. Moreover the solution of
the advection diffusion equation discussed here is more general than shown in the present
context, so that a wider range of applications is possible. Especially other assumptions for the
velocity ﬁeld and the diffusion matrix are possible. In a future work we will focus on a variety
of applications and introduce a rigorous proof of convergence from a mathematical point of
view, which we indicated in sketched form only in our conclusions.
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