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ABSTRACT

The impact of large commercial aircraft on nuclear power plants has become the focus of the public
and researchers since the "Sep.11th incident” of the USA. The impact of large commercial aircraft should
be taken into account in newly designed nuclear power plants, which has been considered already in
current advanced nuclear power technology. This paper not only reviews the relevant regulations,
standards and researches worldwide, but also briefly introduces the design cases of the third generation
advanced nuclear power technology against the large commercial aircraft impact. Through research and
analysis, the design thinking and analytical logic of nuclear power plants against the large commercial
aircraft impact are further clarified, several effects of aircraft impact (including local scabbing,
perforation damage, overall deformation, collapse damage, vibration effects, and fire effects etc) are
described, and corresponding solutions are put forward as well. The paper, combined with the calculation
example, conducts the structural nonlinear dynamic analysis and evaluation, local failure formula
calculation and evaluation, vibration analysis evaluation and fire analysis evaluation, thus defines the
whole process of design and analyzing nuclear power plants against the large commercial aircraft impact,
therefore providing design and evaluation reference for future nuclear power plants against the large
commercial aircraft impact.

INTRODUCTION

The impact of large commercial aircraft on nuclear power plants has become the focus of the public
and researchers since the "Sep.1lth incident" of the USA. 10CFR50.150 ™ the Aircraft Impact
Assessment(AlA), was officially issued in 2009, stipulating that the impact of large commercial aircraft
should be taken into account in the newly designed nuclear power plants, and the impact shall be taken as
an incident beyond design basis. To facilitate the implementation of 10CFR50.150, Regulatory Guide
1.217""Guidance for the Assessment of Beyond-design-Basis Aircraft Impact”, a key part of which is to
accept the methods provided by NEI 07-13 as the methods for evaluating the compliance with
10CFR50.150. NEI 07-13"! has specified the assessment method for the newly designed nuclear power
plants against the impact of large commercial aircrafts. Besides, EPRI has performed AIA evaluation on
the existing nuclear power plants in USA.

The European countries have also begun to take the malicious impact of large commercial aircraft
into account in the design of the critical structures of nuclear power plants, so that they will not cause any
hazardous consequence. In the ETC-C ¥ it is expressly ordered that the aircraft impact shall be taken
into consideration, and the design methods against the impact of military aircraft are described in detail.
Beside, a special analysis on the impact of large commercial aircraft is provided in the design of EPR.

The safety standards kit of IAEA ! NO.NS-G-1.5 "External Events Excluding Earthquakes in the
Design of Nuclear Power Plants" has specified in detail the effects of aircraft impact, including overall
structure damage (structure deformation, structure collapse, capsized, etc.), failure of safety related
systems and equipment caused by structure vibration, local damage caused by missile impact (penetration,
scabbing, etc.); fire caused by combustion of combustible materials.
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The nuclear safety guidance of China " has stipulated specific requirements for the protection
against aircraft crash. In most cases, in the site selection and design of nuclear power plants, the
influences of aircraft crash are excluded by evaluating the safe distance and setting no-fly zone. Most of
the nuclear power units in operation and under construction at present are designed to defend against the
impact of Lear-Jet and Cessna.

