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With growing concerns about global warming, building
more nuclear power plants is becoming one of the inevitable
options to provide the world’s electricity. This is mainly
because nuclear power is considered as the major source of
“carbon-free” energy. Currently, extensive preventive main-
tenance, inspection, andmonitoring programs are developed
to ensure safe and reliable operation of nuclear power plants.
These programs involve safety analysis codes, equipment
health monitoring, degradation-specific inspections, and
plant lifecycle management (PLM). Although extensive effort
has been invested to develop such programs, nuclear power
plants continue to experience problems and therefore more
accurate analysis and related researchwork still receive a great
attention. This is mainly because the unresolved safety prob-
lems or lack in systems monitoring often causes significant
safety-related events at nuclear power plants. Therefore, the
demand for applied research work continues to grow in order
tomitigate such events, increase the plant capacity factor, and
gain public support for nuclear power as an alternative power
source.

This special issue identifies and analyzes major practical
problems in nuclear energy and it contains 7 articles out of
14 articles that were initially received for publication. Even
with the limited number of articles presented in this special
issue, a wide range of topics are covered to present different
experiences from several nuclear power plants and research
institutions around the world. These topics are gathered in
this issue to present the best engineering analyses, research
effort, and practice with as little prejudice as possible.

The issue starts by the novel method for optimization
of the maintenance activities presented by A. Volkanovski
and L. Cizelj in the nuclear power plant in order to improve

plant safety. The authors consider different constraints on
the optimization of the maintenance activities in the nuclear
power plants. Three severe accident sequences of nuclear
plants are discussed by G. Shao et al. to show that the natural
circulation phenomenon results in heat transfer from the
core to the pipes in RCS and consequently may cause the
creep rupture of pipes in RCS and delay the severe accident
progression. Also, S. Liu et al. were able to show that thermal
stress failure caused by alternating operational loads is one
of the important damage mechanisms in the nuclear power
plants. Furthermore, R. K. Ur et al. discuss the impact of
instrumentation and control components on the architecture
of reactor protection systems.

On the numerical and statistical analysis side, the article
of S. U.-D. Khan et al. presents a modification to the neutron
kinetics code, which originally works for the cylindrical type
fuel elements, to plate type fuel nuclear reactor. Moreover,
the study performed by M. El Nakla et al. has stressed the
importance of the local scale observation leading to better
understanding of the CHF phenomena in large pipe. They
were able to predict the occurrence of critical heat flux in
horizontal tubes using an extra correction factor to account
for flow stratification. Finally, T. H. Woo contributed to this
special issue with a paper on the nuclear power plant security.
He presented dynamical assessment, which helps operator to
find the dangerous situation in the site and avoid possible
incidents that could be a catastrophe for theNPPs.We believe
that this special issue provides interesting information on the
recent progress in nuclear power research.
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The test and maintenance activities are conducted in the nuclear power plants in order to prevent or limit failures resulting from
the ageing or deterioration. The components and systems are partially or fully unavailable during the maintenance activities. This
is especially important for the safety systems and corresponding equipment because they are important contributors to the overall
nuclear power plant safety. A novel method for optimization of the maintenance activities in the nuclear power plant considering
the plant safety is developed and presented.The objective function of the optimization is themean value of the selected riskmeasure.
The risk measure is assessed from theminimal cut sets identified in the Probabilistic Safety Assessment.The optimal solution of the
objective function is estimated with genetic algorithm. The proposed method is applied on probabilistic safety analysis model of
the selected safety system of the reference nuclear power plant. Obtained results show that optimization of maintenance decreases
the risk and thus improves the plant safety. The implications of the consideration of different constraints on the obtained results
are investigated and presented. The future prospects for the optimization of the maintenance activities in the nuclear power plants
with the presented method are discussed.

1. Introduction

Nuclear power plant (NPP) comprises multiple components
and systems, which are maintained in order to limit or pre-
vent failures resulting from the ageing or deterioration. The
test and maintenance activities of safety systems components
are especially important considering their dominant, but not
exclusive, contribution to the NPP safety.

The test and maintenance activities of the NPP safety sys-
tems are conducted in order to verify and improve their avail-
ability. During test and maintenance, these safety systems are
partially or fully unavailable. In order to ensure availability
and the operability of the safety systems and the safety of
the corresponding plant, the surveillance requirements (SR)
together with the limiting conditions for operation (LCO) are
included within technical specifications (TS) of the NPP [1].
The SR define the periodic surveillance tests including the
type of surveillance test, test strategy, and frequency.

The optimization of themaintenance activates in theNPP
considers single or multiple objective functions including

the risk of the NPP and the maintenance cost reduction.
Constraints considered in the maintenance optimization
include different limitations: safety, allowable risk increase
and unavailability of the safety systems; technical, overlap-
ping of the maintenance activities, functional dependency
between systems, and components in correlation to the SR;
and operational, availability of the maintenance crew and
time constraints considering finalization of the maintenance.

Theobjective of this paper is development and application
of the new method for optimization of the maintenance
activates in the nuclear power plant. The method applies
exact, nonsimplified probability models for the components
unavailability. The developed method considers operational
constraints foreseen in real NPP. The developed method
utilizes results obtained from Probabilistic Safety Assessment
(PSA) for the assessment of the plant safety and optimization
function. Optimization is done with genetic algorithm (GA),
a heuristic optimization algorithm. The optimized parame-
ters are test placement times of the components which go
under maintenance.
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The obtained results from the application of the devel-
oped method on test safety system of the reference nuclear
power plant are presented. Implications of consideration of
different constraints are investigated and obtained results are
presented.

1.1. State of the Art. Substantial research has been performed
considering themaintenance scheduling (MS) problem.Most
of the NPP MS optimization methods integrate the PSA
optimization techniques with the optimization algorithms
[1, 2].

The optimization of technical specification requirements
and maintenance considering effectiveness and efficiency of
common strategies has been proposed [3]. A simulation
algorithm based on Monte Carlo method and a directed
Acyclic Graph has been developed and applied for main-
tenance optimization [4]. The Reliability Centered Main-
tenance approach has been proposed for establishing the
maintenance programs in the NPP [5–7].

The meta heuristic optimization algorithms are applied
for solvingMS optimization problem, including evolutionary
algorithms [8–10], genetic algorithm [11–14], tabu search [15],
simulated annealing [16], and ant colony [17]. The Particle
Swarm Optimization (PSO) and the Differential Evolution
Algorithm (DE) are modern meta heuristics evolutionary
algorithms, which are applied for solving different optimiza-
tion problems [18–22].

The method for MS optimization of the safety systems
components is developed and optimized applying four differ-
ent heuristic optimization algorithms. Obtained results from
the optimization algorithms are analyzed and compared.

2. Method Description

The fundamentals of PSA are described in Section 2.1. The
modeling of the components and systems and definition of
the optimization function are presented in Sections 2.2 and
2.3, respectively. The introduction of the constraints in the
optimization function is presented in Section 2.4.

2.1. Probabilistic Safety Assessment Fundamentals. Probabili-
stic Safety Assessment is a systematic probabilistic method-
ology for assessment of reliability and safety of the complex
systems including NPP [23]. The event tree and the fault tree
(FT) are two basic methods used in the PSA.

Event tree analysis is an inductive technique, which orga-
nizes and characterizes potential accidents in a methodologi-
cal manner [24]. Fault tree analysis is the deductive modeling
tool used in PSA to identify and assess the combinations of
the undesired events in the context of the system operation
and its environment that can lead to the undesired state
of the system [25, 26]. The undesired state of the system
is represented by a top event. The FT is based on Boolean
algebraic and probabilistic basis that relates probability calcu-
lations to Boolean logic functions. The logical gates integrate
the primary events to the top event, which corresponds to
the undesired state of the system. The primary events are
the events, which are not further developed, for example,

the basic events and the house events. The basic events are
the ultimate parts of the FT, which represent the undesired
events, for example, the component or system failures.

Two types of results are obtained from the fault tree
and event tree analysis. The qualitative results include the
minimal cut sets (MCS) which are the combinations of
components failures causing system failure. The quantitative
results include the numerical probabilities of theNPP systems
failures, cut sets probabilities, and overall core damage
frequency (CDF). The CDF is a measure of risk and thus
safety of the corresponding NPP.

The quantitative fault tree analysis represents a calcula-
tion of the top event probability:

𝑄GD =
𝑛

∑

𝑖=1

𝑄MCS𝑖 −∑
𝑖<𝑗

𝑄MCS𝑖 ⋂MCS𝑗

+ ∑

𝑖<𝑗<𝑘

𝑄MCS𝑖 ⋂MCS𝑗⋂MCS𝑘

− ⋅ ⋅ ⋅ + (−1)
𝑛−1

𝑄

𝑛

⋂

𝑖=1

MCS𝑖

(1)

simplified and approximated (using rare event approxima-
tion) as

𝑄GD =
𝑛

∑

𝑖=1

𝑄MCS𝑖, (2)

where 𝑄GD is top event probability of fault tree, 𝑄MCS𝑖 is
probability of the minimal cut set 𝑖, and 𝑛 is number of
identified minimal cut sets.

Probability of eachminimal cut set is calculated using the
relation of simultaneous occurrence of independent events:

𝑄MCS𝑖 =
𝑚

∏

𝑗=1

𝑄
𝐵𝑗
, (3)

where 𝑄
𝐵𝑗
is probability of the basic event 𝐵

𝑗
describing fail-

ure of the component (i.e., failure probability of component
𝐵
𝑗
) and𝑚 is number of basic events in minimal cut set 𝑖.
In (3), the basic events are assumed to be mutually

independent with common cause failures (CCF) modeled as
separate basic events.

The accident sequences in the respective event tree are
expressed as

𝐹AS𝑗 = 𝐹IE

𝑛

∑

𝑖=1

𝑄MCS𝑖, (4)

where 𝐹AS𝑗 is frequency of accident sequence 𝑗 and 𝐹IE is the
initiating event frequency.

The respective accident sequences frequencies, which end
with the same plant damage state, are combined together into
the plant damage state frequencies:

𝐹nss =
𝐸

∑
𝑒=1

𝐹

∑

𝑓=1

𝐹AS𝑒𝑓, (5)
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where 𝐹nss is frequency of the accident state, 𝐹AS𝑒𝑓 is fre-
quency of the 𝑓th accident sequence in 𝑒th event tree (not
necessarily mutually exclusive), 𝐸 is number of event trees,
and 𝐹 is number of accident states in the event tree.

The accident frequency combines together the plant
damage state frequencies:

𝐹
𝑛
=

𝐷

∑

𝑑=1

𝐹nss𝑑, (6)

where 𝐹
𝑛
is accident frequency (e.g., CDF), 𝐹nss𝑑 is the fre-

quency of 𝑑th accident state, and 𝐷 is number of accident
states.

The prerequisite for the MS optimization is the time
dependent probabilistic model for the components going
under maintenance, presented in the following Section.

2.2. Probabilistic Modeling of Components. There are number
of probabilistic models for components with either constant
in time or time dependent failure rates, such as probability
per demand model and constant failure rate model [1, 27].
Input data to the component probabilistic model include a
number of parameters such as failure rate, repair time, test
interval, test duration, and test placement time. The time
dependent probabilistic model for the periodically tested
standby component is selected in the method:

𝑄
𝐵𝑗
(𝑡) = 𝑞

𝑗
+ 1 − 𝑒

−𝜆𝑗 ⋅𝑡, 0 < 𝑡 < TP
𝑗
,

𝑄
𝐵𝑗
(𝑡) = 1, TP

𝑗
< 𝑡 < TP

𝑗
+ TT
𝑗
,

𝑄
𝐵𝑗
(𝑡) = 𝑞 + 1 − 𝑒

−𝜆𝑗 ⋅MOD(𝑡)
,

TP
𝑗
+ TT
𝑗
< 𝑡 < TP

𝑗
+ 𝑧 (TT

𝑗
+ TI
𝑗
) ,

𝑄
𝐵𝑗
(𝑡) = 1, TP

𝑗
+ TT
𝑗
+ TI
𝑗
< 𝑡 < TP

𝑗

+ (𝑛 + 1)TT
𝑗
+ TI
𝑗
,

(7)

where 𝑄
𝐵𝑗

is time dependent failure probability of the
component 𝐵

𝑗
, 𝜆
𝑗
is ailure rate of the component 𝐵

𝑗
, 𝑞
𝑗

is probability of failure per demand of the component 𝐵
𝑗
,

TP
𝑗
is test placement time of the component 𝐵

𝑗
, TT
𝑗
is

test duration time of the component 𝐵
𝑗
, TI
𝑗
is test interval

of the component 𝐵
𝑗
, 𝑧 is number of previous tests of the

component 𝐵
𝑗
, and MOD is function, dividing reminder.

The following assumptions are made in the component
probabilistic model.

(i) A repair is assumed to occur directly after a test if the
component is failed at the test.

(ii) The repair duration is assumed to be negligible
compared to the test duration time TT.

(iii) The ageing of the components is not considered,
taking constant failure rate 𝜆 for all components.

Figure 1 shows the time dependent failure probability of
the component given by (7). The 𝑋-axis shows the elapsed

Q
(t
)

Time (t)

1.00E + 00

1.00E − 01

1.00E − 02

1.00E − 03

1.00E − 04
TPi TTi MOD

0 10 20 30 40 50 60

Figure 1: Component time dependent failure probability.

time and 𝑌-axis the system unavailability.The test placement
time TP

𝑖
, test duration time TT

𝑖
and dividing reminderMOD

are marked on𝑋-axis on Figure 1.

2.3. Mean System Unavailability and Optimization Function.
With the introduction of the time dependent model of
components, given by (7) in (3), the time dependent top event
probability𝑄GD(𝑡, 𝑄𝐵𝑗(𝑡,TP𝑗)) is calculated by (1) or (2). The
mean value of the system unavailability, calculated from the
top event probability of the corresponding FT, is given as

𝑄GDmean =
1

𝑇
∫

𝑇

0

𝑄GD (𝑡, 𝑄𝐵𝑗 (𝑡,TP𝑗)) 𝑑𝑡, (8)

where 𝑄GDmean is mean system unavailability (top event
probability), 𝑄GD(𝑡, 𝑄𝐵𝑗(𝑡,TP𝑗)) is time dependent sys-
tem unavailability, 𝑇 is the considered time interval, and
𝑄
𝐵𝑗
(𝑡,TP

𝑗
) is time dependent component 𝐵

𝑗
failure proba-

bility.
Discrete variant of (8) over small time intervals Δ𝑡 is

𝑄GDmean =
1

𝑇

𝑘=𝑇

∑

𝑘=1

𝑄GD (Δ𝑡𝑘, 𝑄𝐵𝑗 (Δ𝑡𝑘,TP𝑗)) . (9)

Substituting top event probabilitywith (2) andMCSprob-
ability with (3), the final relation formean systemunavailabil-
ity is obtained:

𝑄GDmean =
1

𝑇

𝑘=𝑇

∑

𝑘=1

𝑛

∑

𝑖=1

𝑄MCS𝑖 (Δ𝑡𝑘, 𝑄𝐵𝑗 (Δ𝑡𝑘,TP𝑗))

=
1

𝑇

𝑘=𝑇

∑

𝑘=1

𝑛

∑

𝑖=1

𝑚

∏

𝑗=1

𝑄
𝐵𝑗
(Δ𝑡
𝑘
,TP
𝑗
) .

(10)

The time interval 𝑇 in (10) should be selected in such
way that maintenance of all components are considered in
the calculation of the mean system unavailability. The time
interval 𝑇 is assessed as

𝑇 = TP
𝑗
+ TT
𝑗
; 𝑗 = max (TP

𝑗
+ TT
𝑗
) , (11)

where max(TP
𝑗
) is index 𝑗 of component with largest (latest)

test placement.
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For all components going under maintenance, the time
when maintenance is finished is calculated as sum of test
placement and test duration time. The time interval 𝑇 is
defined by (11) to be equal to the time when maintenance of
the last component going under maintenance is finished.The
time interval 𝑇 defined with (11) assures that maintenance of
all components will be considered in the calculation of the
mean system unavailability.

The mean system unavailability given by (10) represents
the optimization function, with test placement times TP

𝑗
as a

optimization variables.
Considering the assumptions in the component proba-

bilistic model given in Section 2.2, only the unavailability of
the components which go under themaintenance will change
with time.This results in change of the MCS probability only
containing these components. Therefore, the calculation of
themean systemunavailability given by (10) can be simplified
as

𝑄opt = 𝑄GDmean𝑆 =
1

𝑇

𝑘=𝑇

∑

𝑘=1

𝑠

∑

𝑖=1

𝑚

∏

𝑗=1

𝑄
𝐵𝑗
(Δ𝑡
𝑘
,TP
𝑗
) , (12)

where𝑄opt is optimization function,𝑄GDmean𝑆 ismean system
unavailability from the selected number of the MCS, and 𝑠 is
number of the MCS that contain BE of components that go
under maintenance.

For real NPP, it is anticipated that number of components
going under maintenance 𝑠will be smaller than number of all
components 𝑛 considered in the systemFT.Consequently, the
application of (12) will decrease the complexity of the anal-
ysed problem and increasing the speed of the calculations.

The optimization function given with (12) is minimized
with application of the GA heuristic optimization algorithm.

2.4. Constraints Introduction. Theinvolved constraints can be
introduced in the optimization function by applying penalty
functions:

𝑄optPEN = 𝑄opt + penalty, (13)

where𝑄optPEN is penalized optimization function and penalty
is penalty function.

Penalty function penalty
1
concerning the limiting value

of the top event probability corresponding to the allowed
threshold system unavailability in each time point is defined
as

penalty1

= {
0, if 𝑄GD𝑡, 𝑄𝐵𝑗 (𝑡,TP𝑗) < 𝑄limit,

abs (𝑄GD − 𝑄limit) , else,
(14)

where penalty
1
is penalty function for the limiting value of

the top event probability constraint and 𝑄limit is maximum
allowed system unavailability. The value of 𝑄limit = 0.1 is
considered in the optimization algorithm.

Additional operating and planning constraints can
be considered and implemented into the algorithm with

the penalization of the optimization function. Those con-
straints include maintenance completion constraints and
precedence constraints. With maintenance completion con-
straint, the test interval in which maintenance of the spe-
cific set of components is expected to be finished can be
considered. With precedence constraint the maintenance
sequence of the components that go under maintenance can
be included in the maintenance optimization.

A special type of maintenance completion constraint is
requisite components of given system or type, grouped in
given set, to be maintained in common outage time interval.
With introduction of this constraint the difference between
test placement times of the components from the given set
is minimized. Practical application of this constraint will be
grouping in same time slot themaintenance activities of com-
ponents that are from common system, type or are in same
area of the NPP. This constraint is applied in the developed
method with assessment of the sum of the differences of the
test placement times between components in the given set
and corresponding penalization of the optimization function.
Penalty function penalty

2
for this constraint is calculated as

penalty2

=

{{

{{

{

0, if ΔSET=
𝑁set−1

∑

𝑖=1

abs (TP
𝑖
− TP
𝑖+1) = 0,

ΔSET ∗ 𝜔
1
, else,

(15)

where penalty
2
is penalty function for the test placement

times of the components from the given set constraint, ΔSET
is the sum of the differences of the test placement times of the
components within set,𝑁set is the number of the components
in the set, and 𝜔

1
is user defined weighting coefficient.

The time interval 𝑇 when maintenance of all compo-
nents is finished can be also considered in the optimization
function. The penalty function penalty

3
for this constraint is

defined as

penalty3 = 𝑇iter ∗ 𝜔2, (16)

where penalty
3
is penalty function for the time interval 𝑇

when maintenance of all components is finished constraint,
𝑇iter is the time interval 𝑇 of the solution in the optimization
algorithm, and 𝜔

2
is user defined weighting coefficient.

The overall penalty function in (13) is calculated as sum
of the penalties of all constraints:

penalty = penalty1 + penalty2 + penalty3. (17)

3. Optimization Algorithm

The optimal test placements times TP
𝑗
minimizing the opti-

mization function given by (12) and (13) are obtained apply-
ing genetic algorithm (GA), heuristic optimization algo-
rithm.

The genetic algorithm is a search algorithm that is based
on the concepts of natural selection and genetic inheritance.
It searches an optimal solution by manipulating a population
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of strings (chromosomes) that represent different potential
solutions, each corresponding to a sample point from the
search space [14]. For each generation, all the populations
are evaluated based on their fitness. An individual with a
larger fitness has a higher chance of evolving into the next
generation. The GA reduces the possibility of trapping into a
localminimumby searchingmany peaks simultaneously.The
coding of parameters helps the genetic operator to evolve the
current state into the next state withminimum computations.
GA evaluates the fitness of each string to guide its search
instead of the explicit optimization function.There is no need
for computations of derivatives or other auxiliary knowledge.
The GA explores the search space where the probability of
finding improved performance is high.

One of the most important elements of the heuristic
optimization algorithms is the random number generator.
The random number generator is essential for the heuristic
selection within algorithm and generation of the initial pop-
ulation of solutions. The random number generator ran2 is
applied for generation of the initial population and heuristic
selection [28]. The random number generator ran2 returns a
uniform random deviate between zero and one (exclusive of
the endpoint values).

The verification and performance testing of the GA
heuristic optimization algorithm is examined on the gener-
alized Rastrigin’s function. The Rastrigin’s function is highly
multimodal function with many local minima and one
known global one, defined as

𝑓 (𝑥
𝑖
) = 10𝑛 +

𝑛

∑

𝑖=1

[(𝑥
𝑖
− 𝑥𝑐)
2

− 10 cos (2𝜋 (𝑥
𝑖
− 𝑥𝑐))] ,

(18)

where 𝑛 is number of variables (order) considered in the
function and 𝑥𝑐 is function parameter, selected by the user.

The global optimum of the Rastrigin’s function, given by
(18), is 𝑓(𝑥

𝑖
) = 0 at 𝑥

𝑖
= 𝑥𝑐. Value of 𝑥𝑐 = 100 is selected for

the analysis. The analysis is done for 𝑛 = 50 and 𝑛 = 100 with
the obtained results given in Table 1.

In the second row in Table 1 is the value of the Rastrigin’s
function calculated with (18) and variables obtained from
optimization algorithm. Third row contains sum of the
relative errors for all parameters in percentiles while last row
contains optimization algorithm calculation time given in
seconds.

