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Abstract This study analyzes system behavior and safety during severe accidents involving coolant inflow
into the reactor core and building. Although this integrated configuration is not a standard safety
system, its cooling effectiveness has been validated through operational plant cases. To identify
geometric regularity in complex accident environments, Fractal algorithms and Internet of Things (IoT)
monitoring were integrated, with coolant accumulation modeled via Boolean-based numerical
simulations. Results show safety indicators rising gradually following initial damped oscillations. By day
90, the system reached thermal equilibrium, ultimately stabilizing in a steady-state with

constant-amplitude oscillations, confirming long-term stability.
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1. Introduction are under disorder conditions where the

designed safety injection systems for the

After previous severs accidents in the nuclear emergency and residual heat removal functions
power plants (NPPs), the post-accident analysis were failed and then eventually had gone to be
(PAA) is investigated in the aspect of complex out of control. There are comparisons in {Table

algorithm as the fractal theory. These accidents 1> in which the characteristics of previous three
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severe accidents. The status of Fukushima and
Chernobyl is under incomplete situations of the
cooling. So, the status of integrity of the plant is
going in continuing of nuclear heat and cooling
as the form of the fuel and structure mixtures.
Additionally,

modeled to enhance accident processing, including

IoT systems are introduced and

speed and accuracy of accident processing.

(Table 1> List of post-accident treatment

Variable Method Status

Three Mile Island Isolation in containment Core melted

Chernobyl Isolation by concrete Incomplete and new covering

Fukushima Isolation in water pool Incomplete and continuous

radiation leak to environment

It is studied to consider the integrity of the
post-accident when the coolants are pouring into
the core and reactor building. Although this is not
a designed safety system, currently two plant sites
are in the stable states using this kind of mixed
structures. In the geometrical analysis where it is
to find out the formalized regularity, the fractal
algorithm is to be utilized in the NPPs case. The
molecular levels are investigated in the fuels and
facility structures with whom the analysis would
show regularities as the atomic mass numbers and
the ratio of the atoms. This reflects the original
fractal

self-similarity concept is used for the analysis.

meaning  of geometry where the
As non-linear complex algorithm, the fractal

logic is useful in describing the unexpected

phenomena, futuristic expectations, and
technological forecasting in which the dynamical
prediction of the designed systems is analyzed.
the accident scenarios are many
Disordered

features of the facilities are related to many

Furthermore,

uncertainties in event progressions.

unexpected variables. For example, the collapsing
of the structures is a very significant cause to the
event scenario. That is, it is impossible to find out
the next step of the scenarios. Hence, it is better to
regard the situation as the randomized properties
than to examine the detail investigations in the

accident sites. Treating of post-accident state

cannot give the exact data to the operators who
should manage the plant operations. It is one of
ways to make use of the robotics which could be
controlled by the artificial intelligence (AD.
Therefore, it is reasonable to manage the disaster
state using the non-linear algorithms.

There are some papers which are applied to
the technological matters such as the mechanical
problems. Petkovi¢ et al. worked that the
fluctuation of the wind is analyzed by the fractal
interpolation of the wind where the neural
networking algorithm is used [1]. Jalan et al.
studied the complex network is incorporated
with the fractal characteristics [2]. In addition,
Chen et al. showed the spreading morphologies
by plasma material in the aspect of fractal
dimensions [3]. It has been applied to many
fields in the social humanities as well as the

scientific technologies.

2. Methods

2.1 Conceptual direction

Conventional nuclear safety is based on the
regulations in which there are many prevented
directions to control the nuclear energy
productions in NPPs. However, in the accident
like the Fukushima case, there is the unavoidable
accident where the

management imperative

treatments has been done in the accident
situations. So, one can imagine the accident
concept could be changed from the Preventions
to the Isolations, because the repeated action
could be done in the changed scale. So, the
cooling actions are done in the collapsed
structures where even though the coolant system
is broken, the cooling is eventually done by the
overloaded pouring into the broken containment
building in Fukushima case. Figures 1, 2, and 3
show the configurations of reactor features as
Collapsed feature, Post-accident feature, and

Permanent cooling feature, respectively.



loT-Integrated Fractal Analysis for Assessing Structural Integrity and Cooling Stability in Post—-Accident NPPs 69

Collapsed Feature

Broken Piping & Cranes

Broken Vessel

[Fig. 1] Modified physical protection system (PPS).