Domestic and overseas experts have conducted numerous researches and analyses on the impact of
aircraft on nuclear power plants. The methods used for overall dynamic analysis mainly include dynamic
time history analysis and missile-target interaction analysis®*®!. P.A.Cox et al®®*! used the two methods to
conduct an analysis on Yucca nuclear waste treatment plant against aircraft impact. In the dynamic time
history analysis, RIERA method "**" can be used to determine the time history of aircraft load. The
RIERA method is an approximation method based on momentum theorem. It mainly considers the effect
of the missile and target from the angle of structural analysis and does not regard the coupling effect
between the mechanical equipment and the structure. Therefore, the aircraft load is a conservative load,
and the parameters that affect the time history of the aircraft load include the crushing force distribution,
mass distribution and impact speed of the aircraft. This method has been widely accepted in the world.
Finite element analysis can be adopted for the numerical simulation of aircraft impacting nuclear power
plant. Jorma Arros and Nikolay Doumbalski **used LS-DYNA to simulate the impact of Boeing747-400
on the assumed nuclear power plant structure, and obtained the nonlinear dynamic response and failure
criteria of the structure. Zuo Jia Hong ™ performed an analysis on the specific containment against
aircraft impact. The influence of the aircraft engine as the hard missile during the aircraft impact shall
also be considered. T.Sugano et al ™™ conducted a test about the impact of aircraft engine on the
reinforced concrete. They used small scale, middle scale and full size engine models for the test and
obtained the local damage pattern of the reinforced concrete. After comparing the test results with the
empirical formula, they provide a recommended empirical formula for penetration and scabbing. Q.M. Li
et al " collected many empirical formula concerning the local spallation, penetration and scabbing for
the local impact effects of hard missiles on reinforced concrete target. The fire caused by aircraft impact
shall also be considered in the protection design of nuclear power plants. Se Jin Jeon et al *® performed an
evaluation on the nuclear power plants against the fire caused by impact of large commercial aircraft.

After the Fukushima nuclear accident, higher requirements were imposed on the response of
nuclear power plant to the incidents beyond design basis. Many countries with nuclear power have raised
their thresholds on the design of nuclear power plants, taking the malicious impact of large commercial
aircraft and catastrophic natural disasters into consideration.

DESIGN CONCEPT

The safety of the nuclear power plant shall be ensured after the impact of aircraft:

(a) The reactors shall be safely shut down. That is, the safety of the system, equipment and components
for executing the reactor shutdown function shall be ensured.

(b) The residual heat shall be discharged. That is, the safety of the system, equipment and components for
executing the function of discharging the residual heat of reactor core and spent fuel water tank shall be
ensured.

(c) The radioactivity shall be contained. That is, the structural integrity shall be ensured, especially the
containment and the spent fuel water tank.

To effectively realize the above safety requirements, the damaged caused by aircraft impact shall be
avoided from the source through design. The SSCs (Structure,system and component) that execute the
above safety functions shall adopt redundancy design and physical separation, in order to ensure their
functional integrity after the aircraft impact. The safety-related SSCs that cannot adopt redundancy design
shall be deployed in the same plant or area for centralized protection. The SSCs under centralized
protection shall be deployed away from the impact area to minimize the impact effect. The structure of
the local weak points or the protection area shall be enhanced.
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For the basic process for the design of nuclear power plant against aircraft impact, please refer to
Figure.1.

Step 1: Identify the systems, equipment and components that
affect the safe reactor shutdown and residual heat discharge,
and prepare the list of SSCs in need of protection.

1l

Step 2: Study the list of SSCs that adopt redundancy design
and physical isolation, and identify the plants or areas that
shall be protected via structural design.

1l

Step 3: Analyze the external facades that may be subject to
aircraft impact according to the terrain conditions and plant
layout of the site.

Step 4: Determine the worst position for aircraft impact
according to the structural plan and the type of calculation
analysis, and then make corresponding calculation analysis.

Figure 1 Process for design of nuclear power plant against aircraft impact
STRUCTURE AND LAYOUT PLAN

The aircraft impact on the nuclear power plant will cause overall damage, local damage, vibration
damage and fire damage. Corresponding defensive measures shall be taken for different damage patterns.
In the design of structure and layout plan, anticipation and simple analysis shall be conducted according
to the above discussion, and the following points shall be considered:

(1) All the safety-related items that are critical or have high vibration requirements shall be deployed in
the area that is far away from the aircraft impact surface or will not be subject to direct impact by
optimizing the overall layout plan. Double wall can be constructed when necessary to isolate or weaken
the vibration effect caused by the impact.

(2) The containment shall adopt double containment or thickened wall to meet the integrity and other
relevant requirements. If single containment is adopted, the polar crane shall adopt effective support to
prevent it’s falling. The external containment shall be free of any safety-related items that are used to cool
the nuclear core but sensitive to vibration.