The default control parameters of the GA optimization
algorithm are used in the analysis [29]. Results in Table 1
verify the GA optimization algorithms performance con-
sidering the assessment of the optimal solution of complex
optimization function.

4. Test System Description

The Auxiliary Feedwater System (AFW), with simplified
diagram given on Figure 2, and corresponding fault tree is
used for the application of the developed method [30, 31].

The AFW system provides feedwater to the steam gen-
erators (SG) to remove core heat from the primary system
after reactor trip. The AFW is a frontline safety system.
The analyzed AFW system, as shown on Figure 2, has three
trains, two with electric motor driven pumps, MDPFW3B,
and MDPFW3A and one turbine driven pump TDPFW2.
All connections to the AFW system of the second unit at
the site [30, 31] were removed from the original model.
Basic event AFW-CCF-LK-STMBD representing event of
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Table 1: Results from optimization for 𝑛 = 50 and 𝑛 = 100.

Optimization algorithm Genetic algorithm (GA)
𝑛 = 50

Genetic algorithm (GA)
𝑛 = 100

Function value 0.01 39.17
Σ relative errors (%) 0.01 29.80
Calculation time (s) 8.02 16.23

Table 2: First ten MCS identified from the FT of the analyzed AFW system.

No. Probability Share (%) Event 1 Event 2 Event 3
1 1.10𝐸 − 05 23.4 AFW-CKV-OO-CV142 AFW-TDP-FS-FW2
2 1.05𝐸 − 05 22.3 AFW-CCF-FS-FW3AB AFW-TDP-FR-2P6HR
3 6.30𝐸 − 06 13.4 AFW-CKV-OO-CV157 AFW-MDP-FS-FW3A
4 6.30𝐸 − 06 13.4 FW-CKV-OO-CV172 AFW-MDP-FS-FW3B
5 3.85𝐸 − 06 8.2 AFW-CCF-FS-FW3AB AFW-TDP-FS-FW2
6 3.50𝐸 − 06 7.4 AFW-CCF-FS-FW3AB AFW-TDP-MA-FW2
7 1.19𝐸 − 06 2.5 AFW-MDP-FS-FW3A AFW-MDP-FS-FW3B AFW-TDP-FR-2P6HR
8 1.00𝐸 − 06 2.1 AFW-TNK-VF-CST
9 4.36𝐸 − 07 0.9 AFW-MDP-FS-FW3A AFW-MDP-FS-FW3B AFW-TDP-FS-FW2
10 3.96𝐸 − 07 0.8 AFW-MDP-FS-FW3A AFW-MDP-FS-FW3B AFW-TDP-MA-FW2

Top event probability 4.70𝐸 − 05

undetected leakage through check valves CV27, CV58, and
CV89 was also removed from the model.

Pumps draws suction from the condensate storage tank
CST2 through CST1. Each AFW pump discharges to two
parallel headers, Header A and Header B. Each of these
headers can provide auxiliary feedwater flow to any or all of
the three steam generators.

Figure 3 shows the part of the fault tree constructed for
the AFW system, with top event corresponding to the failure
to provide sufficient flow to at least one of three SG from at
least one AFW pump.

The reference models and parameters for the basic events
are used in the analysis [30]. The AFW system fault tree
contains 103 basic events. In the qualitative fault tree analysis
of the AFW system fault tree given on Figure 3, the 2488
minimal cut sets are identified. Table 2 shows first ten cut sets,
ordered by their contribution to the top event probability.

First column in Table 2 contains number of the MCS
with mean probability given in second column and share, in
percentiles, to the top event probability in third column. The
basic events of the minimal cut set are given in the following
columns. The last row contains top event probability of
the fault tree corresponding to the mean AFW system
unavailability 𝑄AFW.

The quantitative PSA results include importance mea-
sures for the BE including Fussell-Vesely (FV) importance
measure, Risk Reduction Worth (RRW), and Risk Achieve-
ment Worth (RAW). Table 3 shows the first ten basic events
ordered by their Fussell-Vesely (FV) importancemeasure and
six additional basic events representing components that will
be considered to go under maintenance in the analysis.

The first column in Table 3 contains rank of the basic
event considering FV importance measure. Basic event name
and description are given in second and third column.

The mean unavailability of the basic event is given in fourth
column.The obtained FV is given in fifth columnwhile RRW
and RAW are given in the following two columns.

4.1. Case Scenario Description. Two case scenarios are devel-
oped and analyzed with the developed method.

First case scenario has two basic events on maintenance,
given in Table 4. Second column in Table 4 contains basic
event that go under maintenance. The failure rate 𝜆, test
duration timeTTand test interval TI are given in third, fourth
and fifth column, respectively, and are assumed for this study.
Basic events in Table 4 correspond to the failure of the turbine
drive pumpTDPFW2andmotor driven pumpMDPFW3A to
run for six hours.

The second case scenario includes ten basic events with
parameters given in Table 5. Both components constituting
case scenario 1 are included with same parameters in case
scenario 2. The components in the second case scenario are
grouped into three sets, depending on the type of compo-
nents. Set 1 includes pumps of the AFW system represented
with basic events 1–3, Set 2 includes check valves after the
pumps given by basic events 4–6, while Set 3 includes basic
events 7–10 representing the alternate (AC) and direct (DC)
current buses of the emergency power supply system. The
failure rate 𝜆, test duration time TT and test interval TI are
also assumed for this study.

The optimization of the case scenario 1 and case scenario
2 was done with the consideration of the constraint on the
limiting value of the top event probability.

Case scenario 2 was analysed without and with consider-
ation of the maintenance finalization constraints concerning
grouping of the components from given set and time interval
𝑇, when maintenance activities on all components are fin-
ished.
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5. Results

The obtained results from the application of the developed
method presented in Section 2 on the test system given in
Section 4 are presented here.

The test placement times obtained from optimization
algorithms for case scenario 1 are given in Table 6. The
obtained test placement time for first TP1 and second TP2
basic event are given in second and third row of Table 6.
Fourth and fifth row of Table 6 present the obtained time
interval 𝑇 and minimal mean system unavailability 𝑄GDmean.

The system unavailability over time for the test placement
times given in Table 6 is shown on Figure 4. The 𝑋-axis on

Figure 4 shows the elapsed time in hours while 𝑌-axis shows
the system unavailability. The mean system unavailability
𝑄GDmean is marked with red line, the time interval 𝑇 with
green line while the test placement times of both basic events
with black dashed lines on Figure 4.

Figure 4 shows that the system unavailability never
exceeds value of𝑄limit.The time interval𝑇was not considered
in the optimization function resulting in large value that
is comparable to the test interval of the components going
under maintenance.

Obtained results for case scenario 2, without consider-
ation of the maintenance finalization constraints, are given
in Table 7 and Figure 5. Value of the ΔSET, the sum of
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Figure 5: System unavailability of the AFW system over time for case scenario 2, no constraints considered.
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Figure 6: System unavailability of the AFW system over time for case scenario 2 with consideration of the ΔSET.

the differences of the test placement times of the components
within the set, is included in Table 7.

Two main differences are identified in comparison to the
results obtained for the case scenario 1. First difference is the
increase of the mean system unavailability 𝑄GDmean. This is
expected considering the increased number of components
going under the maintenance. The second difference is
decrease of the time interval 𝑇 to the shortest test interval of
the components going under the maintenance. This result is
obtained because the optimization function is not penalized
for the difference between the test placement and test interval
of a given component as long as the test placement is smaller
than the test interval.

Obtained results for case scenario 2 with consideration of
the ΔSET are given in Table 8 and Figure 6. The introduction

of the ΔSET in the optimization function results in decrease
of the difference of test placement times of the components
from the given set. Small increase of themean systemunavail-
ability is obtained with the introduction of this constraint.
Table 8 shows that ΔSET decreased four times compared
to the ΔSET in Table 7. Figure 6 show that optimization
algorithm clustered maintenance of the components from
the given set, with Set 1 components going first under
maintenance followed by Set 3 and Set 2. Figure 6 show that
system unavailability over time 𝑄GD never exceeds 𝑄limit.

Results obtained for case scenario 2 with consideration of
the time interval 𝑇 in addition to the constraints for ΔSET
and 𝑄limit are given in Table 9 and Figure 7. Comparison of
the time interval 𝑇 in Table 9 and Table 8 shows that the
introduction of this constraint results in decrease of the time
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Figure 7: System unavailability of the AFW system over time for case scenario 2 with consideration of the ΔSET and time interval 𝑇.

Table 4: Basic events under maintenance in case scenario 1 with corresponding input data.

No. Basic event Failure rate 𝜆 (1/yr) TT (hr) TI (hr)
1 AFW-TDP-FR-2P6HR 1.50𝐸 − 05 216 4380
2 AFW-MDP-FR-3A6HR 1.50𝐸 − 05 168 4380

Table 5: Basic events under maintenance in case scenario 2 with corresponding input data.

No. Basic event Failure rate 𝜆 (1/yr) TT (hr) TI (hr) SET
1 AFW-TDP-FR-2P6HR 1.50𝐸 − 05 216 4380

SET 12 AFW-MDP-FR-3A6HR 1.50𝐸 − 05 168 4380
3 AFW-MDP-FR-3B6HR 1.50𝐸 − 05 168 4380
4 AFW-CKV-OO-CV142 1.00𝐸 − 05 120 2190

SET 25 AFW-CKV-OO-CV172 1.00𝐸 − 05 120 2190
6 AFW-CKV-OO-CV157 1.00𝐸 − 05 120 2190
7 ACP-BAC-ST-4KV1H 2.00𝐸 − 05 120 2190

SET 38 ACP-BAC-ST-4KV1J 2.00𝐸 − 05 120 2190
9 DCP-BDC-ST-BUS1A 2.50𝐸 − 05 120 2190
10 DCP-BDC-ST-BUS1B 2.00𝐸 − 05 120 2190

interval 𝑇 for 462 hours. Small decrease of the mean system
unavailability𝑄GDmean and increase of theΔSETare identified
in Table 9.

Obtained results show that the developed method suc-
cessfully optimized test placement times of the components
going under the maintenance. The results of the case scenar-
ios with constraints show that the developed method effec-
tively considered imposed constraints in the maintenance
schedule optimization and the obtained results.

6. Discussion

The surveillance requirements (SR), as stated in Section 1,
define the periodic surveillance tests of the safety equipment
in NPP and are included within technical specifications (TS).

Themain purpose of this inclusion is to assure availability and
operability of the NPP safety equipment during all modes of
operation of the NPP.

The test intervals of the components of the safety systems
in the NPP are predefined integers and for most safety
systems they are equal to the refueling outage intervals of a
given plant. The online maintenance of the NPP components
is conducted periodically in compliance with the TS and
current regulations [32, 33]. Considering the risk-informed
policy [33] and expected increase of the number of NPP
components going under onlinemaintenance, the application
of the developed method for MS optimization of these
components is anticipated.

The optimization in the example is done on a single safety
system in the NPP, with no consideration of the maintenance
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Table 6: Obtained optimal test placement times for case scenario 1.

No. Basic event TP (hr)
1 AFW-TDP-FR-2P6HR 4228.49
2 AFW-MDP-FR-3A6HR 2302.30

𝑇 (hr) 4444.49
𝑄GDmean 9.59𝐸 − 05

Table 7: Obtained optimal test placement times for case scenario 2, no constraints considered.

No. Basic event TP (hr)
1 AFW-TDP-FR-2P6HR 590.51
2 AFW-MDP-FR-3A6HR 2067.71
3 AFW-MDP-FR-3B6HR 535.95
4 AFW-CKV-OO-CV142 917.45
5 AFW-CKV-OO-CV172 280.32
6 AFW-CKV-OO-CV157 61.18
7 ACP-BAC-ST-4KV1H 1178.26
8 ACP-BAC-ST-4KV1J 2169.04
9 DCP-BDC-ST-BUS1A 970.98
10 DCP-BDC-ST-BUS1B 816.23

𝑇 (hr) 2187.71
ΔSET (hr) 7481.65
𝑄GDmean 3.06𝐸 − 03

Table 8: Obtained optimal test placement times for case scenario 2 with consideration of the ΔSET.

No. Basic event TP (hr)
1 AFW-TDP-FR-2P6HR 406.90
2 AFW-MDP-FR-3A6HR 173.51
3 AFW-MDP-FR-3B6HR 414.82
4 AFW-CKV-OO-CV142 2092.56
5 AFW-CKV-OO-CV172 1990.92
6 AFW-CKV-OO-CV157 2200.46
7 ACP-BAC-ST-4KV1H 1029.01
8 ACP-BAC-ST-4KV1J 1370.32
9 DCP-BDC-ST-BUS1A 1524.41
10 DCP-BDC-ST-BUS1B 1179.81

𝑇 (hr) 2212.56
ΔSET (hr) 1892.51
𝑄GDmean 3.31𝐸 − 03

of other safety systems in the NPP, their mutual interde-
pendence and implication on overall plant risk. In the real
NPP the maintenance of the components in multiple systems
in the plant can result in substantial increase of the overall
plant risk, even whenmaintenance on level of single system is
optimal. During the refueling outage the optimization of the
maintenance activities on system level is necessary in order to
limit the instantaneous or cumulative risk increase bellow the
prescribed limits.With the consideration of the plant damage
state frequencies given by (6) as optimization function the
developed method can be extended on the plant level.

The developed method can be upgraded with con-
sideration of the components ageing and substitution of

the constant failure rate 𝜆 in (7) with time depended failure
rate function 𝜆(𝑡) [34].

In the presented method only first test placement of a
component is assessed. All following tests of the components
are done in constant TI times. Further extension of the
method will be to assess the following test placements of the
component. Additional extension will be consideration of
the wear-out of the components due to the testing in the
optimization function, for example, in case of emergency
diesel generators. The time dependent component model
given with (7) can be simplified with the linearization of
the exponential terms in the equations for small failure rates
𝜆 that is case for the components of the safety systems in
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Table 9: Obtained optimal test placement times for case scenario 2 with consideration of the ΔSET and time interval 𝑇.

No. Basic event TP (hr)
1 AFW-TDP-FR-2P6HR 406.98
2 AFW-MDP-FR-3A6HR 523.91
3 AFW-MDP-FR-3B6HR 414.87
4 AFW-CKV-OO-CV142 1630.45
5 AFW-CKV-OO-CV172 1480.61
6 AFW-CKV-OO-CV157 1191.79
7 ACP-BAC-ST-4KV1H 631.79
8 ACP-BAC-ST-4KV1J 1106.65
9 DCP-BDC-ST-BUS1A 932.80
10 DCP-BDC-ST-BUS1B 1135.33

𝑇 (hr) 1750.45
ΔSET (hr) 2465.93
𝑄GDmean 3.21𝐸 − 03

the NPP. This approximation will decrease the complexity
of the model with small implication on the obtained results.
The obtained results can be additionally improved with
analytical generation of the initial population in optimization
algorithm.

The developed method is applicable for optimization of
the MS of other complex system where reliability and safety
are important and already have PSA models.

7. Conclusions

Method for maintenance scheduling optimization of safety
system components of the nuclear power plant is developed
and presented. The developed method optimizes test place-
ment times of the components going under maintenance
considering the selected risk measure calculated from the
results of the Probabilistic Safety Assessment. Constraints on
system unavailability and test placement times are included
in the optimization function. The optimal solution of the
objective function is assessed with genetic algorithm.

The main advantages of the developed method are appli-
cation of the time dependent probabilistic model for the
periodically tested standby component in the assessment of
the component unavailability and introduction of the main-
tenance completion constraint in the optimization function.
The developed method can be extended with the considera-
tion of the additional operating and planning constraints in
the optimization function.

Obtained results from the application of the developed
method on the test system confirm the effective optimization
of the maintenance scheduling with consideration of the
imposed maintenance completion constraints. The introduc-
tion of the constraint on the test placement times of the
components within the set results in successful grouping
of the maintenance activities of the components in the
set. Decrease of the time interval 𝑇 is obtained with the
consideration of this parameter in the optimization function.
Small increase of the mean system unavailability is obtained
with the consideration of the constraints in the optimization
function.

The upgrade of the presented method with consideration
of the components ageing, systems interdependencies and
consideration of additional constraints are discussed. With
the application of the risk-informed policy and consequential
increase of number of the components which will go under
online maintenance the importance of the maintenance
scheduling optimization is going to increase. Developed
method is applicable for both online maintenance optimiza-
tion as well as optimization during the refueling outages.
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To prevent HPME and DCH, SADV is proposed to be added to the pressurizer for Chinese improved 1000MWe PWR NPP with
the reference of EPR design. Rapid depressurization capability is assessed using themechanical analytical code.Three typical severe
accident sequences of TMLB’, SBLOCA, and LOFW are selected. It shows that with activation of the SADV the RCS pressure is low
enough to prevent HPME and DCH. Natural circulation at upper RPV and hot leg is considered for the rapid depressurization
capacity analysis. The result shows that natural circulation phenomenon results in heat transfer from the core to the pipes in RCS
which may cause the creep rupture of pipes in RCS and delays the severe accident progression. Different SADV valve areas are
investigated to the influence of depressurization of RCS. Analysis shows that the introduction of SADV with right valve area will
delay progression of core degradation to RPV failure. Valve area is to be optimized since smaller SADV area will reduce its effect
and too large valve area will lead to excessive loss of water inventory in RCS andmakes core degradation progression to RPV failure
faster without additional core cooling water sources.

1. Introduction

In severe accidents, the reactor core is damaged and the
molten core can relocate to the lower head of the reactor pres-
sure vessel (RPV) while the pressure in the reactor coolant
system (RCS) remains relatively high. With the failure of the
lower head under these conditions, the molten core material
is ejected to the cavity of the reactor vessel, which is generally
called high pressure melt ejection (HPME). Furthermore, the
temperature and pressure of the containment atmospherewill
increase rapidly, which is generally called direct containment
heating (DCH) [1, 2]. DCH could induce the containment
atmosphere pressure and temperature increase rapidly, which
would challenge the structure integrity of the containment
[3]. It is necessary to ensure depressurization before primary
system failure by a hardware modification or a procedural
measure as prevention of HPME and DCH [4].

Safety Depressurization Systems (SDS) are adopted to
enable feed and bleed operation to mitigate severe accidents
for advanced light water reactors, such as ABB-CE System
80+, and the Korean standard nuclear power plants of
Yonggwang 3 and 4 andUlchin 3 and 4 [5], KoreanOptimized

Power Reactor (OPR) 1000 [6]. In Chinese 600MWe PWR
NPP, the extended function of the existing safety valves is
planned to implement the intentional RCS depressurization
as one severe accident management strategy. According to
the previous research, high temperature gases during the
depressurization process may cause failure of the existing
safety valves [7]. To secure depressurization of the RCS dur-
ing severe accident conditions, the two regulating valves of
the relief system have been modified in 1999 for Switzerland
PWR to keep the valves open with the help of a nitrogen
supply or a water supply from outside of the containment
[8]. In EPR design, two redundant dedicated severe accident
depressurization valves (SADVs) are added to the pressurizer
to implement rapid depressurization strategy during severe
accidents [9].The valves are designed and qualified to be able
to remain open in severe accident conditions.

With the reference of EPR design, SADV is proposed to
be installed on top of the pressurizer in Chinese improved
PWR and the area of SADV is 0.0048m2. The Chinese
improved PWR has been developed by incorporating the
latest technologies and the experiences in construction and
operation gained from previous nuclear power plants. The
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Figure 1: Node of plant model.

design features are a three-loop RCS design and a 1000MWe
power level with some modifications for severe accidents
prevention and mitigation. In this paper, thermal hydraulic
analysis using mechanical safety analytical code is performed
for three selected high pressure sequences to investigate
the feasibility of rapid depressurization strategy by SADV
activation.

2. Plant Model Description

Chinese Improved PWR is modeled by the mechanical safety
analytical code, which is based on a nonhomogeneous and
nonequilibrium model of two-phase system that is solved by
partially implicit numerical scheme. It employs comprehen-
sive six-equation approach that minimizes the necessity of
empirical correlations.

The node of plant model includes three loops of primary
system, secondary loop, and engineered safety facility as in
Figure 1. The RPV, three hot legs, three steam generators
(SGs), three intermediate legs, three reactor coolant pumps
(RCPs), and three cold legs are modeled for primary system.
The reactor core is simulated as four channels to evaluate
its thermal hydraulic behavior in detail and each channel is
composed of 8 axial volumes. Node 135 represents the core
bypass. One surge line and one pressurizer are attached to one
of the hot legs. Three accumulators are connected to the cold
legs, respectively. The SADV is represented by node 285 and
three pressurizer safety valves are represented by nodes 275,
277, and 279. Node 282 represents the containment.

The steam generator secondary side consists of a cylindri-
cal shell, a downcomer through which the main feedwater or
auxiliary feedwater is supplied, a separator, and a steamdome.
Main steam safety valves, relief valves, and a main steam line
isolation valve are also modeled. The turbine is modeled as
time-dependent volumes by node 685.

3. Accident Sequence Analysis

According to the PSA results of the reference PWR and the
criterion for selecting important severe accident sequences
in 10 CFR 50.54(f) [10], three representational accident
sequences as TMLB’, SBLOCA, andLOFWare selected for the
rapid depressurization assessment. These accident scenarios
have large contribution to the core damage frequency (CDF)
and may cause high pressure core melt. TMLB’ sequences
are the station black out accident with failure of turbine-
driven auxiliary feedwater pump which means total loss of
auxiliary feedwater [11]. For SBLOCA, the break is assumed to
locate at one cold legwith the equivalent diameter of 12.7mm.
The following assumptions are made for the selected three
scenarios.

(i) High-pressure safety injection (HPSI) system are low-
pressure safety injection (LPSI) system are assumed to
be unavailable.

(ii) Accumulators are available.
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Figure 2: RCS pressure without activation of SADV.

(iii) Auxiliary feedwater (AFW) systems are assumed to be
unavailable.

(iv) The RCS pipe failure is not considered.

3.1. Accident Scenarios without SADV Activation. For TMLB’
scenario, reactor scrams at 0.0 s followed by coastdown of
the RCPs, loss of main feed water, and closure of the main
steam isolation valves. The RCS pressure decreases at 0.0 s
due to the reactor scram (see Figure 2). Then the secondary
sides of SGs become empty at 3500 s due to the unavailability
of AFW (see Figure 3). The decay heat of the reactor core
cannot be removed by the SGs, so the RCS pressure rises up
and fluctuates around the setpoint of pressurizer safety valves.
Because the HPSI is assumed to be unavailable, the water
level of RPV begins to drop with large amount of coolant
loss through the safety valves and the reactor core begins to
uncover at 5910 s (see Figure 4). The core temperature rises
rapidly and the core starts to melt at 8430 s (see Figure 5).
Eventually core melts down to the lower head of RPV.