Post-Accident Treat Feature

.Water Falling

Concrete Confinement

[Fig. 2] Configuration of post-accident feature.

Permanent Treat Feature

Water Submerged ) )
Water Circulation

Concrete Confinement Colling Pump

[Fig. 3] Configurations of permanent cooling feature.

2.2 Fractal theory

It is possible to imagine the managements of
NPPs in the situation of disorder state. The
fractal shape could be made, because the
intended operations as the emergency cooling
should be performed.

2.2.1 Self-similarity

In our world, there are same statistical
repeating feature as the variable scales like the
leaf of trees or coastlines [4]. One of most
important examples is the Koch curve where the
similar shapes are repeated eternally [5]. The
dynamical description for the Koch curve is done
as the dynamical scaling [6-8]. There are the

measure of similarity as [5],
NEx =1 ¢

D is the

self-similarity segment, and ¢ is the scaling ratio.

similarity dimension, N is the

So, for the line, area, and volume, respectively,

L=NE=1 )
A=NE=1 (3)
V=NE=1 4)

Therefore, equation (1) is,

log (V)

5™ Tog(1/e) 2

So, one can find that in the case of 8 segment
and 1/4 length of its parent, the value is,

~ log(8)  log(2%)
Ds = log(1/(1/4))  log(1/(1/2%)) ©
_ 3log(2) _ 15

2log (2) ’

2.2.2 Applications in nuclear accident

In the application of nuclear viewpoint, it is

able to be considered as the nano-scopic
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investigation, because the molecular level

interactions happen in the disordered state
where coolants, and nuclear materials are mixed.
Fig. 4

features as Basic concept of cooling and Fractal

shows the configurations of reactor
analysis. So, there is the comparison between
fractal theory and atom related modification. For
example, in the cooling application, the atomic
numbers in water could be used as 1.0 of
hydrogen and 8.0 of oxygen. The total mass
number of hydrogen is 2.0 and the ratio of

element numbers is 2.0.

~ log(2) _ log(2)
D= 1og(1/(2/3)) ~ Tog(3/2) @
log(2) = 1.709511

" Tog(3) —log(2)

Similarly, the total mass number of oxygen is

16.0 and the ratio of element numbers is 1/3.

_ log(16) _ log(2%)
DO; log(1/(1/3)) ~ 1og(3] ®
_ 4log(2) _
= 710g(3> 2.523719
In the case of carbon dioxide coolant,

_ log(12) _ log(12)
De= 10g(1/(1/3) ~ log(3) ©
= 2.523719

Similarly, the total mass number of oxygen is

32.0 and the ratio of element numbers is 2/3.

_ log(32)  _ log(2°) (10)
log(1/(2/3))  1log(3/2)
= 8.547556

Therefore, it is important to make D value
should be distributed completely to cover the

nuclear materials in the collapsed features

Basic Concept of Cooling
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Fractal Analysis

Hydrogen Oxygen

2+

|

[Fig. 4] Configurations of nano-scopic reactor
features (a) Basic concept of cooling and (b)
Fractal analysis.

()

2.3 Modeling for simulations

The simulations are assumed as 100 days
period. Fig. 5 shows the modeling results from a
simulation using the Vensim code, a system
dynamics (SD) framework. SD has been used not
only for humanities and social science analysis
but also for complex scientific and technological
problems [9-15]. This is the software for the
technological assessment of the interested topics
[16]. The design of modeling is constructed by
connecting of the related events to the issue. In
this model, the basic variables as Coolant,
Nuclear Materials, Structures, and IoT Systems
are quantified. Here, IoT systems refer to various
Internet systems for accident processing. In the
case of Coolant, it is equated as, if then
else(random 0 1 () < 0.6, 0, 1) (11)
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Nuclear
Materials
+ Fractal Safety

[Fig. 5] SD modeling for the design.