(3) The spent fuel water tank shall be deployed in the inner side of the fuel plant and far away from the
aircraft impact surface. The crane shall not stop on the top of the spent fuel water tank when it is idle.

(4) To avoid local damage as back scabbing or penetration, the reinforced concrete structural members
shall be thickened, and steel lining can be installed when necessary.

(5) When deploying double containment or double wall, the gap between the two containments or walls
shall be larger than the deformation caused by the aircraft impact.

(6) For the structural members that are subject to direct aircraft impact and have large support span, the
structural scheme shall be optimized to improve the support conditions.

(7) For the external wall or roof that is subject to direct aircraft impact, large process opening shall be
avoided.

The most advanced third generation nuclear power plant adopts the following two solutions in the
design against the impact of large commercial aircraft:

(@) Set an independent APC (Airplane Crash) structure to avoid the influence on the design and
deployment of the process system.
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(b) Adopt centralized deployment and make full use of the blocking function of the surrounding buildings
to provide centralized protection.

AIRCRAFT LOAD

The selected aircraft types shall include the most features of the aircrafts in service, including the
maximum take-off weight, aircraft dimensions, fuel weight and engine type. Besides, to be proactive, the
development direction of the commercial aircraft shall be taken into account. To calculate the probability
of the aircraft impact, the flight time and number of flights shall be taken into account. In 10CFR50.150™,
the aircraft is assumed to have long-distance flight in USA and carries fuel necessary for the flight.
Whether the aircraft is driven by experienced or inexperienced pilot shall be taken into account. For the
terrain with nuclear power plant, low-altitude flight speed and angle shall also be considered.

After determining the aircraft type or the virtual aircraft that includes all the relevant features, the
time history curve of the aircraft load can be obtained through the RIERA method ">*"! based on the basic
characteristics of the aircraft.

CALCULATION ANALYSIS

For the aircraft impact, not only the effect of direct impact (structural deformation, damage and
vibration influence on equipment), but also the secondary effect caused during the impact (including the
impact of aircraft engine and fragments, the fire caused by fuel, explosion effect) shall be considered.

The overall effects caused by aircraft impact include large structural deformation, structure collapse
and capsized. The calculation methods include dynamic time history analysis and missile-target
interaction analysis. The former one is usually used in engineering application.

The local structural effects are caused by the impact of aircraft engine (hard missile). Its damage
patterns mainly include the following types (for specific illustration, please refer to Figure.2):

Penetration--the displacement of the missile into the target. It is a measure of the depth of the crater
formed at the zone of impact.

Spallation-- the ejection of target material from the front face of the target.

Scabbing -- the ejection of target material from the back face of the target.

Perforation -- the missile fully penetrates and passes through the target.

Spallation Penetration  Scabbing Perforation

Figure.2 Schematic Diagram for Local Damage Pattern

Such damages will not cause the structure to collapse or capsize. Spallation and penetration will not
affect the structure or the internal system and equipment. Back scabbing and penetration may do harm to
the internal system, equipment or components. Therefore, calculation shall be made during the design to
prevent these damages. Detailed calculation formula is provided in NEIO7-13[3].
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The vibration caused by aircraft impact is mainly high-frequency vibration. The relevant frequency
spectrum is much higher than that of the earthquake. The influence of the vibration on the safety related
equipment and system after the impact shall be assessed. The vibration analysis can adopt fully transient
analysis.

The fuel that escapes during the aircraft impact may cause external fire and internal fire. External
fire may damage the external critical safety components of the power plant. Besides, the fuel may enter
critical safety structures through normal opening, and the steam or gas may enter the relevant system
through inlet pipe, causing internal fire. The fire protection measures shall be evaluated.

The fuel explosion caused by aircraft impact is dependent on the quality of fuel carried by the aircraft, as
well as the potential introduction of other combustible materials in the plant. It has not been taken into
account in the current engineering practices.