For SBLOCA scenario, the RCS pressure decreases due
to the occurrence of the cold leg break (see Figure 2). The
reactor scrams at 1220 because the low pressure setpoint of
pressurizer is satisfied. The SGs dry up at 4620 due to the
loss of AFW (see Figure 3). Then the RCS pressure rises up
and fluctuates around the setpoint of pressurizer safety valves.
With large amount of coolant loss through the safety valves
and the break, reactor core begins to uncover at 6630 s (see
Figure 4). The core temperature rises rapidly and the core
starts to melt at 8950 s (see Figure 5). Finally core melts down
to the lower head of RPV.

For LOFW scenario, the accident progression is similar
to the TMLB’ scenario but faster due to the delayed reactor
scram. The delay in reactor trip increases the energy stored
inside RCS and accelerates the accident progression. When
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Figure 3: Secondary water level of SG without activation of SADV.
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Figure 4: Water level of RPV without activation of SADV.

the lower head of RPV fails due to creep rupture, the RCS
pressure is 16.5MPa for three selected accidents (see Table 1).

3.2. Accident Scenarios with SADV Activation. If opera-
tors open SADV manually when the core exit temperature
exceeds 650∘C according to the severe accident management
guideline (SAMG) for the three selected accidents, the RCS
pressure will drop (see Figure 6) because large quantity of
coolant is lost through the SADV (see Figure 7). Accumu-
lators will be activated when the RCS pressure reaches the
setpoint (see Figure 8), and water level in RPV will rise up
due to the accumulators injection (see Figure 9). When the
accumulators are empty, the core is uncovered and ultimately
melts down. However, the time when the core starts to melt
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Table 1: Progressions of the three accident sequences.

Without SADV activation With SADV activation
TMLB’ SBLOCA LOFW TMLB’ SBLOCA LOFW

Progression (s)
Start of accident 0.0 0.0 0.0 0.0 0.0 0.0
Reactor shutdown 0.0 1220 20 0.0 1220 20
Opening SADV manually / / / 7410 8100 5630
Accumulator activation / / / 7410 8100 5630
Start of core melt 8430 8950 6470 12450 12610 10020
Lower head of RPV fails 18990 17250 15520 20100 21850 19050

RCS pressure when lower head of RPV fails/MPa 16.5 16.5 16.5 0.55 0.26 0.31
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Table 2: Comparison of RCS depressurization progression for
TMLB’ accident.

Without
natural

circulation

With natural
circulation

Progression (s)
Start of accident 0.0 0.0
Reactor shutdown 0.0 0.0
Opening SADV
manually 7410 8320

Accumulator
activation 7800 8580

Start of core melt 12450 15010
Lower head of PRV
fails 20100 21945

RCS pressure when
lower head of RPV
fails/MPa

0.55 0.28

and lower head of RPV fails is delayed by the activation of
SADV and the injection of the accumulators (see Table 1).

NUREG-1150 mentions that when the RCS-to-contain-
ment pressure difference is less than 1.38MPa when lower
head of RPV fails, the HPME and DCH can be prevented
effectively [12]. This criterion is used in the assessment of
rapid depressurization.Without activation of SADV, the RCS
pressure is 16.5MPa when lower head of RPV fails. HPME
and DCH may happen and cause damage to the integrity of
containment. If operators open SADV manually according
to SAMG, the RCS pressure is decreased and the values of
the three typical sequences at the time of lower head of PRV
failure are 0.55MPa, 0.26MPa, and 0.31MPa, respectively,
which is much lower than 1.38MPa, showing that the HPME
and DCH can be prevented effectively.

4. Analysis of Uncertainties

4.1. Natural Circulation. After the hot legs have been voided
and prior to the loop sealclearing, a countercurrent natural
circulation among the reactor vessel, hot legs, and steam
generator U-tubes may develop. Superheated vapor enters
the top of the hot leg displacing saturated vapor, which then
flows back to the reactor vessel along the bottom of the
hot leg. When hotter vapor enters the steam generator inlet
plenum, it will rise toward the steam generator U-tubes.
Vapor enters some of the tubes, displacing cooler steam that
was in the tubes. Cooler vapor enters the outlet plenum
and then reenters other steam generator tubes, forcing vapor
into the inlet plenum. A density gradient is thus established
between the tubes which supports the natural circulation.
Similarly, in-vessel natural circulation may happen when the
core is uncovered and vapor density gradient is established
because of the temperature difference. The hot vapor rises to
the upper plenum and is cooled by the internal structures.
Then vapor flows back to the core where it is reheated
and the process is repeated. To simulate natural circulation
phenomena, RPV and hot legs model are renodalized (see
Figures 10 and 11) because countercurrent flow of a single
fluid cannot be calculated in a single control volume. Nodes
131–134, 141–144, 151–154, and 161–164 represent the vapor flow
path from core to the upper plenum, respectively. Multiple
junctions are added between them to simulate the crossflow.
Nodes 181–184 represent the vapor flow path from the upper
plenum to core. Nodes 205 and 206 represent the split hot
leg segment to the surge line. Nodes 210 and 211 represent
the segment to the steam generator inlet plenum. The top
pipe carries the hot vapor leaving the upper plenum and
the bottom pipe carries the cooler vapor back to the upper
plenum. The steam generator inlet plenum is split into 3
control volumes to simulate the steam generator inlet plenum
mixing. Node 214 represents the unmixed hot flow entering
the plenum from the top hot leg, node 215 represents the
mixing volume, and node 216 represents the unmixed cold
flow returning from the cold steam generator tubes and
flowing toward RPV via the lower portion of the hot leg.
Node 220 represents 35% of the SG tubes which carry the
hot fluid to the SG outlet plenum and node 221 represents
65% of the tubes which carry the cooler fluid back to the
inlet plenum. This proportion is based on the Westinghouse
natural circulation experiments [13].

The establishment of natural circulation and the accom-
panying exchange of thermal energy from the core to the
upper plenum and coolant loop internals may induce failure
in the RCS before vessel failure is reached [14]. As a result
of enhanced cooling of the core by recirculation steam from
cooler regions, the onset of core damage would be delayed.
This is further enhanced by the mass exchange that will
occur between the upper plenum and SGs. A part of the
core heat is transported to ex-core region by the natural cir-
culation. Table 2 is the comparison of RCS depressurization
progression for TMLB’ accident between the case with con-
sidering natural circulation and the case without considering
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Figure 10: Nodalization of in-vessel natural circulation model.

natural circulation. The time of the whole accident progres-
sion is delayed due to the natural circulation phenomena.
The pressure of RCS when lower head of RPV fails is even
lower with natural circulation.

Without SADV activation, the temperature of the hottest
part of hot leg given by the first node nearest the RPV in the
loop with the pressurizer increases gradually (see Figure 12),
and the hot leg fails at 11470 s. The steam produced by
accumulator water injection explains the quick reduction for
hot leg temperature after SADV activation (see Figure 12).
Afterward the natural circulation is arrested by the forced
flow from the vessel to the pressurizer, and it is not reestab-
lished after discharge because SADVkeeps open.When accu-
mulators are empty, core heats up again and generates hot
gas flowing out of the upper plenum to the pressurizer which
result that in the hot legs increases slowly. Without SADV
activation, the temperature of SG tube increases gradually
(see Figure 13) due to the natural circulation, and the SG
tube fails at 12570 s. The SG tube temperature decreases
when SADV is activated (see Figure 13) because the natural
circulation is arrested by the forced flow from the vessel to
the pressurizer. The SG tube creep rupture can be avoided by
the SADV activation.

Although the creep rupture of pipe in RCS is helpful
to reduce the RCS pressure, it is an uncertain method to
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Figure 11: Nodalization of hot leg natural circulation model.
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Figure 12: Wall temperature of hot leg.

depressurize the RCS. The timing and size of RCS pipe
failure is strongly affected by uncertainties in the heat transfer
characteristics of the core, the amount of heat transferred to
the components in the flow path, and the heat and structural
characteristics of the pipes. Thus, the RCS pipe failure is
not considered in the analysis of intentional depressurization
strategies.

4.2. SADV Valve Area. The discharge capacity is dependent
on the SADV valve area which has impacts on the depres-
surization rate. Several SADV valve areas are chosen for
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Figure 14: Water level of RPV with various valve area.

parametric analysis. The valve area for case 1 is 2.4 e-3m2;
the valve area for case 2 is 3.2 e-3m2; the valve area for
case 3 is 4.8 e-3m2; the valve area for case 4 is 8.71 e-3m2.
With the increase of valve area, the time of accumulator
injection will be earlier and the occurrence of RPV failure
will be earlier too (see Figure 14). The high SADV discharge
rate which induces excessive loss of water inventory in RCS
makes the progression of core degradation to RPV failure
faster without additional core cooling water sources. The
time of RPV failure is 19240 s for case 1, and it is 6320 s
earlier than that for case 4. The water inventory should be
used economically for the depressurization strategy. On the
other hand, with the decrease of SADV valve area, the RCS
pressure reduces more slowly, and the RCS pressure will
increase when the lower head of RPV fails (see Figure 15).
The RCS pressure is 0.96MPa for case 1, and it is 0.82MPa
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Figure 15: RCS pressure with various valve area.

higher than that for case 4. Furthermore, the SADVdischarge
rate should make sure that the injection of the cold water
from accumulator tanks could take place before the core is
severely damaged. It shall avoid accumulator injection after
the onset of core melting to limit the hydrogen production.
Based on a simplified energy balance equation, an optimum
valve area is obtained for Ulchin unit 1 plant, but it needs
further analysis and experiment to support the optimization
of the valve area [15]. How to optimize the valve area should
be further investigated.

5. Conclusions

Chinese improved PWR is modeled using the mechanical
analytical code to analyze rapid depressurization capability
of SADV. The following conclusions can be drawn from the
present work.

(1) Without activation of the SADV, the RCS pressure is
16.5MPawhich induces large risk ofHPME andDCH
when lower head of the RPV fails in the three selected
severe accidents.

(2) With activation of the SADV, the RCS pressure is
low enough to prevent HPME and DCH in the three
selected severe accidents.

(3) Natural circulation results in heat transfer from the
core to the pipes in RCS which may cause the failure
of pipes in RCS and delays the accident progression.
The creep rupture of pipes in RCS can be avoided by
the activation of SADV.

(4) The introduction of SADV with right valve area will
delay progression of core degradation to RPV failure.
Valve area is to be optimized since smaller SADV area
will reduce its effect and too large valve area will lead
to excessive loss of water inventory in RCS andmakes
core degradation progression to RPV failure faster
without additional core cooling water sources.
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Highlights

Rapid depressurization capability for Chinese improved
PWR is assessed using the mechanical analytical code. Three
typical severe accident sequences of TMLB’, SBLOCA, and
LOFW are selected. Natural circulation at upper RPV and
hot leg is considered for the rapid depressurization capacity
analysis. Different SADV valve areas are investigated to the
influence of depressurization of RCS.
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Thermal stress failure caused by alternating operational loads is the one of important damage mechanisms in the nuclear power
plants. To evaluate the thermal stress responses, the Green’s function approach has been generally used. In this paper, a method to
consider varying heat transfer coefficients when using theGreen’s functionmethod is proposed by using artificial parametermethod
and superposition principle. Time dependent heat transfer coefficient has been treated by using a modified fluid temperature and a
constant heat transfer coefficient. Three-dimensional temperature and stress analyses reflecting entire geometry and heat transfer
properties are required to obtain accurate results. An efficient and accurate method is confirmed by comparing its result with
corresponding 3Dfinite element analysis results for a reactor pressure vessel (RPV). From the results, it is found that the temperature
dependent material properties and varying heat transfer coefficients can significantly affect the peak stresses and the proposed
method can reduce computational efforts with satisfactory accuracy.

1. Introduction

Thermal stress failure caused by alternating operational loads
is the one of important damage mechanisms in the nuclear
power plants. The design of major nuclear components for
the prevention of fatigue failure has been performed on the
basis of ASME codes, which are usually very conservative.
The sustained interest in the area of remaining life prediction
arises from the need to avoid costly outages and safety
considerations and to extend the plant operation life. So, it
is very important to monitor the degradation due to thermal
fatigue in order to keep the integrity of major components
during the long term operation.The important step in online
fatigue monitoring is the conversion of plant transients to the
stress responses in the components.

A largely used methodology of stress-based fatigue mon-
itoring is the Green’s Function Technique (GFT), which is an
effective method for online fatigue monitoring system with a
fast algorithm to calculate the thermal stresses corresponding

to actual operating data acquired from sensors. The time
histories of the outputs are evaluated from the time histories
of the inputs by solving a set of convolution integrals. The
only data necessary to perform the calculation are the Green’s
functions of the thermomechanical model, that is, time
histories of thermal stresses due to unit step inputs. Many
researchers [1–5] have shown that the temperature responses
and thermal stresses can be estimated using GFT. In [6], the
approximate analytical models of temperature and thermal
stress in a two-dimensional axis-symmetry object are pre-
sented by using multiple parameter perturbation method,
which can deal with temperature-dependent properties hav-
ing small parameters. In [7], a methodology is proposed
to consider the temperature-dependent material properties
having no small parameters using the artificial parameter
method. However, the nonlinear problem caused by varying
heat transfer coefficients has not been solved. In [8], tem-
peratures at the boundaries of the model are evaluated by
using a FEmodel and thermal stress is computed bymeans of
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the GFT as response to variations of such boundary temper-
atures to deal with varying heat transfer coefficients, but FE
model is still complicate and time consuming.

Since few currently available online fatigue monitoring
systems adopting a conventional GFT algorithm can treat
the nonlinear thermoelastic problems of a three-dimensional
object caused by temperature-dependent properties together
with varying heat transfer coefficients, to reduce the compu-
tational efforts, in this paper, Green’s function approach to the
temperature and stresses in a three-dimensional object are
introduced. Varying heat transfer coefficients are simplified
by the Lagrange polynomial functions. Using the artifi-
cial parameter method, nonlinear problems resulting from
temperature-dependent material properties and varying heat
transfer coefficients have been treated. The method using a
modified fluid temperature to obtain a constant heat transfer
coefficient instead of the real fluid temperature and time
dependent heat transfer coefficient is presented to treat the
time dependent heat transfer coefficients. Comparedwith the
results obtained through FEMmethod, ourmodels are shown
to have satisfactory accuracy. The proposed models are used
for online monitoring the temperatures and thermal stresses
of a reactor pressure vessel.

2. Linearization of Nonlinear
Differential Equation

The temperature distribution in a reactor pressure vessel sat-
isfies this three-dimensional nonlinear differential equation
during a transient thermal conduction process with temper-
ature dependent properties:

𝜌𝑐
𝜕𝑇

𝜕𝑡
=
𝜕

𝜕𝑥
(𝜆
𝜕𝑇

𝜕𝑥
) +
𝜕

𝜕𝑦
(𝜆
𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜆
𝜕𝑇

𝜕𝑧
)

= ∇ ⋅ (𝜆∇𝑇) ,

(1)

where 𝑇 is temperature in object, 𝜆 is thermal conductivity,
𝜌 is density, 𝑐 is specific heat, 𝑡 is time, 𝑥, 𝑦, 𝑧 are coordinate
variables, and∇⋅, ∇ are the three-dimensional divergence and
gradient operators.

The initial temperature of an object is assumed uniform.
The boundary conditions are

𝜆
𝜕𝑇

𝜕𝑛

boi
= ℎ (𝑇, 𝑡) (𝑇boi − 𝑇) , (2)

where boi is the 𝑖th surface, 𝑇boi is the boundary tempera-
ture on the 𝑖th surface, Δ𝑇boi is the boundary temperature
increment on the 𝑖th surface, and ℎ(𝑇, 𝑡) is the heat transfer
coefficient on the 𝑖th surface and can be obtained based on
the dimensionless numbers: Reynolds, Grashof, Prandtl, and
Nusselt numbers. The fluid parameters and boundary condi-
tions, for example, fluid pressure, density, fluid temperature,
and surface temperature are involved in these dimensionless
numbers, it is the function of time 𝑡 and surface temperature
𝑇.

When the temperature changes moderately, the stresses
analysis can be performed followed by the nonlinear transient

thermal analysis. From thermoelastic theory, the isotropic
material object satisfies the following equations related with
temperature:
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(3)

where 𝐸 is young’s modulus, 𝛽 is thermal expansion coeffi-
cient, ] is Poisson’s ratio, 𝜎

𝑥
, 𝜎
𝑦
, 𝜎
𝑧
, 𝜏
𝑥𝑦
, 𝜏
𝑦𝑧
, and 𝜏

𝑥𝑧
are the

components of thermal stresses.
Since temperature-dependent material properties such as

thermal expansion coefficient, thermal conductivity, young’s
modulus, and specific heat have been treated and introduced
in [6, 7], the following analysis only consider temperature-
dependent heat transfer coefficient.

Using the Lagrange polynomial functions, the heat trans-
fer coefficient ℎ(𝑇, 𝑡) can be simplified and expressed as
follows by means of temperature interpolation:
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(4)

where 𝑇
𝑖
, 𝑇
𝑗
are collocation temperature nodes, ℎ

𝑖0
(𝑡), ℎ
𝑖1
(𝑡),

ℎ
𝑖2
(𝑡) are the functions of time 𝑡.
The artificial parameter method is used to solve the non-

linear problems in this paper.The artificial parametermethod
does not require the presence of a small parameter in the
nonlinear ordinary differential equation. The method can
obtain approximate solutions of nonlinear ordinary differen-
tial equations by introducing an artificial parameter in the
equations and assuming that the solutions can be expanded
in terms of this artificial parameter [9–11].

Substituting (4) into (1), introducing an artificial param-
eter 𝜁 so that (1) becomes
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(5)
where 𝜁 ∈ [0, 1] and (5) coincides with (1) for 𝜁 = 1.
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The solutions of temperature for the nonlinear problem
can be written as analytical function of 𝜁 according to the
theory of perturbation:
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(6)

Substituting (6) into (2) and (5), inducing the termswhich
have the same power of 𝜁, we can get the following linear heat
transfer problem:
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Thus, the nonlinear thermoplastic problem has been lin-
earized. After linearized the governing equations using arti-
ficial parameter method, one can calculate directly tempera-
ture by GFT.

3. Time Dependent Heat Transfer Coefficients

Though (7) can be calculated directly by means of GFT, it is
difficult to evaluated Green’s function since the heat transfer
coefficients are time dependent. In [7], temperatures at the
boundaries of the model are evaluated by using a reduced FE
model and thermal stress is computed by means of the GFT
as response to variations of such boundary temperatures to
deal with varying heat transfer coefficients, but FE model is
complicate and time consuming. In this paper, we present a
different method to treat the time dependent heat transfer
coefficients. The key idea is that a modified fluid temper-
ature is used to obtain a constant heat transfer coefficient
considering the real fluid temperature and time dependent
heat transfer coefficient. Temperatures and thermal stresses
are evaluated by a modified fluid temperature and a constant
heat transfer coefficient.

The modified fluid temperature meets the following
thermal flux conservation equation:

ℎ (𝑡) (−𝑇 + 𝑇boi) = ℎ𝑚 (−𝑇 + 𝑇𝑚boi) , (9)

where ℎ
𝑚
is a modified constant heat transfer coefficient and

𝑇𝑚boi is a modified fluid temperature.
From (9), one can obtain

𝑇𝑚boi =
ℎ (𝑡) (−𝑇 + 𝑇boi)

ℎ
𝑚

+ 𝑇. (10)

If ℎ
𝑚
is selected, one can obtain the temperatures 𝑇 at the

boundaries of the model by the following equation:

𝑇 = ∑

𝑖

𝑡

∑
𝜏=𝑡𝐷

[𝐺boi (𝑡 − 𝜏) Δ𝑇𝑚boi (𝜏)] , (11)

where Δ𝑇𝑚boi(𝑡) is the 𝑖th increment of the modified fluid
temperature; 𝐺boi(𝑡) is the temperature step responses on the
surface at and time 𝑡when inputting step signal and a constant
heat transfer coefficient ℎ

𝑚
.

From (10) and (11), one can obtain the modified fluid
temperature, accordingly, temperatures and thermal stresses
at any point are evaluated by the modified fluid temperature
and the constant heat transfer coefficient.
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Table 1: Materials properties of the cylinder.

𝜆 𝜌 𝐶 𝛽 ∗ 10
−5

𝐸

(W/m/∘C) (Kg/m3) (J/Kg/∘C) (1/∘C) (GPa)
37.4 7800 417 1.0344 214.5

z = 0 zL
h, Tboi

R

r Xcr

T|t=0 = T|z=0 = T|z=l = 0

Figure 1: Geometry and boundary conditions of the cylinder.
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Figure 2: Time histories of boundary fluid temperatures for ℎ =
8000 and modified boundary fluid temperatures for ℎ = 800.

To verify the accuracy of temperatures and thermal stress-
es evaluated by the modified fluid temperature and the con-
stant heat transfer coefficient, the temperature and thermal
stress calculations of a cylinder were performed by using the
present method.

Geometrical dimensions and boundary conditions of the
cylinder are plotted in Figure 1. The radius of the cylinder is
0.5 m, the length is 2m, the initial temperature is assumed as
0∘C.

The heat transfer coefficients considered are 8000W/m2/
∘C and 80W/m2/∘C, the modified heat transfer coefficient is
constant and equal to 800W/m2/∘C.

Time histories of fluid temperatures on the outer surfaces
are rising at the rate of 1∘C/min during 560minutes.Thepoint
calculated is selected at the coordinate Xcr(𝑟 = 0.5, 𝑧 = 1.05).
Material properties of the cylinder are listed in Table 1.

Figure 2 shows time histories of boundary fluid tempera-
tures for ℎ = 8000 andmodified boundary fluid temperatures
for ℎ = 800. Figure 3 shows time histories of temperatures
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Figure 3: Time histories of temperatures calculated by FEM for
ℎ = 8000 and present method using modified boundary fluid tem-
peratures for ℎ = 800 at critical point.