R

This means if the random numbers between 0
and 1 is lowered than 0.6, it is 0. Otherwise it is
1. So, the Boolean values are obtained. Especially,
the values are accumulated from 0. This shows
the incoming coolants are accumulated in the
collapsed structures of containment building.
Here, the numerical values that serve as criteria
for each are determined based on expert
judgment.The other three cases are similar. That

is, in the case of Nuclear Materials, it is,

if then else(tandom 01 () (0.3, 0, 1) (12)

This means if the random numbers between 0
and 1 is lowered than 0.3, it is 0. Otherwise it is
1. The nuclear fuel and its related materials are
assumed as 3/10 of total materials in the
building. (Table 2)
variable. In addition, there is the Fractal Factor

shows the list of each

where the random numbers are compared with a
value that is obtained by normalized one of the
fractal calculation. From equations (7) and (8),

1.709511 B
1709511 +2.523719 403831 (13)
(Table 2) List of variables.
Variable Quantity

Coolant if then else(random 0 1 () < 0.6, 0, 1)
if then else(random 0 1 () < 0.3,0, 1)
if then else(random 0 1 () < 0.6, 0, 1)
if then else(random 0 1 () <0.3,0, 1)
if then else(random 0 1 () < 0.403831, 0, 1)

(Coolant + Nuclear Materials + Structures + IoT

Nuclear Materials

Structures

IoT Systems

Fractal Factor
Fractal Safety

Systems)*Fractal Factor

So, Fractal Factor is,
if then else(random 0 1 () < 0.403831, 0, 1) (14)

This is the random number based Boolean
numbers are related to the value obtained by the
self-similarity. Finally, in Fractal Safety, the value

is,

(Coolant + Nuclear Materials + IoT Systems +
Structures)*Fractal Factor 15)

Each Boolean value is summed and multiplied
by the Fractal Factor.

3. Results

The experimental data presented in Fig. 6
provides a comprehensive overview of the
system's thermal behavior and stability metrics.
In Fig. 6 (a), the results clearly illustrate specific
instances where coolant accumulation occurs,
suggesting potential bottlenecks in the internal
circulation flow. This is further supported by the
Boolean logic displayed in Fig. 6 (b) and (o),
which maps the operational status and triggering
thresholds of the cooling system. Regarding the
Fractal Safety index shown in Fig. 6 (d), the
availability values exhibit a progressive upward
trend characterized by rhythmic oscillations,
reflecting the dynamic complexity of the safety
margins under stress. Notably, after a duration of
90 days, these fluctuations transition into a
steady-state equilibrium. At this stage, the graph
maintains a parallel trajectory with consistent,
minor oscillations, signifying that the cooling
environment has reached a state of long-term
stabilization and reliable thermal management.
In addition, Table 3 shows the behavior of IoT
Systems and Fractal Safety through sensitivity
analysis, and it appears that uncertainty has
increased as the standard deviation in Fractal

Safety increases.
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[Fig. 6] Results of simulations (a) Coolant, (b) Nuclear
Materials (c) Fractal Factor, and (d) Fractal
Safety.

(Table 3) Statistics of result.

Variable Min. Max. Mean St. Dev.
IoT Systems 0 1 0.68 0.47
Fractal Safety 0 43 13.38 15.03

4. Conclusions

The complex algorithm 1is used for the
post-accident analysis especially for the NPPs’
severe accident where the reactor core is melted

This

situation is considered as the unmanageable

and collapsed. extremely dangerous
states. So, the fractal algorithm is applied to
solve the disordered situations. That is to say,
although the post-accident is not the designed
state, the reactor building is under stabilized
conditions where the radioactive hazards are
quite under safety level. The broken nuclear fuels
are open to the environments. Even though some
radioactive materials leak, the exposure levels
have been down to the health protection
condition. There are some important points of

this study as follows,

® The post-accident analysis (PAA) is studied.

® Fractal theory as complex logic is applied to
nuclear disaster.

® The Self-similarity method is examined.

® Industrial applications for PAA are
suggested.

This kind of the study could be applied to the
other kinds of the industrial disaster such as the
environmental pollutions. The oil leak in the sea
by the wreck of oil tanker ship could damage to
the environment very dangerously. So, the fractal
algorithm could be used to analysis of the
accident effect. The dynamical simulations are
one of the important of considering factors.
Hence, the future work should be done in the
pollutions. In

aspect of the environmental

addition, the fundamental science like the fluid
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mechanics is one of the future topics in the

fractal work where the efficiency of NPPs is

significantly improved by the analytic studies.
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