0

20 Time (min) 
St

re
ss

es
 (M

Pa
) 

h = 8000, calculated by FEM 
h = 800, calculated by present method 

120 240 360 480

−20

−40

−60

−80

−100

−120

−140

Figure 4: Time histories of axial stresses calculated by FEM for
ℎ = 8000 and present method using modified boundary fluid tem-
peratures for ℎ = 800 at critical point.

calculated by FEM for ℎ = 8000 and present method using
modified boundary fluid temperatures for ℎ = 800 at the
critical point.

Figure 4 shows time histories of axial stresses calculated
by FEM for ℎ = 8000 and present method using modified
boundary fluid temperatures for ℎ = 800 at the critical point.
Figure 5 shows time histories of tangential stresses calculated
by FEM for ℎ = 8000 and present method using modified
boundary fluid temperatures for ℎ = 800 at the critical point.

Figure 6 shows time histories of boundary fluid temper-
atures for ℎ = 80 and modified boundary fluid temperatures
for ℎ = 800. Figure 7 shows time histories of temperatures
calculated by FEM for ℎ = 80 and present method using
modified boundary fluid temperatures for ℎ = 800 at the
critical point.

Figure 8 shows time histories of axial stresses calculated
by FEM for ℎ = 80 and present method using modified
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Figure 5: Time histories of tangential stresses calculated by FEM
for ℎ = 8000 and present method using modified boundary fluid
temperatures for ℎ = 800 at critical point.
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Figure 6: Time histories of boundary fluid temperatures for ℎ = 80
and modified boundary fluid temperatures for ℎ = 800.
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Figure 7: Time histories of temperatures calculated by FEM for ℎ =
80 and present method usingmodified boundary fluid temperatures
for ℎ = 800 at critical point.
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Figure 8: Time histories of axial stresses calculated by FEM for ℎ =
80 and present method usingmodified boundary fluid temperatures
for ℎ = 800 at critical point.
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Figure 9: Time histories of tangential stresses calculated by FEM
for ℎ = 80 and present method using modified boundary fluid
temperatures for ℎ = 800 at critical point.

boundary fluid temperatures for ℎ = 800 at the critical point.
Figure 9 shows time histories of tangential stresses calculated
by FEM for ℎ = 80 and present method using modified
boundary fluid temperatures for ℎ = 800 at the critical point.

In the two cases, the temperatures and thermal stresses
obtained by the model using the modified fluid temperature
and the modified heat transfer coefficient agree well with
those calculated by FEM using the original heat transfer
coefficients and fluid temperature.

4. Result Comparisons and Application

The proposed models can be used for online monitoring the
temperatures and thermal stresses of a reactor pressure vessel.

Figure 10 shows a typical three-dimensional RPV model
in a nuclear power plant and employed in the present work.
The finite elementmodel was prepared to get the temperature
and stress variation at concerned regions.

As shown in Figure 10, the RPV considered is that of a
4-loop PWR with an internal diameter of 5000mm, a wall
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Figure 10: A three-dimensional finite element model showing critical points and geometrical dimensions.

Table 2: Materials properties of RPV.

Temperature (∘C) 𝜆 𝜌 𝐶 𝛽 ∗ 10
−5

𝐸

(W/m/∘C) (Kg/m3) (J/Kg/∘C) (1/∘C) (GPa)
20 45.4 7800 450 1.0344 204.1
100 44.4 7800 490 1.13 196.3
200 43.2 7800 520 1.23 188.6
300 41.8 7800 560 1.34 180.2

thickness of 240mm.One symmetrical slice of 45∘ out of 360∘
of the full model is used.The RPV was made of 22NiMoCr37.

The material properties considered in the present anal-
ysis are shown in Table 2. The analysis was performed by
using the general-purpose finite element program, ANSYS.
Solid87, and 92 models, 3-D 10-Node Tetrahedral thermal,
and structural solids are adopted in this paper. In order to
evaluate the quantitative difference between FEM and the
present method analyses, Temperature and thermal stress
results are compared in 3 critical points A, B, and C, as shown
in Figure 10.

Figure 11 shows a typical heat-up and cool-down transient
operation. Time histories of fluid temperatures on the inner
surfaces are rising at the rate of 2∘C/min from 0∘C during 150
minutes, holding on during the following 180 minutes, and
then dropping to 0∘C during 120 minutes.

The varying heat transfer coefficients are taken as a linear
increase from600W/m2/∘C to 800W/m2/∘C for convenience,
the modified heat transfer coefficient is taken as a const and
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Figure 11: Time histories of boundary fluid temperatures.

equals to 800W/m2/∘C. The outer surface of the model is
assumed to be thermally insulated. A thermal stress analysis
for a unit step change of the boundary temperature time his-
tory is performed to calculate Green’s functions at the critical
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Figure 12: Calculated Green’s functions of temperature at critical
points A, B and C.

points.The calculated Green’s functions of temperature at the
critical points for the heat transfer coefficient ℎ = 800W/m2/
∘C are presented in Figure 12. Figure 13 shows the calculated
Green’s functions of the 𝑥, 𝑦, 𝑧, and shear stress components
for the heat transfer coefficient ℎ = 800W/m2/∘C at points A,
B, and C.

Figure 14 shows the results of temperature errors calcu-
lated by FEM with temperature-independent material prop-
erties and constant heat transfer coefficients ℎ = 800W/m2/
∘C and by the present method with temperature-dependent
properties and varying heat transfer coefficientswhen serving
the temperature calculated by FEM with temperature depen-
dent properties and varying heat transfer coefficients as a
standard at critical points identified in Figure 10.

Figure 15 presents the comparison results of stress com-
ponents 𝜎

𝑧
calculated by FEM and the method presented.

Figure 16 presents the comparison results of von-mises stress
calculated by FEM and the method presented.

It is shown obviously that when considering temperature
dependent properties and varying heat transfer coefficients,
the results have distinct difference with those calculated with
constant properties by FEM. However, Results presented in
this paper show that the accuracy of stress calculated via the
present models are satisfactory. Furthermore, we can get
more accurate results when considering the second and high-
er orders of small parameters.

5. Conclusions

The temperature-dependent material properties and varying
heat transfer coefficients have significant effect on the tem-
perature and thermal stresses. Therefore, to monitor fatigue
damage by using the Green’s function method for real oper-
ating conditions in a nuclear power plant, it is required to
consider the temperature dependency of the material prop-
erties and varying heat transfer coefficients which affect the
maximum stress ranges for a fatigue evaluation.
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Figure 13: CalculatedGreen’s functions of thermal stresses at critical
points A, B, and C.

In this paper, a method to consider temperature-depend-
ent material properties and varying heat transfer coefficients
when using theGreen’s functionmethod is proposed by using
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Figure 14: Temperature errors calculated by FEMwith temperature-
independent material properties and constant heat transfer coeffi-
cients and by the method presented with temperature-dependent
properties and varying heat transfer coefficients compared with
FEM with temperature-dependent properties and varying heat
transfer coefficients at critical points.

artificial parameter method and superposition principle to
reduce the computational efforts. Time dependent heat trans-
fer coefficient has been treated by using a modified fluid tem-
perature and a constant heat transfer coefficient. The pro-
posedmethod is expected to delivermore accurate fatigue life
evaluation for the real operating conditions of RPV and, also,
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Figure 15: Stress components 𝜎𝑧 calculated by FEM with tem-
perature-independentmaterial properties and constant heat transfer
coefficients, by the method presented with temperature-dependent
material properties and varying heat transfer coefficients and by
FEM with temperature-dependent material properties and varying
heat transfer coefficients at critical points A, B and C.

applicable to a real-time fatigue monitoring system with high
accuracy.

There are still some limitations in the use of the GFT:
the severe thermal transient case that could result in a high
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Figure 16: Von mises stresses calculated by FEMwith temperature-
independent material properties and constant heat transfer coef-
ficients, by the method presented with temperature-dependent
material properties and varying heat transfer coefficients and by
FEM with temperature-dependent material properties and varying
heat transfer coefficients at critical points A, B and C.

degree of a nonlinear temperature distribution through a
wall thickness and the case that actual geometry changes on
susceptible regions subject to certain types of degradation
mechanisms such as flow accelerated corrosion, erosion, and
cracking.The authors plan to conduct further research on the
online fatiguemonitoring system to solve these problems and
performance improvement of the system.
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The objective of this study is to find out the impact of instrumentation and control (I&C) components on the availability of I&C
systems in terms of sensitivity analysis using Bayesian network. The analysis has been performed on I&C architecture of reactor
protection system. The analysis results would be applied to develop I&C architecture which will meet the desire reliability features
and save cost. RPS architecture unavailability 𝑃(𝑥 = 0) and availability 𝑃(𝑥 = 1) were estimated to 6.1276𝐸 − 05 and 9.9994𝐸 − 01
for failure (0) and perfect (1) states, respectively.The impact of I&C components on overall system risk has been studied in terms of
risk achievement worth (RAW) and risk reduction worth (RRW). It is found that circuit breaker failure (TCB), bi-stable processor
(BP), sensor transmitter (TR), and pressure transmitter (PT) have high impact on risk. The study concludes and recommends that
circuit breaker bi-stable processor should be given more consideration while designing I&C architecture.

1. Introduction

The last two decades are the witnesses of rapid develop-
ment of digital technology in the nuclear industry. Though
instrumentation and control (I&C) architecture of nuclear
power plants has been established to a certain level, yet it is
design dependent and not standardized for all the industry.
Holbert and Lin highlighted the need of improved methods
for monitoring, control, and diagnostics due to economic
constraints and applied fuzzy logic to enhance plant avail-
ability by assessing equipment condition [1]. I&C architecture
of safety and protection systems in case of research reactors
is also not standardized and research on the reliability is
needed to demonstrate an optimized architecture for business
as well as standardization. Moreover it is essential to find
which architecture will perform better among digital, analog,
or hybrid designs. Digital I&C still has to win confidence
because advent of digital I&C systems in nuclear power
plants has created new challenges for safety analysis and it

is necessary to quantify the risk impact of digital systems
specially related to software, processing unit (CPU), and
common cause failures [2]. Therefore suitable architecture
should be identified.

In spite of technical basis, research on I&C architecture of
research reactor is also based on social demand. The steadily
increasing demand of research reactors by educational and
research institutes nationwide as well as international is basis
for this research. At present, there are 232 operating research
reactors worldwide which differ in design based on objective.
There are many types of research reactors, such as pool, tank
type, miniature, and so forth, with specific designs. However;
the International Atomic Energy Agency (IAEA) performed
studies on research reactors and categorized them into two:
low power and medium (0.250–2.0MW) and high power
research reactors (2–10MW) [3, 4]. A national endeavor for
commercial standardized design is yet required.

In order to meet this demand, a research reactor project
was initiated in Korea with the collaboration of educational
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and research institutes. The study performed under this
project has the objective to develop I&C architecture for low
power research reactors, optimized between availability and
cost. The level of reliability, which would be sufficient for
protection and safety systems in case of research reactors,
should be found out under this project. Architecture meet-
ing this level of reliability should fulfill all the regulatory
requirements as well as operational demands with optimized
cost of construction. The scope of study in this paper is to
analyze reliability features like unavailability and component
sensitivity, which does not cover the full objective of the
project; rather it is a footstep to achieve the main goal. The
study presented in this paper will be the basis that will lead
towards the optimization between reliability features and
cost. This research will help the designers to consider the
sensitivity of component while constructing I&C architecture
to attain the desired availability.

In this paper, we formulated reactor protection system
(RPS) I&C architecture and performed reliability and impor-
tance analysis of I&C components and modules of this
architecture. Sensitivity study is important to get the insight
of risk contribution from each component in a complex
system. Kamyab et al. made an endeavor to find the sensitivity
of software and software induced common cause failures to
digital reactor protection system using fault tree technique
[5]. Due to digitization of I&C systems, Yaguang and Russell
also proposed a systematic reliability estimation method for
digital I&C systems which uses fault tree to find system
unreliability, Boolean algebra to get minimal cut sets, and
flow networks for software reliability [6]. Contrary to this,
we used Bayesian network to model system architecture. We
did not generate cut sets because they are usually thousands
in numbers depending upon the system complexity and
analysis also becomes difficult. Instead of generating cut sets
and taking their summation for certain basic event to find
importance, it is easy to find importance by taking a node
granted failure or success without truncation error. Bobbio
et al. showed that fault tree can be directly mapped into a BN
and inferred that BNs are more suitable to represent complex
dependencies among components and to include uncertainty
in modeling [7]. Here reliability block diagram (RBD) was
mapped to Bayesian network (BN) model by keeping all
functions and logics of operation intact. The generic failure
data was used for the reliability study. The risk importance
analysis of I&C modules and components like bi-stable
processor (BP), coincidence processor (CP), transmitter (TR)
is performed based on BN model. The details of technique,
description of modeling, and analysis results are presented in
succeeding headings with the conclusion.

2. Analysis Technique: Bayesian Network

Bayesian network has a lot of applications in the reliability
area. Langseth and Portinale compiled the application of BN
in reliability areas and concluded that Bayesian networks
(BNs) have become a popular tool for modeling many kinds
of statistical problems. They also highlighted the increasing
use of BNs by reliability analysis community in reliability

applications due to its prominent features and modeling
framework [8]. In this research Bayesian network has been
selected for the analysis because it has the ability to handle
complex models with ease and has well established proba-
bilistic theory. Since the last decade, BN models have been
increasingly applied to dependability analyses to find solu-
tions of reliability, availability, andmaintainability in aviation
and other industries [9]. In one of the previous researches,
Boudali and Dugan developed the Bayesian models by
transformation of dynamic fault tree (DFT) for probabilistic
analysis and showed that BN based reliability formalism is a
powerful potential solution to system components behaviors
and interactions [10]. But mapping of conventional and
dynamic fault trees to BN models requires the development
of fault trees.

On the other hand, transformation of RBD or directed
acyclic graph (DAG) to BN was also considered in reliability
area. Jinhua et al., in this regard, claimed that they proposed
a method for reliability modeling and assessment of a mul-
tistate system with common cause failure by using graphic
DAG representation and uncertainty reasoning of Bayesian
network (BN) [11]. In the late nineties, Torres-Toledano and
Succar presented work showing the modeling of BN based
on reliability block diagrams [12]. But the prerequest of this
technique is the identification of path sets of system and
this becomes very laborious in case of complex systems like
RPS with four channels. In case of complex system, it can
producemisleading results because of incorrect identification
or insufficient path sets. However, Kim proposed a method
by the use of which RBD can be extended to reliability
block diagram with general gates (RBDGG) and can easily
be mapped to BN models with general “AND,” “OR”, and
“K out of N (KooN)” gates [13]. If the system has a limited
failure data on failure modes, it is notable to use BN for
availability analysis. It is easier to construct a BN model than
develop a fault tree and BN also yields exact results based on
conditional probabilities. Daemi et al. also did a similar study
and presented a method to construct the BN for composite
power systems. They recommended that BN can be used to
perform different probabilistic assessments such as ranking
the criticality and importance of system components from
reliability perspective [14]. The use of fault tree instead of
BN is good when one is interested to know the detail of
failure modes in terms of cut sets but here we are interested
in importance of components not in their failure modes, so it
is beneficial to use BN, which will reduce the effort and give
the reliable numbers for analysis.

We used RBDGG to BN modeling technique by keeping
all the logic and function preserved for each node of BN
model.Thismodel was used to find the reliability features and
sensitivity of each component to overall risk of system and the
results of this study would be applied to architecture redesign
to achieve aforementioned goals of the project. It is important
to note that this type of analysis is performed for the first time,
in which component sensitivity is quantified.This impact will
be considered during the design phase of I&C architecture.

Application of Bayesian network and theory to I&C
systems is explained in the coming paragraph as well as in
Section 3. If𝑋 and 𝑌 are two random occasions with the fact
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Figure 1: Illustrative case for BN analysis.

that 𝑃(𝑌) > 0, then conditional probability of 𝑋 that 𝑌 has
happened, can be defined by BayesianTheorem. We have

𝑃 (𝑋 | 𝑌) =
𝑃 (𝑌 | 𝑋) 𝑃 (𝑋)

𝑃 (𝑌)
, (1)

where 𝑃(𝑋) is termed as a prior probability. If 𝑋 has 𝑛 states
of happening, that is, 𝑥

1
, 𝑥
2
, 𝑥
3
, . . . , 𝑥

𝑛
, then total probability

theorem takes the following form:

𝑃 (𝑌) =

𝑛

∑

𝑖=1

𝑃 (𝑌 | 𝑋 = 𝑥
𝑖
) 𝑃 (𝑋 = 𝑥

𝑖
) . (2)

For illustration, an example of reactor protection actuation
failure 𝑋, which is dependent on failure of two channels 𝑇

1

and 𝑇
2
, is depicted in Figure 1. The channels are affected by

the common cause failure 𝐶. Arcs among nodes represent
the dependence among the nodes. 𝐶 is the input node while
𝑋 has no outgoing arcs and output node. Joint probability
distribution for case in Figure 1, using the chain rule of joint
probability, can be given as follows:

𝑃 (𝐶, 𝑇
1
, 𝑇
2
, 𝑋)

= Π (𝑃 {nodes | parent nodes})

= 𝑃 (𝐶) ⋅ 𝑃 (𝑇
1
| 𝐶) ⋅ 𝑃 (𝑇

2
| 𝐶, 𝑇
1
) ⋅ 𝑃 (𝑋 | 𝐶, 𝑇

1
, 𝑇
2
) .

(3)

Since the events are dependent on each other within the
Bayesian network, the derivation of posterior probability
from prior probability is a viable method for reliability
assessment of complex system. By the use of BN, it is
possible to perform importance and sensitivity analysis of
components and modules through a backward analysis.

3. System Architecture and Bayesian Theory

Instrumentation and control (I&C) systems are centralized
systems which have interface with almost all systems at
the plant. The salient I&C systems are reactor protection
system (RPS), engineering safety features actuation system

Interfaces of RPS components with other systems

(1) Sensors  
Process I and C system

In-core and ex-core instrumentations

(2) Bi-stable processor  

(3) Coincidence processor  

Solid state logic protection 
system (responsible for 
assessment, voting, and
initiation of decision)

(4) Initiation and actuation circuit   
Engineering safety 
features actuation 
system (ESFAS)

(5) Reactor circuit breakers    

Manual reactor trip 
(main control room 
and emergency 
control room)

(6) Control rod drive mechanism (CRDM)  
Shutdown 
assembly 

Figure 2: Reactor Protection System components and Interfaces
with Other Systems.

(ESFAS), reactor protection system interlocks, control rod
control system, and ex. Core and in Core instrumentation
system. In this paper, RPS will be discussed onward. Reactor
protection system (RPS) compares the operating parameters
with set points and initiates the scram to protect the core
by inserting shutdown control rods. It also works in case
of external hazard. RPS consists of sensors, analog/digital
protection logic, actuation circuit, and circuit breakers.
The constituents of RPS components and their interfaces
with other systems are described in Figure 2. Sensors are
connected to analog/digital circuitry consisting of 2 to 4
redundant monitoring channels for process and in-core and
ex-core parameters. They generate either a pulse or easily
comparable current/voltage based number. The signals are
compared with set points in bi-stable processor (BP) and
then it sends signal to coincidence processor (CP) after
assessment.

CP receives signals from BPs of other channels and
confirms the voting logic before initiating the ESFAS and
scram relays. The functioning of RPS at plant is depicted in
Figure 3, in which it is shown that RPS receives operating
parameters from core (in-core) to distribution grid and keeps
eye on their variation.

Ex-core parameters are indirectly used for scram. These
parameters are used to calculate departure from nucleate
boiling (DNBR) and linear power density (LPD) in core
protection calculator system (CPCS). These are basically fuel
acceptable design limits.When these limits exceed the design
criteria, RPS inserts reactor trip through reactor breaker
system (RBS) and ESFAS actuates safety system valves and
pumps using component control system (CCS). This process
is described in Figure 3.
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Rx 

Trip 
RPS

Ex-core I&C

In-core I&C

Process
I&C

CPCS

ESFAS CCS

RBS

Plant field 
parameters

Assessment 
and decision

Operation 
and action

Physical 
operation
in field 

LPD   DNBR

Actuation 

Figure 3: Working interfaces of RPS.

The design of reactor protection system varies from plant
to plant. The concept of redundancy to fulfill single failure
criteria and other design requirements is implemented in the
architecture design. RPS consists of four channels in high
power reactors with trip logic of 2/4 (2 out of 4) with dual
intra channel redundancy. On contrary to this, three-channel
architecture with dual intrachannel redundancy or four-
channel configuration with single intrachannel redundancy
may perform well for all kinds of research reactors. This
proposed architecture will meet the requirement of physical
separation and single failure criteria.

The RPS I&C system architecture was transformed to
reliability block diagram (RBD) formodeling ease inBayesian
network, as shown in Figure 4. I&C system consists of four
channels, which are represented here with 𝑇

𝑖
, where 𝑖 varies

from 1 to 4, representing the number of channels. The
variation of index 𝑖 from 1 to 4 indirectly shows the channels
A, B, C, and D, respectively (1 = A, 2 = B, 3 = C, and 4 = D).

Each channel consists of components andmodules which
have their names but for ease of analysis these are represented
by𝑋
𝑖1
, 𝑋
𝑖2
, . . . , 𝑋

𝑖10
. In this notation,𝑋

11
and𝑋

410
represent

Transmitter and sensor (TR A) of channel A and circuit
breaker (TCBD) of channel D, respectively.

Two failure states for each component are considered in
this study, which are 0 and 1. State 0 represents the failure
state and 1 represents the perfect operational state.The capital
letters, in further analysis, will just represent the node and
small letters would show the failure states of that node.

Before detail modeling of RPS, it is first converted into
simple model consisting of four channels and a final trip
failure, as shown in Figure 5. The failure of each channel
(train) 𝑡

𝑖
is based on the failure of each component of the

channel as follows:

𝑡
𝑖
= min (𝑋

𝑖1
, 𝑋
𝑖2
, . . . , 𝑋

𝑖10
) for 𝑖 = 1, 2, 3, 4. (4)

The failure and perfect states of RPS I&C architecture are
denoted by 𝑥 and are explained by the relation shown in (5).
The numbers of combinations are 2𝑛, where 2 represents the

number of states and 𝑛 shows the number of channels. In this
case, combinations are 16 based on four channels.

The operational logic of RPS I&C systems is 3 out of 4
(3oo4). Based on this logic, 5 combinations out of 16 would
belong to success state (1) while the rest (𝑡

1
𝑡
2
𝑡
3
𝑡
4
) are leading

to failure state (0) as follows:

𝑥 =

{{{

{{{

{

0 (𝑡
1
𝑡
2
𝑡
3
𝑡
4
) ∈ (
(0000) , (0001) , (0010)

(0011) , . . . , (1100) , (1000)
)

1 (𝑡
1
𝑡
2
𝑡
3
𝑡
4
) ∈ (
(0111) , (1011) , (1101)

(1110) , (1111)
) .

(5)

The conditional probabilities for each state of four chan-
nels can be described mathematically. The channel would
surely be in failure state, if all or directly affecting components
are in failure state (0) and channel would be in perfect state if
all components are perfect as follows:

𝑃 (𝑡
𝑖
= 0 | 𝑋

𝑖1
, 𝑋
𝑖2
, . . . , 𝑋

𝑖10
) = 1 if 𝑋

𝑖1
, 𝑋
𝑖2
, . . . , 𝑋

𝑖10
= 0

𝑃 (𝑡
𝑖
= 1 | 𝑋

𝑖1
, 𝑋
𝑖2
, . . . , 𝑋

𝑖10
) = 1 if 𝑋

𝑖1
, 𝑋
𝑖2
, . . . , 𝑋

𝑖10
= 1.

(6)

Reactor trip 𝑥 states would be dependent on the availability
of channels and can be described as follows:

If (𝑡
1
𝑡
2
𝑡
3
𝑡
4
) ∈ (
(0000) , (0001) , (0010)

(0011) , . . . , (1100) , (1000)
)

Then

𝑃 (𝑥 = 0 | 𝑡
1
, 𝑡
2
, 𝑡
3
, 𝑡
4
) = 1

𝑃 (𝑥 = 1 | 𝑡
1
, 𝑡
2
, 𝑡
3
, 𝑡
4
) = 0.

(7)

On contrary to this, if 3 out of 4 (3oo4) logic is satisfied by
the four channels, then final failure state is decided with the
failure probability (𝜆) of reactor trip CRDM and perfect state
would be 1 − 𝜆 as follows:

If (𝑡
1
𝑡
2
𝑡
3
𝑡
4
) ∈ (
(0111) , (1011) , (1101)

(1110) , (1111)
)

Then

𝑃 (𝑥 = 0 | 𝑡
1
, 𝑡
2
, 𝑡
3
, 𝑡
4
) = 𝜆

𝑃 (𝑥 = 1 | 𝑡
1
, 𝑡
2
, 𝑡
3
, 𝑡
4
) = 1 − 𝜆

(8)

4. Bayesian Network Model and Failure Data

The function of RPS I&C architecture is to initiate a scram
signal, if the input parameters from digital and/or analogue
sensor exceed the set point parameters. It compares and
assesses the input from various channels and if the voting
logic is satisfied, then it performs the trip. Since this system
has input from 15 to 20 parameters from plant field, it can be
described as a random process.That is why Bayesian network
is selected for this analysis. BN is a suitable choice for charac-
terizing the dependency and uncertainty of random process
[15]. For this purpose, RBD of proposed I&C architecture was
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(X21)

TR D
(X41)

Figure 4: RBD of RPS I&C architecture.

developed by preserving all the functions and logics of the
system. RBD was converted into BN model using AgenaRisk
Professional, as shown in Figure 6.

The model shows the propagation of failure from trans-
mitter and sensor to final trip failure. The components
and modules which constitute a channel are Sensor (TR),
pressure/level transmitter (PT), analog input (AI), digital
input (DI), bi-stable processor (BP), coincidence processor
(CP), digital output (DO), shunt circuit (ST), under voltage
circuitry (UV), and circuit breaker (TCB). The subscripts A,
B, C, and D show the channel ID. Finally the reactor trip (Rx
Trip), also shown as 𝑋 is the scram failure through CRDM.
Two states, 0 and 1 representing failure and perfect, respec-
tively, were assigned to each component in the model. Node
probability table for each node representing a component is

prepared based on the analysis shown in the relation between
(7) and (8). The conditional probability table for a node with
four inputs with a success logic of 3 out of 4 (3oo4) is shown
in Table 1.The failure state, in Table 1, is represented by 𝐹 and
perfect (success) state is denoted by 𝑃. The failure probability
𝜆 is a demand base failure. Generic failure data of electronic
as well as nuclear industry were surveyed for I&C component
failures. The well-known generic failure data bases are IAEA
reliability data source, component failure data for research
reactors, and USNRC industry averaged failure data [16, 17].

Since BN analysis is performed with AgenaRisk Profes-
sional, Agena Ltd., which has capability to perform multi-
state failure, time dependent analysis with continuous, inte-
ger or discrete intervals. Regarding the use of failure data in
BN analysis, Marquez et al. concluded that BN framework
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Table 1: Node (conditional) probability table (NPT) for a node with 3 out of 4 (3oo4) logic.

T1 F P
T2 F P F P
T3 F P F P F P F P
T4 F P F P F P F P F P F P F P F P
F 1 1 1 1 1 1 1 𝜆 1 1 1 𝜆 1 𝜆 𝜆 𝜆

P 0 0 0 0 0 0 0 1 − 𝜆 0 0 0 1 − 𝜆 0 1 − 𝜆 1 − 𝜆 1 − 𝜆

Table 2: Failure data for I&C components [17, 23, 24].

ID Failure modes Mean (𝜆) Reference
𝑋
𝑖1

TR Pressure sensor failure 1.7𝐸 − 06/h IAEA-TECDOC-930
𝑋
𝑖2

PT Sensor/transmitter fail to operate (FTOP) 1.17𝐸 − 04/d NUREG-6928
𝑋
𝑖3

AI Analog input failure 1.0𝐸 − 04/d
𝑋
𝑖4

DI Digital input module failure 2.88𝐸 − 04/d
𝑋
𝑖5

BP Bi-stable fail to operate (FTOP) 5.0𝐸 − 04/d NUREG-6928
𝑋
𝑖6

CP Analog (pressure) processor logic module fails 1.57𝐸 − 04/d NUREG-5500, V.2
𝑋
𝑖7

DO Channel (pressure/temp) relay fails 3.94𝐸 − 05/d NUREG-5500, V.2
𝑋
𝑖8

ST Breaker shunt failure 5.81𝐸 − 04/d NUREG-5500, V.2
𝑋
𝑖9

UV Breaker under voltage failure 2.54𝐸 − 04/d NUREG-5500, V.2
𝑋i10 CB Circuit breaker fail to open/close 2.5𝐸 − 03/d NUREG-6928
𝑋 CRDM CRDM failure 1.5𝐸 − 05/d

T1
T2 T3

T4

X (Rx trip)

Figure 5: Failure model of RPS based on four channels.

has the ability to solve any configuration of static and
dynamic gates with general time-to-failure distributions [18]
and hybrid Bayesian networks (HBNs) can be used to find
availability by taking credit of logistics delay times, scheduled
maintenance time distributions, and time-to-failure distri-
butions [19]. The researchers recommend that it is good
to use failure distributions to get reliable results for time
dependent analysis, dynamic features, or maintenance study
using/finding time-to-failure.

Instead of failure distribution, mean failure demands/
rates have been used in this BN model because this analysis
is static and we had intention to find the risk contribution
of components, which is less dependent on time. In order
to make test and surveillance of systems of research reactor
independent of time andmake it demand failure, a time inter-
val of 30 days is considered. The failure of the components
reported in terms of failure rate is made demand failure using

(9), assuming that failure rate remains constant over a time
interval. The failure data for each component with its failure
mode is given in Table 2. We have

𝜆
𝑑
=
1

2
𝜆
𝑟
𝑇, (9)

where, 𝜆
𝑑
is demand failure probability and 𝜆

𝑟
is a failure rate

of component. 𝑇 is the average time span for the surveillance
& test interval of the component.

5. Importance Measures and Criteria

Risk importance measure is a sensitivity study which iden-
tifies impact of a single failure or combination of failures
of components on the overall failure of the system. There
are many kinds of importance measures which are selected
based on the type of analysis and system. In this regard,
Vasseur and Llory [20] recommended risk reduction worth
(RRW) and risk achievement worth (RAW) parameters as a
merit of PSA along with core damage frequency and large
early release frequency. Ramirez-Marquez and Coit [21] also
recommended that RRW, RAW, and FV are most valuable
and commonly used importance measures for the system
and system components which exhibit binary functioning
behavior (i.e., either fully functional or fully failed).

In order to get the deep insight, importance analysis
for measures RRW and RAW is performed using Bayesian
network. Eventually, riskmeasures would give understanding
to differentiate basic events and components into high risk
significant and low risk significant components after compar-
ing with American Society of Mechanical Engineers (ASME)
criteria, given in Table 3. These importance measures give
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Figure 6: Bayesian network nodal model for RPS I&C system.

Table 3: ASME criteria for risk importance.

Sensitivity parameters Risk significance
FV RAW
>0.005 >2.0 High
<0.005 <2.0 Low

insight of component failure contribution and plant designer
can utilize this information tomodify and upgrade desire sys-
tem architecture.The utilitiesmay also get benefits tomanage
surveillance and maintenance schedule with optimization of
cost [5].

6. Risk Achievement Worth (RAW)

Risk achievement worth is a factor which indicates the
amount by which the unavailability will increase, if the failure
of component or basic event is granted.The failure probability
of all components is given in the node probability table and
the final unavailability of reactor trip is calculated. But for
the determination of RAW, the failure probability 𝜆 for 𝑗th
component is set equal to 1 (granted failure) and system
unavailability is calculated as follows:

RAW
𝑗
=
𝑃 (𝑥 = 0 | 𝑥

𝑗
= 1)

𝑃 (𝑥 = 0 | 𝑥
𝑖𝑗
= 𝜆)
, (10)

where 𝑖 (channel index) varies from 1 to 4 and 𝑗 (component
index) varies from 1 to 10.The term𝑃(𝑥 = 0 | 𝑥

𝑗
= 1) is failure

probability of 𝑥 in state 0 (system unavailability), when 𝑗th
component failure probability is set to 1 instead of 𝜆. While

𝑃(𝑥 = 0 | 𝑥
𝑖𝑗
= 𝜆) is system unavailability based on the

demand failures of all components 𝜆
𝑖𝑗
, and it is estimated by

inserting 𝜆
𝑖𝑗
in conditional probability table of BN model.

RAW helps to identify the most crucial and critical
components or failure modes, which are significant with
respect to risk.

7. Risk Reduction Worth (RRW)

Risk reduction worth is an indicator showing the extent by
which risk will decrease, if the component or basic event
never fails. The higher the RRW measure is, the more
sensitive the component to risk would be. It is calculated by
taking the ratio of system basic unavailability to the system
unavailability with granted success of that component (𝜆j =
0) as follows:

RRW
𝑗
=
𝑃 (𝑥 = 0 | 𝑥

𝑖𝑗
= 𝜆)

𝑃 (𝑥 = 0 | 𝑥
𝑗
= 0)
, (11)

where 𝑖 (channel index) varies from 1 to 4 and 𝑗 (component
index) varies from 1 to 10. The term 𝑃(𝑥 = 0 | 𝑥

𝑗
= 0)

is unavailability of 𝑥 in state 0, when 𝑗th component failure
probability is set to 0 (𝜆

𝑗
= 0). While 𝑃(𝑥 = 0 | 𝑥

𝑖𝑗
= 𝜆) is

system unavailability estimated using the demand failures of
all components 𝜆

𝑖𝑗
in BN model.

RRW identifies the critical components or failure modes,
which can be focused for modification and upgrade because
system reliability would increase if these components become
more reliable.
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Table 4: Probability of RPS I&C architecture for failure and perfect
states.

Rx Trip (𝑋) states 0 1
P(𝑥) 6.1276𝐸 − 05 9.9994𝐸 − 01

Table 5: Systemunavailabilitywith certain failure of component and
RAW.

Component Condition 𝑄RPS(𝜆 = 1) RAW
DI

Failure
probability of
respective
component is
set to 1 for
each case.

6.16𝐸 − 05 1.01
AI 6.23𝐸 − 05 1.02
CP 2.58𝐸 − 04 4.20
PT 3.73𝐸 − 03 60.9
TR 3.73𝐸 − 03 60.9
BP 3.731𝐸 − 03 60.89
TCB 7.49𝐸 − 03 122.18
DO 2.58𝐸 − 04 4.20
ST 6.32𝐸 − 05 1.03
UV 6.17𝐸 − 05 1.01

8. Results and Discussion

Probabilistic availability analysis of RPS I&C architecture has
been performed using Bayesian network. I&C architecture
for RPS, consisting of 4 channels, has been proposed for
research reactor and its Bayesian network model has been
constructed for reliability analysis. BN result for reactor trip
(𝑋) states turned out to be 6.1276E-05 and 9.9994E-01 for
failure (0) and perfect (1) states, respectively, as shown in
Table 4. The unavailability of reactor trip (𝑋) (𝑃(𝑥 = 0))
is of an interest parameter and will be used for importance
analysis; it will be denoted by 𝑄RPS(𝜆).

To perform importance analysis, the failure probability 𝜆
was set to 1 for each component and 𝑃(𝑥 = 0 | 𝜆 = 1) or
𝑄RPS(𝜆 = 1) was determined using BN model. The detailed
results for each component in terms of 𝑃(𝑥 = 0 | 𝜆 = 1) are
given in Table 5. RAW for 𝑗th component using the results of
Tables 4 and 5 can be determined by the relation given by the
following equation:

RAW
𝑗
=
(𝑄RPS (𝜆 = 1))𝑗

𝑄RPS (𝜆)
. (12)

Similarly, the failure probability 𝜆 was set to 0 for each
component and 𝑃(𝑥 = 0 | 𝜆 = 0) or 𝑄RPS (𝜆 = 0) was deter-
mined using BN model. These results are given in Table 6
and are used for calculation of RRW as follows

RRW
𝑗
=
𝑄RPS (𝜆)

(𝑄RPS (𝜆 = 0))𝑗
. (13)

RAW and RRW results in Tables 5 and 6 show that these
measures vary with respect to component but some of the
components have equal importance. The variation and com-
parison of RAWmeasure of each component with respect to
ASME criteria can be observed in Figure 7.This figure shows
that four components which are bi-stable processor (BP),

Table 6: System unavailability with success assurance of component
and RRW.

Component Condition 𝑄RPS(𝜆 = 0) RRW
AI

Failure
probability of
respective
component is
set to 0 for
each case.

6.13𝐸 − 05 1.00
DI 6.13𝐸 − 05 1.00
PT 6.09𝐸 − 05 1.01
TR 5.91𝐸 − 05 1.04
CRDM 4.63𝐸 − 05 1.32
TCB 4.27𝐸 − 05 1.43
BP 5.95𝐸 − 05 1.03
CP 6.13𝐸 − 05 1.00
DO 6.13𝐸 − 05 1.00
ST 6.13𝐸 − 05 1.00
UV 6.13𝐸 − 05 1.00

DI AI CP BP TR TCB PT DO ST UV
RIW 1.01 1.02 4.2 60.89 60.9 122.18 60.9 4.2 1.03 1.01
ASME 2 2 2 2 2 2 2 2 2 2
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Figure 7: Risk achievement worth analysis of I&C components.

sensor (TR), circuit breaker (TCB), and pressure transmitter
(PT) are highly sensitive to risk whereas two components
coincidence processor (CP) and digital output (DO) are
comparatively less sensitive to overall failure, as they lie very
near to the criteria.

The rest of RAWmeasures are below the red line, showing
less importance. RAW of TCB gives indication that risk will
increase by more than 120 times, if it fails, while the failure
of BP, TR, and PT will lead the risk to increase by 60-fold,
approximately.

On the other hand, Figure 8 shows the importance of
components in terms of RRW. TCB, CRDM, TR, and BP
came out to be very sensitive components according to RRW
analysis. The criteria of RRW are logical and related with
Fussell-Vesely (FV) importance, as given by (14) [22]. If RRW
of component is less than or equal to 1.005, this component
will either have no impact or very low effect. It shows that
system has same unavailability whether the component has
failure 𝜆 or granted success. We have

RRW = 1
1 − FV
. (14)
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Figure 8: Risk reduction worth analysis of I&C components.

The components whichwere identified less sensitive to risk by
RAWmeasure are ruled out by RRW impact. For instance, CP
and DO were highlighted as sensitive components by RAW
factor at lower bound but these have no or less impact based
on RRW analysis, because their RRW values are 1.

Conclusively, one of the following criteria can be applied
for selection of components with respect to importance
measures.

(a) Components which are highlighted as sensitive by
both parameters are really important and would be
considered during design of architecture.

(b) Alternatively, the highlighted components can be cat-
egorized as less sensitive, medium sensitive, and high
sensitive components in the architecture and they can
be focused accordingly based on need, reliability, and
cost.

TCB, BP, and TR are the components, which are high-
lighted by both importance measures. These components
must be targeted during the design of architecture to enhance
reliability or redundancy and reduce risk. The availability of
TCB should be increased to reduce risk by 120-fold.

9. Summary and Conclusions

Bayesian networks were applied to perform the unavailability
and sensitivity analysis of RPS I&C architecture.

It is the first time to perform such a study, in which
it is attempted to find the component and module based
sensitivity study that will give a direct impact of components
in terms of RRW and RAW on the system unavailability. The
results of this study would be applied to architecture redesign
to achieve aforementioned goals of the project.

BN was preferred to be used for importance analysis over
conventional methods and tools, because it can give more
reliable results with less effort of modeling compared to fault
tree analysis. Fault tree is used to get detail of failure modes,
which happens in the format of cut sets. Truncation of cut sets

introduces the approximation in the final results. Moreover
importance analysis using cut sets becomes complicated
because one basic event may belong to many cut sets and it
is always probable to miss some of the cut sets. Contrary to
FT, BN model can be used easily for sensitivity studies with
certain failures and successes, as discussed in Section 5.

As per objectives of the study, circuit breaker failure
(TCB), bi-stable processor (BP), sensor transmitter (TR),
and pressure transmitter (PT) turned out to be highly
sensitive components according to risk achievement worth.
This importance index for these components shows that risk
will increase by a factor of 122.18 if TCB fails completely and
increment would be almost more than 60-fold if anyone of
BP, TR, or PT fails. RRW also highlighted that some of the
components such as TCB, BP, and TR are sensitive in the way
that risk will decrease by 1.43 times if TCB never fails and
reduction would happen by 1.03 or 1.04 times if BP or TR
remain available all the time.

It is concluded that components which are highlighted
sensitive by both parameters RAW, and RRW, are really
important and should be considered during design of archi-
tecture. This insight would be used to design an optimized
architecture for research reactors, which will give desire
availability and save cost. The study would be extended for
reactor control and monitoring I&C systems in the future.

Acknowledgment

This work was supported by Advanced Research Center for
Nuclear Excellence (ARCNEX) program funded by the Min-
istry of Education, Science and Technology of the Republic of
Korea (Grant no: 2011-0031773).

References

[1] E. KeithHolbert and K. Lin, “Nuclear power plant instrumenta-
tion fault detection using fuzzy logic,” Science and Technology of
Nuclear Installations, vol. 2012, Article ID 421070, 11 pages, 2012.

[2] S. Authén and J.-E. Holmberg, “Reliability analysis of digital
systems in a probabilistic risk analysis for nuclear power plants,”
Nuclear Engineering and Technology, no. 5, pp. 471–482, 2012.

[3] R. Khalil Ur and G. Heo, “Architecture dependent availability
analysis of RPS for research reactor applications,” Transactions
of the Korean Nuclear Society, Gwangju, Republic of Korea,
2013.

[4] International Atomic Energy Agency (IAEA), “The application
of research reactors,” IAEA TECDOC-1234, Vienna, Australia,
2001.

[5] S. Kamyab,M. Nematollahi, andG. Shafiee, “Sensitivity analysis
on the effect of software-induced common cause failure proba-
bility in the computer-based reactor trip system unavailability,”
Annals of Nuclear Energy, vol. 57, pp. 294–303, 2012.

[6] Y. Yaguang and S. Russell, “Reliability estimation for a digital
instrument and control system,” Nuclear Engineering and Tech-
nology, 2012.

[7] A. Bobbio, L. Portinale, M. Minichino, and E. Ciancamerla,
“Improving the analysis of dependable systems by mapping
Fault Trees into Bayesian Networks,” Reliability Engineering and
System Safety, vol. 71, no. 3, pp. 249–260, 2001.



10 Science and Technology of Nuclear Installations

[8] H. Langseth and L. Portinale, “Bayesian networks in reliability,”
Reliability Engineering and System Safety, vol. 92, no. 1, pp. 92–
108, 2007.

[9] P. Weber, G. Medina-Oliva, C. Simon, and B. Iung, “Overview
on Bayesian networks applications for dependability, risk analy-
sis andmaintenance areas,” Engineering Applications of Artificial
Intelligence, vol. 25, no. 4, pp. 671–682, 2012.

[10] H. Boudali and J. B. Dugan, “A discrete-time Bayesian network
reliability modeling and analysis framework,” Reliability Engi-
neering and System Safety, vol. 87, no. 3, pp. 337–349, 2005.

[11] M. Jinhua, L. Yanfeng, H.-Z. Huang, Y. Liu, and X.-L. Zhang,
“Reliability analysis of multi-state system with common cause
failure based on Bayesian networks,”Maintenance and Reliabil-
ity, vol. 15, no. 2, pp. 169–175, 2013.

[12] J. G. Torres-Toledano and L. E. Succar, “Bayesian networks for
reliability analysis of complex systems,” in Proceedings of the
Progress in Artificial Intelligence (IBERAMIA ’98), vol. 1484, pp.
195–206, Springer, Berlin, Germany, 1998.

[13] M. C. Kim, “Reliability block diagram with general gates and
its application to system reliability analysis,” Annals of Nuclear
Energy, vol. 38, no. 11, pp. 2456–2461, 2011.

[14] T. Daemi, A. Ebrahimi, and M. Fotuhi-Firuzabad, “Construct-
ing the Bayesian Network for components reliability impor-
tance ranking in composite power systems,” Electrical Power
and Energy Systems, vol. 43, pp. 474–480, 2012.

[15] A. Ebrahimi and T. Daemi, “Considering the rare events in
construction of the Bayesian Network associated with power
systems,” in Proceedings of the IEEE 11th International Confer-
ence on ProbabilisticMethods Applied to Power Systems (PMAPS
’10), pp. 659–663, June 2010.

[16] International Atomic Energy Agency (IAEA), “Evaluation of
Reliability Data Source,” IAEA TECDOC-504, Vienna, Austria,
1998.

[17] U.S National regulatory Commission, Reliability Study: West-
inghouse Reactor Protection System 1984–1995, NUREG/CR-
5500, vol. 2, INEEL/EXT-97-00740’ Washington, DC, USA,
1998.

[18] D. Marquez, M. Neil, and N. Fenton, “Improved reliability
modeling using Bayesian networks and dynamic discretization,”
Reliability Engineering and System Safety, vol. 95, no. 4, pp. 412–
425, 2010.

[19] M. Neil and D. Marquez, “Availability modelling of repairable
systems using Bayesian networks,” Engineering Applications of
Artificial Intelligence, vol. 25, no. 4, pp. 698–704, 2012.

[20] D. Vasseur and M. Llory, “International survey on PSA figures
of merit,” Reliability Engineering and System Safety, vol. 66, no.
3, pp. 261–274, 1999.

[21] J. E. Ramirez-Marquez and D.W. Coit, “Multi-state component
criticality analysis for reliability improvement in multi-state
systems,” Reliability Engineering and System Safety, vol. 92, no.
12, pp. 1608–1619, 2007.

[22] D.-I. Kang, K.-Y. Kim, and J.-J. Ha, “Importance analysis of In-
service Testing components for ulchin unit 3,” in Proceedings
of the 10th International Conference on Nuclear Engineering
(ICONE ’10), pp. 509–515, April 2002.

[23] International Atomic Energy Agency (IAEA), “Generic compo-
nent reliability data for research reactor PSA,” IAEA TECDOC-
0930, Vienna, Austria, 1997.

[24] U.S National regulatory Commission, Industyry Averaged Per-
formance for Components and Initiating Events at U.S Power
Plants, NUREG/CR-6928, INL/EXT-06-11119,Washington, DC,
USA, 2007.



Hindawi Publishing Corporation
Science and Technology of Nuclear Installations
Volume 2013, Article ID 487604, 6 pages
http://dx.doi.org/10.1155/2013/487604

Research Article
Modification of Neutron Kinetic Code for
Plate Type Fuel Nuclear Reactor

Salah Ud-Din Khan,1 Shahab Ud-Din Khan,2 and Yang Zhifei3

1 King Saud University, P.O. Box 800, Riyadh 11421, Saudi Arabia
2 Institute of Plasma Physics, Chinese Academy of Sciences, P.O. Box 1126, Hefei, Anhui 230031, China
3 College of Nuclear Science and Technology, Harbin Engineering University, Harbin 150001, China

Correspondence should be addressed to Salah Ud-Din Khan; drskhan@ksu.edu.sa

Received 16 July 2013; Revised 2 September 2013; Accepted 17 September 2013

Academic Editor: Wael H. Ahmed

Copyright © 2013 Salah Ud-Din Khan et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The research is conducted on themodification of neutron kinetic code for the plate type fuel nuclear reactor. REMARK is a neutron
kinetic code that works only for the cylindrical type fuel nuclear reactor. In this research, our main emphasis is on the modification
of this code in order to be applicable for the plate type fuel nuclear reactor. For this purpose, detailed mathematical studies have
been performed and are subjected to write the program in Fortran language. Since REMARK code is written in Fortran language,
so we have developed the program in Fortran and then inserted it into the source library of the code. The main emphasis is on the
modification of subroutine in the source library of the code for hexagonal fuel assemblies with plate type fuel elements in it. The
number of steps involved in themodification of the code has been included in the paper.The verification studies were performed by
considering the small modular reactor with hexagonal assemblies and plate type fuel in it to find out the power distribution of the
reactor core. The purpose of the research is to make the code work for the hexagonal fuel assemblies with plate type fuel element.

1. Introduction

Real-time multigroup advanced reactor kinetics (REMARK)
code is developed by the GSE power system used for the real-
time simulation of nuclear reactor core. This code utilizes
two-group, 3D time-dependent diffusion theory in the form
of finite difference equations to simulate nuclear reactor
core. This code has two neutron energy groups to accurately
simulate the characteristics of fast and thermal neutron under
normal and abnormal operating conditions of the nuclear
reactor. The core geometry can be modeled as 3D mesh cell
structure under the limited capacity of computer resources
for real-time applications.Mesh cell sizes are chosen to ensure
that the material properties within cell are homogenous or
heterogeneous depending on the fuel, reflector, shielding, and
so forth. In the REMARK code, there is improved quasistatic
solution for obtaining the flux distribution and six delayed
neutrons to be calculated in each mesh cell. Reactivity feed-
back is based on the core thermal hydraulic conditions like
fuel temperature, coolant temperature, moderator density,

and void fraction. This code can calculate the reactivity
effect of control rod movement and soluble boron. It can
also give the exact neutron flux readings at in-core and
ex-core detector points and utilizes neutron cross-section
for neutronic calculations [1, 2]. This is 3D neutron kinetic
code, but it cannot examine the special kind of geometry
such as hexagonal fuel assemblies. Therefore, the current
research is focused on the modification of the code to make
it applicable for the hexagonal fuel assemblies. The flow
diagram of REMARK code is given in Figure 2.

Themain concern of our research is tomodify the nuclear
reactor core for hexagonal fuel assemblies. The research
on the new developed hexagonal fuel assembly design has
already been done on the supercooled water reactor (SCWR)
to show the moderation capability for the hexagonal fuel
assemblies [3, 4].

The benchmark studies of different calculation schemes
related to reactor design, collision probability, power recon-
struction, and so forth were investigated by ten different
institutes. The focus was to find out the difficulties caused by
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different neutron data reductionmethods and for the homog-
enization of the fuel assemblies [5, 6].

2. Reactor Core Simulation Model

For the hexagonal fuel assemblies we consider the hexagon
𝐴𝐵𝐶𝐷𝐸𝐹 with sides “𝑎” and center “O” as shown in Figure 1.
The distance between opposite sides is denoted by “Δ𝑥” and
the height is denoted by “Δ𝑧” [3]. The area and volume of the
hexagon can be written as

𝑆
𝐴𝐵𝐶𝐷𝐸𝐹

=
√3

2
(Δ𝑥)
2

,

𝑉
𝐴𝐵𝐶𝐷𝐸𝐹

= 𝑆 × Δ𝑧 =
√3

2
(Δ𝑥)
2

Δ𝑧.

(1)

The one-sided area of hexagon can be justified as

𝑆
1
= 𝑎Δ𝑧 =

Δ𝑥

√3
× Δ𝑧 =

√3

3
Δ𝑥Δ𝑧. (2)

We have considered eight sections of adjacent block of hexa-
gon and calculated the neutron diffusion equations.Therefore
the leakage of the neutron diffusion equation integral with
volume of the node is given as

∫
(𝑖,𝑗,𝑘)

∇ ⋅ 𝐷∇𝜙𝑑𝑉 = ∫
𝑠

(𝐷
𝜕𝜙

𝜕𝑛
)𝑑𝑆 = ∑

𝑘

∫
𝑆𝑘

𝐷
𝜕𝜙

𝜕𝑛
𝑑𝑆

= (𝑇11 + 𝑇12 + 𝑇13 + 𝑇14

+𝑇15 + 𝑇16 + 𝑇17 + 𝑇18) ,

(3)

where T11 can be calculated as

𝑇11 = 𝐷
𝑖+1,𝑗,𝑘

𝜙
𝑖+1,𝑗,𝑘

− 𝜙
𝑖+1/2,𝑗,𝑘

Δ𝑥/2

√3Δ𝑦Δ𝑧

3
, (4)

where 𝜙
𝑖+1/2,𝑗,𝑘

is neutrons flux density at the interface.

Since the net flux of neutrons at the adjacent interface is
continuous, so

𝐷
𝑖+1/2,𝑗,𝑘

𝜙
𝑖+1/2,𝑗,𝑘

− 𝜙
𝑖,𝑗,𝑘

Δ𝑥/2
= 𝐷
𝑖+1,𝑗,𝑘

𝜙
𝑖+1,𝑗,𝑘

− 𝜙
𝑖+1/2,𝑗,𝑘

Δ𝑥/2
,

𝜙
𝑖+1/2,𝑗,𝑘

=
𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘

+ 𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘

𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖+1,𝑗,𝑘

.

(5)

Substituting (5) in (4) we get

𝑇11 =
2𝐷
𝑖,𝑗,𝑘

𝐷
𝑖+1,𝑗,𝑘

(𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖+1,𝑗,𝑘

) Δ𝑥
(𝜙
𝑖+1,𝑗,𝑘

− 𝜙
𝑖,𝑗,𝑘

)
√3Δ𝑦Δ𝑧

3
,

𝑇11

𝑉
=

2𝐷
𝑖,𝑗,𝑘

𝐷
𝑖+1,𝑗,𝑘

(𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖+1,𝑗,𝑘

) Δ𝑥
(𝜙
𝑖+1,𝑗,𝑘

− 𝜙
𝑖,𝑗,𝑘

)

×
(√3Δ𝑦Δ𝑧) /3

((√3/2) Δ𝑥Δ𝑦Δ𝑧)

=
4𝐷
𝑖,𝑗,𝑘

𝐷
𝑖+1,𝑗,𝑘

3 (𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖+1,𝑗,𝑘

) Δ𝑥2
(𝜙
𝑖+1,𝑗,𝑘

− 𝜙
𝑖,𝑗,𝑘

) .

(6)

Similarly T12, T13, T14, T15, and T16 can be calculated as T11
and have the same value as T11. T17 is an integral on the top,
whereas T18 is an integral on the bottom and can be written
as

𝑇17 = 𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘+1/2

− 𝜙
𝑖,𝑗,𝑘

Δ𝑧/2

√3

2
Δ𝑥Δ𝑦, (7)

where 𝜙
𝑖,𝑗,𝑘+1/2

is neutrons flux density at the interface.
Here, the net neutrons flux at the adjacent interface is

continuous; therefore

𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘+1/2

− 𝜙
𝑖,𝑗,𝑘

Δ𝑧/2
= 𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘+1

− 𝜙
𝑖,𝑗,𝑘+1/2

Δ𝑧/2
,

𝜙
𝑖,𝑗,𝑘+1/2
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𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘
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𝑖,𝑗,𝑘+1

𝜙
𝑖,𝑗,𝑘+1

𝐷
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.

(8)

Substituting (8) in (7) we get

𝑇17 =
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(9)

where T18 will have the same value as T17.
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Figure 2: Flow diagram of REMARK code with modifications.

Now we will calculate the extrapolated length, that is, 𝑑 =

Δ𝑥extd, to be considered as core boundary conditions:

𝐽 =
−𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘

𝑑 + Δ𝑥/2
=

−2𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘

2𝑑 + Δ𝑥
,

∫
(𝑖,𝑗,𝑘)

∇ ⋅ 𝐷∇𝜙𝑑𝑉 = ∫
𝑆

(𝐷
𝜕𝜙

𝜕𝑛
)𝑑𝑆 = ∑

𝑘

∫
𝑆𝑘

𝐷
𝜕𝜙

𝜕𝑛
𝑑𝑆,

𝑇1 = −
𝐽 ∗ 𝑆

𝑉

=
2𝐷
𝑖,𝑗,𝑘

𝜙
𝑖,𝑗,𝑘

2𝑑 + Δ𝑥
×

(√3Δ𝑦Δ𝑧/3)

(√3/2Δ𝑥Δ𝑦Δ𝑧)

=
4𝐷
𝑖,𝑗,𝑘

3 (Δ𝑥2 + 2Δ𝑥Δ𝑥extd)
𝜙
𝑖,𝑗,𝑘

.

(10)

In three-dimensional hexagonal grid, 𝐷 is called diffusion
coefficient and ∇⋅𝐷∇Ψ is the leakage term in four directions.
The leakage term is calculated in four directions as

∇ ⋅ 𝐷∇𝜙 =
1

𝑉
∫
(𝑖,𝑗,𝑘)

∇ ⋅ 𝐷∇𝜙𝑑𝑉

= (𝑇11 + 𝑇12 + 𝑇13 + 𝑇14 + 𝑇15

+𝑇16 + 𝑇17 + 𝑇18) × 𝑉
−1

,

∇ ⋅ 𝐷∇𝜙 = 𝑎
−

𝑖
𝜙
𝑖−1,𝑗,𝑘

+ 𝑎
+

𝑖
𝜙
𝑖+1,𝑗,𝑘

+ 𝑎
−

𝑗
𝜙
𝑖,𝑗−1,𝑘

+ 𝑎
+

𝑗
𝜙
𝑖,𝑗+1,𝑘

+ 𝑎
−

𝑗2
𝜙
𝑖−1,𝑗−1,𝑘

+ 𝑎
+

𝑗2
𝜙
𝑖+1,𝑗+1,𝑘

+ 𝑎
−

𝑘
𝜙
𝑖−1,𝑗,𝑘

+ 𝑎
+

𝑘
𝜙
𝑖+1,𝑗,𝑘

− (𝑎
𝑖
+ 𝑎
𝑗
+ 𝑎
𝑗2

+ 𝑎
𝑧
) 𝜙
𝑖,𝑗,𝑘

.

(11)

For the middle section block grid,

𝑎
+

𝑖
=

4𝐷
𝑖,𝑗,𝑘

𝐷
𝑖+1,𝑗,𝑘

3 (𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖+1,𝑗,𝑘

) Δ𝑥2
,

𝑎
−

𝑖
=

4𝐷
𝑖,𝑗,𝑘

𝐷
𝑖−1,𝑗,𝑘

3 (𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖−1,𝑗,𝑘

) Δ𝑥2
,

𝑎
+

𝑘
=

2𝐷
𝑖,𝑗,𝑘

𝐷
𝑖,𝑗,𝑘+1

(𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖,𝑗,𝑘+1

) Δ𝑧2
,

𝑎
−

𝑘
=

2𝐷
𝑖,𝑗,𝑘

𝐷
𝑖,𝑗,𝑘−1

(𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖,𝑗,𝑘−1

) Δ𝑧2
.

(12)

Similarly, 𝑎+
𝑗
, 𝑎−
𝑗
, 𝑎+
𝑗2
, and 𝑎

−

𝑗2
will have the same values.
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For the grid block boundary section:

X direction left border

𝑎
+

𝑖
=

4𝐷
𝑖,𝑗,𝑘

𝐷
𝑖+1,𝑗,𝑘

3 (𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖+1,𝑗,𝑘

) Δ𝑥2
,

𝑎
−

𝑖
=

4𝐷
𝑖,𝑗,𝑘

3 (Δ𝑥2 + 2Δ𝑥Δ𝑥extd)
;

(13)

X direction right border

𝑎
+

𝑖
=

4𝐷
𝑖,𝑗,𝑘

3 (Δ𝑥2 + 2Δ𝑥Δ𝑥extd)
,

𝑎
−

𝑖
=

4𝐷
𝑖,𝑗,𝑘

𝐷
𝑖−1,𝑗,𝑘

3 (𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖−1,𝑗,𝑘

) Δ𝑥2
;

(14)

Z direction border at the bottom

𝑎
+

𝑘
=

2𝐷
𝑖,𝑗,𝑘

𝐷
𝑖,𝑗,𝑘+1

3 (𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖,𝑗,𝑘+1

) Δ𝑧2
,

𝑎
−

𝑘
=

2𝐷
𝑖,𝑗,𝑘

(Δ𝑧2 + 2Δ𝑧Δ𝑧extd)
;

(15)

Z direction border at the top

𝑎
+

𝑘
=

2𝐷
𝑖,𝑗,𝑘

(Δ𝑧2 + 2Δ𝑧Δ𝑧extd)
,

𝑎
−

𝑘
=

2𝐷
𝑖,𝑗,𝑘

𝐷
𝑖,𝑗,𝑘−1

(𝐷
𝑖,𝑗,𝑘

+ 𝐷
𝑖,𝑗,𝑘−1

) Δ𝑧2
.

(16)

Similarly, 𝑎+
𝑗
, 𝑎−
𝑗
, 𝑎+
𝑗2
, and 𝑎

−

𝑗2
will have the same values:

𝑎
𝑖
= 𝑎
+

𝑖
+ 𝑎
−

𝑖
,

𝑎
𝑗
= 𝑎
+

𝑗
+ 𝑎
−

𝑗
,

𝑎
𝑗/2

= 𝑎
+

𝑗/2
+ 𝑎
−

𝑗/2
,

𝑎
𝑧
= 𝑎
+

𝑧
+ 𝑎
−

𝑧
.

(17)

In order to solve the diffusion and convection diffusion
problems,we used alternating direction implicitmethod.This
method was first discovered by Peaceman and Rechford [4]
especially to solve parabolic and 2D elliptical problems.

The reactor core is a typical case of nonuniform problem
and the parameters involved are not continuous. Therefore,
ADI method was considered for calculating the neutron flux
of each section in the block of reactor core. Neutron flux in
whole reactor core is not continuous and there is a need to
divide the coarse grid of core assembly. Hence, ADI method
was employed to calculate the data and to give the accuracy
of results, and, consistently, an algorithm should be adjusted
hereafter [5].

3. Modification of REMARK Code

In real-time simulation, the computational time of each step
is less than the simulation time, so it is difficult that the
nodal expansion method, the nodal green function method,
and other methods meet the requirements for the real-time
simulation of the reactor core.

In REMARK code, neutron diffusion time-space dynam-
ics equations with two-group and six-group delayed neutrons
are utilized for the simulation [5]. These equations are given
as below.

Fast Group with 𝐸 ≥ 1. We have

𝜕𝜙
1
(𝑟, 𝑡)

V
1
𝜕𝑡

= ∇ ⋅ 𝐷
1
(𝑟, 𝑡) ∇𝜙 (𝑟, 𝑡) − ∑

𝑎1

(𝑟, 𝑡) 𝜙
1
(𝑟, 𝑡)

− ∑
12

(𝑟, 𝑡) 𝜙
1
(𝑟, 𝑡) + (1 − 𝛽) V∑

𝑓1

(𝑟, 𝑡) 𝜙
1
(𝑟, 𝑡)

+ (1 − 𝛽) V

× ∑

𝑓2

(𝑟, 𝑡) 𝜙
2
(𝑟, 𝑡) + 𝑆

𝑑
(𝑟, 𝑡) + 𝑆 (𝑟, 𝑡) .

(18)

Thermal Group with E < 1. We have

𝜕𝜙
2
(𝑟, 𝑡)

V
2
𝜕𝑡

= ∇ ⋅ 𝐷
2
(𝑟, 𝑡) ∇𝜙

2
(𝑟, 𝑡) − ∑

12

(𝑟, 𝑡) 𝜙
1
(𝑟, 𝑡) .

(19)

The six-group delayed neutron precursor concentration can
be calculated as

𝜕𝐶
𝑘(𝑟,𝑡)

𝜕𝑡
= − 𝜆
𝑘
𝐶
𝑘
(𝑟, 𝑡) + 𝛽

𝑘
V∑

𝑓1

(𝑟, 𝑡) 𝜙
1
(𝑟, 𝑡)

+ 𝛽
𝑘
V∑

𝑓2

(𝑟, 𝑡) 𝜙
2
(𝑟, 𝑡) .

(20)

In our research, we have experienced modelling of the real-
time simulation technique for hexagonal fuel assemblies
especially account to solve neutron diffusion equation. In
hexagonal assembly, there are eight leakage directions which
change the diffusion terms in diffusion equations. For the
calculation of the reactor core, there are several steps that
should be taken.

(i) Grid homogenization (fuel/control grid in assemblies
so as to make 1D model which consists of fuel, clad,
and moderator) should be performed.

(ii) Results from grid homogenization are used to calcu-
late few-group or two-group diffusion calculations.

(iii) The finally originating group calculations are used in
diffusion equation to solve the diffusion calculation of
the whole reactor core.

(iv) Effective multiplication factor and power or neutron
flux distribution will be calculated.

(v) Neutron transport equations will be employed after a
series of approximations to get the diffusion calcula-
tions.
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3.1. Assumptions. There are some assumptions that need to be
considered formodification in the REMARK code in terms of
hexagonal assemblies.

(i) Ignore transfer of neutrons from thermal to fast
group; that is, transfer cross-section is zero.

(ii) Delayed or prompt neutron should be considered as
fast neutron.

(iii) Poison concentrations like Xe and Sm from I-135 and
Pm-149 should be considered in calculations.

(iv) Taking into consideration other phenomena, fission
power and decay power can be calculated.

(v) Now the effective multiplication factor will be calcu-
lated by neutrons originating from fission divided by
neutrons from absorption and leakage.

In this paper, we have compiled all the data in separate
program of hexagonal fuel assemblies into many subroutines
like:

(i) neutron flux distribution,
(ii) group 1 and group 2 leakage,
(iii) delayed neutrons,
(iv) discontinuity factor,
(v) method to solve diffusion equation.

Since REMARK code was written in Fortran language, so
we developed the program in Fortran language against each
factor stated above (Figure 3).These programs are then added
in the source code of REMARK code and they compile the
whole subroutines. The code was then tested by considering
simulation of hexagonal fuel assemblies and it gave good
results, thus pointing to the accuracy of modification of
REMARK code for hexagonal fuel assemblies.

4. Verification Studies of REMARK Code

For verification of REMARK code, we have considered small
modular nuclear reactor of power 220MW designed by the
College of Nuclear Science and Technology, Harbin Engi-
neering University, China [6, 7].Themain design parameters
of the reactor core are illustrated in Table 1.

For the verification studies, we have considered some
of the parameters of the reactor core design and utilized
in the lattice physic code, that is, HELIOS [8]. This code
gives neutron cross-sectional data which is then used in
the REMARK code for obtaining the power distribution of
the reactor core. In the current research, the reactor core
has hexagonal fuel assemblies with plate type fuel in it. The
REMARK code in its original form cannot work for the
plate type fuel nuclear reactor; therefore, the modification
studies have been done in the REMARK code in order to
be applicable for plate type fuel reactor. The cross-sectional
data from HELIOS code exchanges with modified version
of REMARK code which gives the power distribution of the
reactor core and this verifies the modification of the code,
although REMARK code needs some thermal hydraulic data

Figure 3: Modified REMARK code in Fortran language.

Table 1: Design parameter of reactor core.

Core parameters Designing values
Core power 220MW
Fuel type Plate type
Fuel used Zr2 + UO2(Nb)25%
Number of fuel assemblies 55
Number of fuel plates in one assembly 3 × 20 = 60
Total number of fuel plates 3300
Number of control rod groups 6
Height of each fuel assembly 1.5m
Fuel meat width 1.2mm
Cladding thickness 0.4mm
Total heat transfer area of core 937.431m2

Single channel flow width 2mm
Circulation area of core 0.6562017m2

Primary coolant pressure 15.5MPa
Core inlet/outlet temperature 558/597K
Primary coolant flow rate 1004.3 Kg/S
Total number of pumps 6

which come from the plant design data and are used to get
power distribution of the reactor core. The flow diagram of
the process is shown in Figure 4.

In order to generate cross-sectional data, HELIOS
code has been used which is two-dimensional (2D) lattice
physics high-order transport code and is able to solve any
kind of geometry. This code utilizes neutron and gamma
groups for the burnup calculations, flux distribution, and
micro/macro cross-sectional data. It works via two separate
codes AURORA and ZENITH which are input and output
processing codes.The data exchanged between the two codes
are accessed by the subroutine package HERMIS [8].

The obtained power distribution of the reactor core
from combination of HELIOS and modified version of the
REMARK code is shown in Figure 5.
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Figure 4: Flow diagram for verification studies.
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Figure 5: Axial power distribution of the reactor core.

5. Conclusion

In this paper, the research is focused on the modification and
verification of the neutron kinetics code, that is, REMARK
code. Originally this code only works for the cylindrical type
fuel elements, so we have modified this code to be applicable
to plate type fuel nuclear reactor. The modification has been
done by detailed mathematics and the modified files in the
source library of the code have been computed.Themodified
code has been verified by coupling with HELIOS code to get
the power distribution of the plate type fuel nuclear reactor.
The result obtained from coupling analysis gives the accuracy
of the modified version of the code.
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The critical heat flux look-up table was applied to a large diameter tube, namely 67mm inside diameter tube, to predict the
occurrence of the phenomenon for both vertical and horizontal uniformly heated tubes. Water was considered as coolant. For the
vertical tube, a diameter correction factor was directly applied to the 1995 critical heat flux look-up table. To predict the occurrence
of critical heat flux in horizontal tube, an extra correction factor to account for flow stratification was applied. Both derived tables
were used to predict the effect of high heat flux and tube blockage on critical heat flux occurrence in boiler tubes. Moreover, the
horizontal tube look-up table was used to predict the safety limits of the operation of boiler for 50% allowable heat flux.

1. Introduction

Critical heat flux (CHF) is a phenomenon corresponding to
the point where a continuous liquid contact cannot be main-
tained at the heated surface. Strictly speaking, this particular
term refers to the heat flux corresponding to the occurrence
of the phenomenon. Other terms often used are burnout,
dryout, boiling crisis, and departure from nucleate boiling
(DNB).

CHF results in sudden drop in heat transfer rate between
the heated surface and the coolant. Beyond CHF, a small
increase in heat flux leads to large increase in surface temper-
ature for a heat-flux-controlled surface (e.g., electric heaters),
and a small increase in surface temperature leads to decrease
in heat flux for a temperature-controlled surface (e.g., steam
condensers). This could lead to overheating damaging of the
surface, corrosion in the CHF region, and reduction in the
operating efficiency.

Various predictionmethods for CHF have been proposed
during the past 60 years.The earliest predictionmethodswere
primarily empirical [1, 2]. These crude empirical correlations
lacked any physical basis and had a limited range of appli-
cation. Subsequently, a large number of phenomenological
equations or physical models for CHF were developed; many

of these models were subsequently used in the safety analysis
of nuclear reactors, boilers, and steam generators. Physical
models, however, depend on the mechanisms controlling the
CHF, which are flow-regime dependent. Flow regimes change
significantly during a typical transient, and this necessitates
the use of a combination of different models, equations, or
correlations for CHF in safety analysis codes. Since most
empirical CHF correlations and models have a limited range
of application, the need for a more generalized technique is
obvious. Hence, look-up tables (LUTs) for predicting CHF
were subsequently derived. As a basis of the generalized
technique, the common local-conditions hypothesis was
used; that is, it was assumed that the CHF for a water-cooled
tube with a fixed tube diameter is a unique function of local
pressure (𝑃), mass flux (𝐺), and thermodynamic quality (𝑥).

The CHF-LUT is basically a normalized water CHF
data bank for vertical tubes with 8mm in tube diameter.
Compared to other available prediction methods, the LUT
approach has the following advantages: (i) greater accuracy,
(ii) wider range of application, (iii) correct asymptotic trend,
(iv) requires less computing time, and (v) can be updated if
additional data become available. The greatest potential for
the CHF-LUT approach is its application in predicting the
consequences of pipe breakage in reactors and boilers.
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The following sections describe the background, the
derivation, and the application of the CHF-LUT to predict
CHF occurrence in vertical and horizontal large-diameter
tubes. The CHF-LUTs specifically for 67mm diameter tubes
were generated in this work covering wide range of flow con-
ditions of pressure, mass flux, and thermodynamic quality.

2. Predicting CHF in Vertical Tube

2.1. Analysis. Groeneveld et al. [3] combined the CHF data
of both Atomic Energy of Canada Limited and the Institute
of Physics and Power Engineering in the Russian Republic (a
total of over 30 000 points) and updated the look-up table
for tubes. The new table (1995 CHF-LUT) provides a better
prediction accuracy (root-mean-squared error of 7.82% for
dryout power prediction against 25,630 CHF experimental
data points from 49 different experiments) than other look-
up tables and correlations over the complete range of flow
conditions. In addition, Groeneveld et al. [3] employed amul-
tidimension smoothing procedure of Huang and Cheng [4],
which has eliminated several irregularities in the parametric
trends.

The 1995 tube CHF-LUT as well as the earlier versions
of the LUT have been assessed extensively. The most recent
assessment was made by Baek et al. [5] using their database.
Their assessment confirms the error statistics reported by
Groeneveld et al. [3] and the improved prediction capability
compared with previous versions of the table. Earlier assess-
ments by Smith [6] and the developers of the RELAP code
indicated the suitability of the table look-up approach and
resulted in its use in system codes such as CATHARE [7],
THERMOHYDRAULIK [8], and RELAP [9]. Considering all
of these reasons, the 1995 CHF-LUT was selected as the base
of the current analysis for predicting CHF in vertical tubes.

The 1995 CHF-LUT was built for water upward flow in
8mm diameter vertical tube. To use the table for other tube
diameters, Groeneveld et al. [3] derived a diameter correction
factor (𝐾dia) such that for 0.002m ≤ 𝐷hy ≤ 0.025m,

𝐾dia = (
0.008

𝐷hy
)

0.5

, (1)

and for𝐷hy > 0.025m,

𝐾dia = 0.57. (2)

This correction factor can be multiplied by the CHF
values of 1995 CHF-LUT to get the corresponding CHF for
non-8mm diameter tube as follows:

CHFver = 𝐾dia ⋅ CHFver,8mm. (3)

2.2. Discussion. The 1995 CHF-LUT along with (2) (for𝐷hy =
0.067m) were used to derive a modified LUT suitable for the
current application. Table 1 shows the derived LUT using (3)
and the 1995 CHF-LUT. This table has flow-condition limits
other than the original table to suit the current application.
The ranges of flow parameters are limited to pressures of 100–
7000 kPa,mass fluxes of 100–2000 kg⋅m−2⋅s−1, and qualities of
−0.15–0.8.

Figure 1 shows pressure effect on the predicted CHF value
at low, low-to-moderate and moderate, mass fluxes. At low
mass flux (Figure 1(a)), there is no apparent effect of pressure
on CHF. At low-to-moderate and moderate mass fluxes
(Figures 1(b) and 1(c)), however, evident pressure effect was
observed. For the low-to-moderate quality region (<∼0.35),
which is the region of interest, CHF increases with decreasing
pressure. This is similar to what is reported in the literature
(e.g., [10]).

The effect of mass flux on CHF is shown in Figure 2.
Similar to pressure effect, CHF increaseswith increasingmass
flux then starts decreasing. The decrease in this region in
CHF is due to the vapor generation rate and the interaction
between vapor and liquid at the interface (see also [10]).

As an example of the application of the LUT approach
on predicting the safe operation of boilers, consider the
results shown in Table 2. For the base case, which represents
the normal operating conditions of an actual boiler, CHF
is unlikely to occur because it is 32 times higher than the
operating heat flux.When the operating heat flux is increased
by four times, the exit quality increased which results in
reduction in CHF value. Even with that increase in operating
heat flux, the CHF value is still much higher (6 times) than
the operating heat flux. The final case is with 90% blockage
of the tube which will result in reduction in mass flux and
increase in quality. Table 2 shows that even with this amount
of blockage it is still unlikely for CHF to occur.

3. Predicting CHF in Horizontal Tube

3.1. General Considerations. CHF prediction for a horizontal
flowdiffers from that of vertical flow. For horizontal flow, flow
stratification effect appears as a result of gravitational forces.
For instance, in annular flow regime of vertical upward flow,
the liquid film is said to be uniformly distributed (has the
same thickness) on the tube wall. In the same flow regime
of horizontal flow, the liquid film has greater flow thickness
at the bottom of the tube while it is thinner on the upper
part (Figure 3). This will dramatically decrease the heat flux
value at which CHF occurs specially at low mass fluxes and
large tube diameters (𝐺 < 2000 kg⋅m−2⋅s−1, 𝐷hy > 25mm)
[3]. At high mass fluxes and smaller tube diameters, CHF
is predicted for horizontal tubes in the same manner as in
vertical tubes.

To improve the value of CHF for horizontal flow, Collier
and Thome [10] suggested the use of flow enhancers such
as twisted tape tube inserts and replacing the tubes by
microfinned tubes (see Figure 4). For twisted tapes, heat
transfer augmentation ratios are typically in the range from
1.2 to 1.5 while the two-phase pressure drop ratios are often
as high as 2.0 because the tape divides the flow area into two
smaller areas with smaller hydraulic diameters. By using the
microfinned tube, heat transfer enhancements can be as high
as three to four times for horizontal flowwith lowmass fluxes.
Two-phase pressure drop ratios range from 1.0 at low mass
fluxes up to a maximum of 1.5 at high mass fluxes.
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Table 1: CHF-LUT for vertical up-flow in 67mm diameter tube.

𝑃 (kPa) 𝐺 (kg⋅m−2⋅s−1)
Quality, 𝑥 (—)

−0.15 −0.10 −0.05 0.00 0.05 0.10 0.15 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Critical heat flux, CHF (kW⋅m−2)

100 100 2967 2351 1677 1110 661 648 640 631 618 610 591 548 426 314
100 500 2999 2454 2148 1826 1163 1076 1073 1069 983 921 834 677 429 318
100 1000 3071 2637 2354 2010 1441 1303 1300 1260 1156 943 930 817 485 244
100 1500 3096 2698 2403 2055 1512 1383 1371 1306 1188 1058 1058 910 478 198
100 2000 3097 2701 2404 2061 1535 1418 1394 1330 1171 1093 1035 836 384 104
1000 100 3240 3010 2765 2433 1930 1595 1511 1443 1306 1163 971 748 736 713
1000 500 4176 4091 4053 4017 3886 3289 2904 2656 2198 1302 946 590 470 437
1000 1000 4178 4099 4061 4003 3822 3246 2874 2641 1860 1160 864 546 337 258
1000 1500 4189 4121 4077 3997 3764 3153 2844 2521 1845 887 530 363 234 211
1000 2000 4232 4150 4099 3997 3649 2962 2690 2510 1792 783 406 308 196 78
2000 100 3301 3132 2944 2658 2140 1796 1703 1629 1487 1330 1160 998 920 809
2000 500 4241 4195 4200 4181 4079 3640 3276 2941 2469 1618 1420 1077 760 595
2000 1000 4243 4201 4173 4142 4032 3574 3206 2922 2127 1457 1178 822 523 365
2000 1500 4254 4215 4168 4118 3948 3475 3126 2698 2003 1211 758 489 296 248
2000 2000 4293 4232 4174 4078 3740 3198 2860 2540 1889 1041 548 327 204 133
3000 100 3361 3254 3123 2882 2349 1996 1896 1816 1668 1496 1349 1249 1104 905
3000 500 4306 4298 4347 4344 4273 3990 3648 3226 2740 1933 1895 1565 1049 752
3000 1000 4309 4302 4285 4282 4243 3902 3539 3203 2394 1755 1492 1097 708 473
3000 1500 4319 4309 4258 4239 4133 3797 3409 2875 2161 1534 985 616 357 284
3000 2000 4355 4313 4248 4160 3832 3435 3030 2569 1986 1299 690 347 213 188
4000 100 3315 3215 3097 2885 2362 2027 1933 1853 1706 1547 1380 1280 1164 953
4000 500 4114 4093 4115 4093 3959 3629 3333 3089 2678 2100 1946 1649 1226 880
4000 1000 4134 4097 4064 4021 3862 3565 3277 3014 2384 1860 1626 1137 762 531
4000 1500 4162 4109 4041 3955 3713 3414 3101 2728 2113 1617 1101 648 439 398
4000 2000 4212 4136 4003 3821 3416 3079 2770 2420 1907 1378 725 364 292 279
5000 100 3268 3177 3071 2887 2374 2057 1971 1890 1745 1598 1411 1311 1224 1001
5000 500 3923 3887 3883 3841 3645 3268 3019 2951 2615 2266 1997 1733 1402 1008
5000 1000 3958 3893 3844 3759 3481 3227 3015 2825 2375 1965 1759 1178 817 589
5000 1500 4004 3910 3823 3671 3294 3031 2792 2582 2065 1700 1216 681 520 512
5000 2000 4069 3958 3758 3483 2999 2724 2511 2271 1827 1457 759 381 371 371
6000 100 3173 3097 3006 2835 2325 2012 1925 1845 1691 1553 1386 1045 939 861
6000 500 3694 3627 3600 3569 3407 3061 2853 2749 2470 2173 1977 1638 1353 933
6000 1000 3706 3566 3485 3425 3211 3040 2768 2525 2159 1948 1689 1120 716 458
6000 1500 3753 3609 3503 3299 2929 2681 2466 2259 1886 1618 1179 587 447 407
6000 2000 3874 3739 3515 3153 2688 2409 2209 2013 1664 1358 625 303 295 250
7000 100 3052 2990 2910 2746 2255 1939 1846 1763 1607 1479 1312 975 864 843
7000 500 3470 3393 3386 3356 3243 2926 2669 2460 2223 1977 1799 1480 1261 905
7000 1000 3497 3305 3194 3138 3031 2890 2549 2218 1908 1728 1618 1011 639 419
7000 1500 3564 3355 3194 2933 2664 2452 2208 1987 1689 1438 985 459 278 156
7000 2000 3694 3501 3240 2823 2437 2157 1942 1780 1557 1153 481 246 184 112

3.2. Analysis. Due to the reliability of the LUT approach, it
is widely used to predict CHF of horizontal flow, CHFhor,
in many industries including nuclear power generation for
which accuracy of prediction is crucial. To use the CHF-LUT
to predict CHF occurrence in horizontal tube, the LUT values
are adjusted to account for flow stratification. Groeneveld [11]

suggested that the CHF for vertical flow, CHFver, be multi-
plied by a stratification factor 𝐾strat such that

CHFhor = 𝐾strat ⋅ CHFver. (4)

To determine the stratification factor, the exact flow
regime must be known. Figure 5 shows the flow-regime map
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Figure 1: Effect of pressure on CHF for vertical up-flow of water in 67mm diameter tube as predicted by CHF-LUT.

Table 2: Effect of high heat flux and tube blockage on CHF occurrence for a 67mm vertical boiler tube.

Parameter Base case High heat flux case 90% tube blockage
Heat flux (KW⋅m−2) 100 400 100
Pressure (kPa) 6,000 6,000 6,000
Vertical heated length (m) 10 10 10
Inlet quality to vertical tube (—) 0 0 0
Mass flux (kg⋅m−2⋅s−1) 1,000 1,000 100
Tube exit quality (—) 0.038 0.152 0.380
Critical heat flux (kW⋅m−2) 3,262 2,760 1,580

for horizontal flow (modified from Taitel and Dukler [12] by
[13]).Themodification included the extension of curveD into
the annular flow regime (Lockhart-Martinelli’s parameter,
𝑋LM < 1.6), resulting in subdivision of the annular regime
into homogeneous annular and stratified annular.

For stratified-flow regimes, the liquid waves will not be
sufficiently large to cool the upper part of the tube which
leads to a CHF value and 𝐾strat of zero. If the flow regime
falls in the homogeneous annular region (above the line
DD), the effect of orientation on the phase distribution is
insignificant. The CHF for horizontal flow may be assumed
equal to that for vertical flow and 𝐾strat = 1.0. For flow
conditions between curves A and D, the stratification factor

𝐾strat varies from zero to unity. As a quick estimate, a linear
interpolation was used to evaluate𝐾strat [14]. However, Wong
[13] showed that a large portion of the horizontal CHF
data was underpredicted using direct interpolation. A more
accurate predictionmethod for𝐾strat was developed byWong
[13]. A dimensionless parameter, 𝑇

1
, representing the ratio of

turbulence to gravity force was derived as follows:

𝑇
1
= 0.046Re−0.2

𝐿
(
1 − 𝑥

1 − 𝛼
)

2 𝐺
2

𝑔𝐷hy𝜌𝑓 (𝜌𝑓 − 𝜌𝑔) 𝛼
0.5

, (5)

where Re
𝐿
is liquid Reynolds number, 𝑔 is gravitational

acceleration,𝛼 is void fraction, and𝜌 is density.The subscripts
𝑓 and 𝑔 denote saturated liquid and vapor, respectively.
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Figure 2: Effect of mass flux on CHF for vertical up-flow of water in 67mm diameter tube as predicted by CHF-LUT.
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Figure 4: Suggested boiling enhancement geometries: (a) tape tube insert; (b) microfinned tube.

The stratification factor for water was suggested as

𝐾strat = 1 − exp[−(
𝑇
1

3
)

0.5

] . (6)

Wong [13] showed that comparing against horizontal
CHF data, prediction using (6) is superior to the method of

direct interpolation.𝐾strat values were found to decrease with
increasing tube diameter.The tube diameter correction factor
is approximated by [13] as

𝐶
1
= (
0.008

𝐷hy
)

0.3

. (7)
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Figure 6: Effect of pressure on CHF for horizontal flow of water in 67mm diameter tube as predicted by CHF-LUT.

Therefore, using the table look-up technique, the CHF in
a horizontal tube is calculated with

CHFhor = 𝐶1𝐾stratCHFver. (8)

3.3. Discussion. At the same flow conditions for a horizontal
tube and vertical tube, it is more likely for CHF to occur in

the horizontal tube first. The main reasons which led to this
argument are:

(i) flow stratification may cause partial dryout at low
mass fluxes and high qualities;

(ii) the presence of the partial dryout causes a reduction
in the CHF value;
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Figure 7: Effect of mass flux on CHF for horizontal flow of water in 67mm diameter tube as predicted by CHF-LUT.
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Figure 8: Safety limits of the operation of boiler for 50% allowable heat flux.

(iii) in addition, corrosion potential is higher due to the
change in flow direction and due to partial/complete
dryout.

So,more detailed examination is performed on the horizontal
flow configuration.

The vertical CHF-LUT was used with (6) and (7) to build
a LUT forCHF in horizontal flow.The resulting LUT is shown
in Table 3 for the same conditions of the vertical tube table. It
is clear in the table that the CHF values are much less for the
horizontal flow than those of the vertical flow for the same
pressures, mass fluxes, and qualities.

Figure 6 shows the effect of pressure on CHF for different
mass fluxes. In all cases, the CHF value decreases with
increasing pressure. In Figure 6(a) one can expect that flow
stratification is high which results in low values of CHF for
the whole range of qualities. At higher mass fluxes (Figures
6(b) and 6(c)), the pressure effect is weakened at quality of
about 0.4 followed by sudden drop in CHF values. This drop
in CHF results from the high quality which leads to stronger
effect of flow stratification.

The effect of mass flux on CHF is shown in Figure 7. For
qualities less than 0.4 theCHF value increases with increasing
mass flux. At higher qualities, the sudden drop in CHF leads
to a reverse effect of mass flux.

Similar to the vertical flow analysis, some cases of boiler
operation conditions are investigated and the results are
shown in Table 4. The results show that for the base case
(normal operation conditions) the CHF value is seven times
higher than the operating heat flux. So for this case, any
failure of the boiler tube may result due to other causes than
dryout (e.g., corrosion). Although at this CHF value, it is still
safe to operate the boiler, the safety margin is much less than
that of a vertical flow.

The second case of Table 4 is for high heat flux. In this
case, the CHF value is not much higher than the operating
heat flux, and CHF could happen for this case. Also for the
case of 80% tube blockage, CHF is very close to the operating
heat flux. At 90% tube blockage the whole flow is affected by
flow stratification, and the CHF is lower than the operating
heat flux.This is likely to lead to complete dryout of the boiler
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Table 3: CHF-LUT for horizontal flow in 67mm diameter tube.

𝑃 (kPa) 𝐺 (kg⋅m−2⋅s−1)
Quality, 𝑥 (—)

−0.15 −0.10 −0.05 0.00 0.05 0.10 0.15 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Critical heat flux, CHF (kW⋅m−2)

100 100 63 50 35 26 41 52 61 67 76 83 88 87 72 56
100 500 650 532 465 399 369 405 447 478 478 467 441 358 227 168
100 1000 1347 1157 1107 960 729 678 687 666 611 499 491 432 256 129
100 1500 1596 1426 1270 1086 799 731 725 691 628 560 559 481 253 105
100 2000 1637 1428 1271 1090 811 749 737 703 619 578 547 442 203 55
1000 100 68 64 58 51 72 78 85 90 92 89 77 61 59 55
1000 500 508 497 370 586 748 739 731 727 680 440 341 225 188 183
1000 1000 795 778 1039 1272 1372 1266 1197 1160 871 568 437 281 178 136
1000 1500 1152 1128 1517 1673 1687 1483 1390 1279 975 469 280 192 124 111
1000 2000 1566 1533 1625 1809 1828 1566 1422 1327 947 414 215 163 103 41
2000 100 70 66 62 56 69 73 80 85 89 86 79 68 62 51
2000 500 583 576 404 526 654 693 689 675 645 462 432 346 255 209
2000 1000 897 895 957 1178 1270 1230 1181 1135 898 650 550 397 260 186
2000 1500 1217 1187 1340 1522 1582 1486 1401 1246 982 640 400 259 156 131
2000 2000 1641 1611 1648 1705 1700 1584 1512 1342 999 550 290 173 108 70
3000 100 71 69 66 63 72 76 83 88 92 90 85 79 69 53
3000 500 622 620 426 515 632 697 707 682 660 510 534 465 326 244
3000 1000 908 900 937 1109 1227 1234 1200 1151 943 737 659 505 337 232
3000 1500 1275 1260 1341 1473 1536 1504 1426 1251 1010 771 502 318 186 149
3000 2000 1708 1689 1695 1727 1700 1637 1534 1323 1050 687 365 183 112 99
4000 100 70 68 65 64 68 71 78 83 87 86 80 75 67 52
4000 500 623 619 412 456 538 578 591 596 591 508 504 450 349 261
4000 1000 868 841 845 939 1016 1028 1014 996 872 732 677 496 346 250
4000 1500 1266 1246 1247 1289 1272 1244 1204 1114 939 770 541 326 225 207
4000 2000 1694 1664 1613 1575 1477 1410 1340 1213 1008 729 383 192 154 148
5000 100 69 67 65 66 64 66 73 77 81 81 75 71 65 50
5000 500 622 614 396 400 451 470 485 517 524 499 472 431 364 271
5000 1000 828 784 758 783 826 841 844 851 802 721 688 486 353 266
5000 1500 1255 1228 1156 1116 1032 1009 1001 985 870 766 575 334 262 265
5000 2000 1678 1636 1530 1425 1264 1196 1159 1107 966 770 401 201 196 196
6000 100 76 74 72 67 61 63 68 72 75 75 70 54 47 41
6000 500 517 503 378 366 410 422 437 457 469 454 444 388 334 239
6000 1000 796 737 705 711 725 753 738 722 694 683 634 445 299 200
6000 1500 1206 1166 1093 1023 928 885 858 827 763 704 542 281 222 208
6000 2000 1691 1587 1471 1315 1145 1057 1008 964 863 718 330 160 156 132
7000 100 81 79 77 67 58 58 62 65 68 68 63 48 42 38
7000 500 422 405 365 339 379 387 389 387 398 391 382 332 295 220
7000 1000 771 701 663 650 649 678 644 600 582 577 581 385 257 177
7000 1500 1174 1116 1026 927 853 802 745 696 656 604 439 215 135 79
7000 2000 1702 1525 1394 1200 1049 945 877 837 792 610 254 130 97 59

tubes causing either failure of the tubes or accelerating the
corrosion.

To determine the safety limits of the boiler, an allowable
heat flux was taken to be 50% of the corresponding CHF.
Figure 8 shows the safety operational limits at different pres-
sure. As theCHF is expected to occur downstreamof the flow,
corresponding exit qualities are show on the same figure.

The boiler will operate safely as long as the operation
conditions are to the left of the heat flux line and the mass
flux is above the intersection of the exit quality line and the
heat flux line. For example, at a pressure of 6000 kPa and a
heat flux of 300 kW⋅m−2, the mass flux should not be below
800 kg⋅m−2⋅s−1 and the quality should be to the left of the
300 kW⋅m−2 curve.
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Table 4: Effect of high heat flux and tube blockage on CHF occurrence.

Parameter Base case High heat flux case 80% tube blockage 90% tube blockage
Heat flux (kW⋅m−2) 100 400 100 100
Pressure (kPa) 6,000 6,000 6,000 6,000
Heated length (m) 15 15 15 15
Inlet quality to vertical tube (—) 0 0 0 0
Mass flux (kg⋅m−2⋅s−1) 1,000 1,000 200 100
Tube exit quality (—) 0.057 0.228 0.285 0.570
Critical heat flux (kW⋅m−2) 729 714 173 58.8

4. Procedures of Determining Safety Limits
Using the LUT Approach

The LUT can easily be used to determine the safety limits of
boiler operations by applying the following steps.

(1) Determine the operating pressure (𝑃).
(2) Estimate the mass flux (𝐺) in each boiler tube and

determine the minimum value. If not possible, deter-
mine the average mass flux as

𝐺avg =
𝑚

𝐴
𝑐,total

. (9)

(3) Calculate the thermodynamic equilibrium quality
(𝑥). The CHF occurrence is expected at higher qual-
ities whichmeans downstreamof the flow.Thequality
at any location along the boiling length can be
obtained using the heat balance equation such that

𝑥 (𝐿) = 𝑥in +
4𝑞operate

𝐷𝐺𝐻
𝑓𝑔

, (10)

where𝑥in is the inlet quality, 𝑞 is the heat flux, and𝐻𝑓𝑔
is the latent heat of vaporization.

(4) Use the tube diametermodifiedCHF-LUT to evaluate
𝑞CHF = 𝑓(𝑃, 𝐺, 𝑥). Interpolation between the values
for nongrid points might be necessary.

(5) Compare the operating heat flux to the calculated
CHF value (considering 𝑞CHF uncertainty).

If 𝑞operate < 𝑞CHF, then the boiler is operated
safely and CHF is unlikely to occur.
If 𝑞operate > 𝑞CHF, then the boiler operation
exceeds safety limits and accidents may occur.

TheCHF-LUT can easily be programmed into a computer
code for quick interpolation and other calculations.

5. Other Considerations

The CHF-LUTs for this work are developed for steady-state
water flow in uniformly heated tubes with inside diameter
of 67mm. During normal operation of reactors, boilers, and
steam generators, the heat flux is nonuniform. Also the flow

fluctuates in pressure andmass flux. For such cases, the CHF-
LUTs still can be used with some considerations.

Most CHF measurements have been obtained in uni-
formly heated tubes because of relative ease in construction
of the test section and known location of dryout (downstream
end of heated length). Hence, the large majority of CHF
prediction methods were derived based only on the data of
uniformly heated channels. A change in axial-flux distribu-
tion (AFD) from uniform to nonuniform can have an effect
on the location of dryout and magnitude of CHF or dryout
power since:

(i) the location of dryoutmay shift from the downstream
end to well upstream from the downstream end (the
shift in initial-dryout location depends primarily on
the shape of AFD and flow conditions), and

(ii) the location of dryout and magnitude of CHF is
affected by upstreamhistory of the flow (flowmemory
effect).

Yang et al. [15] performed experimental study on the
effect of AFD on CHF. They concluded that the AFD effect
on CHF power is relatively small. The CHF power increases
slightly as a result of AFD change from uniform to nonuni-
form in addition to the shifting in CHF location at low inlet
qualities. This slight increase in CHF, especially at low inlet
temperature, makes it more conservative to apply the CHF-
LUT.

ElNakla [16] showed that the steady-stateCHFprediction
techniques can be used to predict flow oscillation and flow
transients CHFwith great accuracy.Themethod used in such
cases is applying the instantaneous local conditions of the
flow. For instance, if the flow is oscillating, then it is only
needed to determine the flow conditions (𝑃, 𝐺, and 𝑋) at a
specific instant, and by using these values along the CHF-
LUT, the safety limits can be determined as in steady-state
cases.

Corrosion of tubes might play a major role in boiler tube
failure especially after a sudden turn and in horizontal flow
where flow stratification could result in dryout or partial
dryout in the tube. Collier andThome [10] provided that the
corrosion in such flow configurations is very quick, and they
also summarized some of the previous work on the topic.

6. Conclusions

Two look-up tables were developed to predict critical heat
flux in vertical and horizontal boilers tubes. The tables are
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applicable for 67mm diameter tubes with water as coolant.
These tables cover wide range of flow conditions (𝑃 = 100–
7000 kPa, 𝐺 = 100–2000 kg⋅m−2⋅s−1, and 𝑥 = −0.15–0.80) so
that they can be used during normal operation as well as
during accident scenarios and flow oscillation.

The derived CHF-LUTs show correct asymptotic trends
compared to those reported in the literature. The prediction
accuracy for the vertical LUT is expected to be better than
that of the horizontal one. This is due to the less imposed
correction on the vertical flow table and the general practice
in applying the table for vertical flow. The results of the
analysis showed that the vertical flowwill unlikely experience
any dryout while the chances are much higher for dryout in
the horizontal part.
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The dynamical assessment has been performed in the aspect of the nuclear power plants (NPPs) security. The physical protection
system (PPS) is constructed by the cyber security evaluation tool (CSET) for the nuclear security assessment.The systems thinking
algorithm is used for the quantifications by the Vensim software package. There is a period of 60 years which is the life time of
NPPs’ operation. The maximum possibility happens as 3.59 in the 30th year. The minimum value is done as 1.26 in the 55th year.
The difference is about 2.85 times. The results of the case with time delay have shown that the maximum possibility of terror or
sabotage incident happens as 447.42 in the 58th year and the minimum value happens as 89.77 in the 51st year. The difference is
about 4.98 times. Hence, if the sabotage happens, the worst case is that the intruder can attack the target of the nuclear material in
about one and a half hours. The general NPPs are modeled in the study and controlled by the systematic procedures.

1. Introduction

The dynamical assessment is investigated for the security in
the nuclear power plants (NPPs). The nonlinear dynamic
algorithm is applied to the advanced security assessment,
which is called the systems thinking analysis. The cyber
security evaluation tool (CSET) gives operators a repeatable
and systematic ways for assessing the cyber security state
of the industrial control system networks which is shown
in Figure 1, where it provides the tools of both high-level
and detailed questions applicable to all industrial control
systems (ICSs) [1]. The CSET was developed under the
direction of the Department of Homeland Security (DHS)
Control Systems Security Program (CSSP). It is shown that
CSET is a designed desktop software that makes users assess
their network and ICS security practices regarding identified
industrial and governmental regulations [1]. This completed
CSET assessment means a suggested list that enhances the
security state for ICS of organization or network of company
and also recognizes the achievement of the designed security
level in the standards [1].

Information about the security in NPPs is available in the
literature. Safeguardmodeling is conducted for the successful

operations in the NPPs [2]. Also, Pei et al. compared their
method with some existing methods for nuclear safeguard
evaluations in an example, which supports and clarifies the
method of their paper [3]. The characteristics of the secure
operation in NPPs are investigated using the network effect
method which is quantified by the Monte-Carlo algorithm.
Also, the study analyzes some potential security risks, con-
cerning terrorism or more routine incidents like any crimes,
andmanagement of nuclear waste using a PEST scan which is
formed by political, economic, social, and technical matters,
and some insights of criminologists on crime prevention
where nuclear waste is produced by the spent fuel by
electricity production and its related contaminations and
decommissions [4]. Finally, the basic object of an effective
emergency system of regulation is to supply a sustained emer-
gency response and to prohibit an emergent circumstance as
during the emergency the regulatory purpose is to control the
incidents and to guide people and to keep the environment
safe in order not to be in catastrophic nuclear and radiological
hazards [5].

There is the background for themodeling which is shown
in Section 2. Section 3 explains the method of the study.
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Figure 1: Configuration for the path of cyber security evaluation
tool (CEST).

Section 4 describes the results of the study. There are some
conclusions in Section 5.

2. Background

It is examined that the literature investigations for the nuclear
security which is related to the topic of this paper. So, the
historical and analytic reviews are introduced.Then, the basic
explanations of the systems thinking are done.

2.1. Nuclear Security. For several years following 9/11 terror
attack, the Nuclear Regulatory Commission (NRC) required
many security enhancements on commercialized nuclear
power reactors, decommission of old reactors, nuclear spent
fuel storage facility, research and multipurpose reactors,
uranium fuel manufacturing facilities, nuclear fuel gaseous
diffusion plants, nuclear fuel fabrication facilities, industrial
distribution parts, transportation systems, and permitted
licensees who can treat nuclear material greater than IAEA
category II [6]. It has been done as the NRC directed NPPs
and fuel fabrication facilities to improve physical security
planning, and security officer training and uncertain plan-
ning where several facilities are shown as follows [6]:

(i) larger standoff distances for vehicle checks,
(ii) much more restrictive site access controls,
(iii) many patrols,
(iv) stronger and more capable security forces,
(v) enough physical barriers,
(vi) enhanced emergency preparedness and response

plans.

It is important that NPPs and category I fuel fabrication
facilities must show that they can defend against a set of
adversary characteristics outlined in the NRC’s design basis
threat (DBT) [6]. In 2003 and 2006, the NRC supplemented
the DBT to incorporate insights from the 9/11 attacks [6]. In
2007, the NRC amended 10 CFR 73.1 and issued a final rule
consolidating the supplemental requirements established by
DBT’s orders with the existing DBT requirements following
NRC regulations [6].

In 1996 in Russia, the 48 nuclear power reactors were
operating in five newly independent states (NISs) of the
former Soviet Union: 29 units at nine sites in Russia, 15 units
at five sites in Ukraine, a double-unit plant in Lithuania, and
one unit each in Armenia and Kazakhstan [7]. According to
the International Atomic Energy Agency (IAEA) regulation,
the objective of the State’s nuclear security regime is to protect
persons, property, society, and the environment from mali-
cious acts involving nuclear material and other radioactive
materials [8].That is, the purposes of the physical protections
are an essential component of the nuclear security regime.
So, the physical regime should prevent a dangerous act by
relevant information and system.

Using the above objectives, it is needed to be addressed
in an integrated and coordinatedmanner taking into account
the different risks covered by nuclear security. It is necessary
for these nuclear power facilities to be reliably protected
against possible radiological sabotage or terrorism. The
nation has been marked by ethnic and political conflicts,
crime, and societal instabilities. These power facilities have
great tendencies to have thesemaladies and face a broad range
of threats. In fact, the potentially catastrophic releases of
radioactivity and resultant global societal dislocations make
the national nuclear industry a particularly attractive target
in case of industrial sabotage.

2.2. Systems Thinking. The systems thinking is defined as
the thinking about how things interact with one another
[9]. One can use the phrase systems thinking to refer to a
set of tools such as causal loop diagrams, stock and flow
diagrams, and simulation models that help us map and
explore dynamic complexity [10]. In addition, the systems
thinking could use specified vocabulary where one can rep-
resent its understanding of dynamic complexity as feedback
of event for expressing the affection to future event by the
past event. The systems thinkers often describe the world
by several logics like feedback, delay, dynamical behavior,
and so on. System dynamics (SD) is basically and technically
similar to systems thinking and produces the causal loop
diagrams of systems with feedback where the event flows
to the designed modeling. This event can express several
variables like the population, speed, temperature, pollution,
contamination, and so on. The variables are quantified by
the random sampling based Monte-Carlo methods. The SD
was created during the mid 1950s by Dr. Jay Forrester of the
Massachusetts Institute of Technology (MIT). However, SD
typically goes further and utilizes simulation to study the
behavior of systems and the impact of alternative policies
[11]. The systems thinking can be realized by the SD due
to the similarity of the algorithm. The relevant software
packages are used for the simulations. The calculations with
the generated random numbers are performed by the Vensim
code system. The Vensim is made for developing, analyzing,
and packaging high quality dynamicmodels [12].Themodels
are constructed graphically or in a text editor. The features
include dynamic functions, subscripting (arrays), Monte-
Carlo sensitivity analysis, optimization, data handling, and
application interfaces [12].
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Table 1: List of numeric values.

Path for sabotage Value
Pass of fence Random number between 0 and 1

Pass of outer door (Random number between 0 and 1, mean:
0.8, and st. deviation: 0.2) + pass of fence

Pass of wall
(Random number between 0 and 1, mean:
0.6, and st. deviation: 0.3) + pass of outer

door

Pass of inner door (Random number between 0 and 1, mean:
0.4, and st. deviation: 0.3) + pass of wall

Attack of target
(Random number between 0 and 1, mean:
0.2, and st. deviation: 0.1) + pass of inner

door

3. Method

The analysis is done by the physical protection system (PPS)
in NPPs which is in Figure 2 [13]. This is the systematic
procedures of the PPS where the figure explains the design
of PPS incorporated with the PPS body selection and PPS
formation.This is followed by the CEST in Figure 1. Using the
PPS, one can make the path for sabotage in NPPs. Figure 3
shows the modified path for sabotage in NPPs in which the
person of sabotage could go through from the fence to target
to make the terror [13]. So, the diagram is modified from
the original algorithm. For the calculation, the SD method is
applied to this sabotage case. Figure 4 is constructed for the
SD using Figure 3. That is, the event sequence is connected
by the arrow line. The addition is denoted by plus sign which
also means the multiplication. If the subtraction is needed,
the minus sign will be shown. Each box gives the numeric
values of the events. In this work, there are several random
number quantifications. Table 1 shows the list of numeric
values, where the numeric values are decided by expert’s
judgment. In addition, Figure 5 shows the diagram which is
incorporated with the time delay where the detection and
action are considered in Table 2. The detection means the
detection method of the intruder, and the action means the
guarding ways against the enemy who is a possible terrorist.
Table 3 shows the related time for the step. The list of the
numeric values is obtained by the random number of Table 1
incorporatedwith the expert judged time, which is in Table 4.
In the case of the pass of fence, random numbers between 0
and 1 are multiplied by 10 (minutes).The time list with delays
is shown in Table 5.

4. Results

The attack of target is quantified by the dynamical conse-
quences in Figure 6 which is the result of the Vensim sim-
ulation. The period is considered as 60 years. The maximum
possibility happens as 3.59 in 30th year. The minimum value
is done as 1.26 in 55th year. The difference is about 2.85
times. The results of the case with time delay are in Figure 7
where the maximum possibility happens as 447.42 in 58th
year and the minimum value happens as 89.77 in 51st year.
Thedifference is about 4.98 times. So, if the sabotage happens,

PPS body selection (select standard) 

Facility design construction 

PPS formation (determine security level) 

Analysis for PPS 

Design for PPS (create diagram)  

Figure 2: Modified physical protection system (PPS) in nuclear
power plants (NPPs).
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Figure 3: Modified path for sabotage in nuclear power plants
(NPPs).

the worst case is that the intruder can attack the target of
the nuclear material in about one and a half hours. Although
the result of simulation to the target of the nuclear material
is about one and a half hours, this value could be variable
by physical protection systems from one plant to another,
according to specific site and country conditions such as
power reactors, decommissioning reactors, and spent fuel
storage.Therefore, it is analyzed that the longer time values in
the simulation are safer than the shorter time values, because
the attack action needed to take much more time. One can
prepare for the security in the period of the shorter time
values. This is a particular assessment of SD method. In
conventional safety assessment, the result of the event can
show the frequency of the event by the probability values.

5. Conclusions

The dynamical quantification is done in the security of
NPPs. The time delay is important to the security of
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Figure 4: Modified path for sabotage by system dynamics (SD) diagram.
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Figure 5: Path for sabotage with time delay by system dynamics (SD) diagram.
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Figure 6: Results of path for sabotage.

the NPPs. How the defense against possible terror attack
reacts could be analyzed by some aspects by several external
impacts.The political, social, and technological aspects could
be considered. In addition, the natural disaster could be
another kind of matter, because this happens without anyone
minding. Hence, the policy makers, security personnel, or
owners and operators of the nuclear facilities should think
of the possible terror related incidents as well as the natural
disaster, because these incidents happen usuallywithout prior
notification. The method of this paper gives a quantified
prediction which is different from the subjective description
in the conventional ways. Several significant findings are
obtained in the simulations as follows.

(i) Thedynamical consideration of the security is consid-
ered.

Attack of target
600

450

300

150

0
0 6 12 18 24 30 36 42 48 54 60

Time (year)

Ti
m

e (
m

in
)

Attack of  
target : current

Figure 7: Results of path for sabotage with time delay.

(ii) The detection and action against the incidents are
quantified.

(iii) SD method is applied to the security of NPPs.
(iv) General NPPs are modeled in the study.
(v) NPPs are controlled by the systematic procedures.

There are some more investigations in this work. The
time-based analysis could be used for the possible procedures
in the accident of the terror incidents. However, the steps of
the events are variable by the characteristics of the plants.The
nuclear materials are extremely prohibited from the public.
But some other industrial facilities are placed to be reached
by the public. Therefore, the analysis is able to be modified
by the public facilities like the public communications and
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Table 2: List of detection and action.

Path for sabotage Detection Action
Pass of fence Elec. signal + CCTV + guard Calling for guard or police
Pass of outer door Elec. signal + CCTV + noise Using weapon (hand gun, tear gas)
Pass of wall Elec. signal + CCTV + noise Using weapon (hand gun, tear gas)
Pass of inner door Elec. signal + CCTV + worker By physical defense
Attack of target Elec. signal + CCTV Impossible to defense

Table 3: Time for each step.

Path for sabotage Detection Action
Pass of fence Immediately Over several minutes
Pass of outer door ∼minutes Over several minutes
Pass of wall Minutes∼hours Up to 1 hour
Pass of inner door Over hours Up to 1 hour
Attack of target Over hours Impossible

Table 4: List of numeric values.

Path for sabotage Value (minute)
Pass of fence (Random number between 0 and 1) ∗ 2

Pass of outer door
(Random number between 0 and 1, mean:
0.8, and st. deviation: 0.2) ∗ 10 + pass of
fence

Pass of wall
(Random number between 0 and 1, mean:
0.6, and st. deviation: 0.3) ∗ 30 + pass of
outer door

Pass of inner door (Random number between 0 and 1, mean:
0.4, and st. deviation: 0.3) ∗ 60 + pass of wall

Attack of target
(Random number between 0 and 1, mean:
0.2, and st. deviation: 0.1) ∗ 90 + pass of
inner door

Table 5: Time for each step.

Path for sabotage Detection + action (minute)
Pass of fence (Random number between 0 and 1) ∗ 10
Pass of outer door (Random number between 0 and 1) ∗ 30
Pass of wall (Random number between 0 and 1) ∗ 60
Pass of inner door (Random number between 0 and 1) ∗ 120
Attack of target (Random number between 0 and 1) ∗ 180

transportations like the bus, subway, or train. For the general
goal, the safety of the facility is considered for the preven-
tion against the incidents. So, the dynamical quantifications
should imply the process of the catastrophic happening.
There should be many possibilities to the extreme case. The
security of the facility is related to the safe operations for the
normal situation.

The dynamical assessment can show the operator to find
the dangerous situation in the site. Then, the operator could
prepare for possible incidents which could be a catastrophe
for the NPPs. Generally, the terror attack of NPPs has not
been considered significantly. Therefore, in the aspect of

international policy aspect, the regulations could be con-
structed in the future.
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