EXAMPLE ANALYSIS
The profile map of the double containment in the nuclear power plant is as shown in Figure.3. It is

used for the calculation analysis of the external containment against the impact of large commercial
aircraft. The schematic diagram for the aircraft impact on the containment is as shown in Figure.4.

Figure.3 Profile map of containment Figure.4 Schematic diagram for aircraft impact on containment
Nonlinear dynamic analysis

The surrounding plant walls of the containment can provide certain protection for the bottom part
of the containment barrel. The part without sheltering is the part subject to direct impact. According to
analysis, the worst position for the aircraft impact is in the middle of the elevation barrel. Because the
structure bottom is connected to the foundation, the bottom is bound by concrete. The action place and
boundary conditions of the load are as shown in Figure.5.

BLBENTY AN

Figure.5 Schematic diagram for action place and boundary conditions of aircraft load
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Assuming that the concrete materials are isotropic and homogeneous, two failure modes are
considered: crushing in compression and cracking in tension. When calculating the overall dynamic
response, N0.159 material is used for simulation of concrete. The model is a cap model with smooth or
continuous surface. The strain rate effect, failure criteria, damage effect and strength differential effect are
preset for the model. The steel subject to uniaxial tension and compression presents ideal elastoplastic
properties. Material No.3 is used for simulation of rebar. Assuming that the rebar and concrete has good
bonding and anchoring, coupling binding is used to simulate reinforced concrete, with no regard to the
slippage and friction between them.

The calculation is made through LS-DYNA program. The calculation result indicates that the
deformation of the containment subject to aircraft impact is mainly in the impact area and the adjacent
area. The maximum displacement of the structure is 8.443 cm. The displacement and stress nephogram is
as shown in Figure.6. The selected impact area and the nearby nodes are as shown in Figure.7. The
displacement time history curve of the selected nodes is as shown in Figure.8. According to the
nephogram and displacement time history curve, the displacement change of the structure has the
following characteristics: centralized in certain area, quick change, lagging behind the load curve. The
displacement of the containment will not affect the internal structure.

Figure.6 Maximum displacement nephogram of containment

Figure.7 Position and number of nodes in impact area
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Figure.8 Displacement time history curve for nodes in impact area

The concrete materials of the structure in the area subject to aircraft impact have local cracks. As
shown in Figure.9, the area in the impact surface has recoverable cracks, while the area far from the
impact surface (back side) does not have crack. The recoverable cracks will not affect the structure. The
containment rebar has local yields, while most rebars are elastic. As shown in Figure.10, the maximum
axial strain is 0.338%, far less than its ultimate strain 5%.

To sum up, the containment structure will not have overall damage.

Figure.9 Strain control (crack) nephogram of containment concrete

Figure.10 Axial strain nephogram of containment rebar
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Calculation analysis of local damage

The calculation is made using the formula in NEI 07-13 and the characteristic parameters of a
typical engine (as shown in Table 1).

Table 1 Characteristic Parameters of Engine

Mass (Ib) Speed (ft/s) Diameter (in)
9670 328 86.3

The minimum thickness to prevent penetration damage

t,=a,D{2.2(X, /{a,D})-03(X,/{a,D})’|, X, / {or, D} =544.2mm (1)
The minimum thickness to prevent scabbing damage
t, = ,1.84(200/V)*(MV2)** / ({D /12}"* {144 fc'}m) - 915.8mm @)

The calculated minimum thickness is 544.2 mm and 915.8 mm to prevent penetration damage and
scabbing damage respectively. Therefore, the containment will not have such local damages as
penetration and scabbing.

Vibration analysis

Because there is enough distance between the internal and external containment, and the external
containments and internal containments are only connected through foundation, considering the effective
blocking of the surrounding buildings and the high position of the aircraft impact, the vibration caused by
the impact needs to be transmitted downward to the foundation through the external containment before it
can affect the internal structure. The transmission path is long, and the vibration has quick attenuation.
Therefore, the influence of vibration on the internal structure and system is far less than that of the
earthquake. No further calculation analysis is needed. If the nuclear power plant adopts single
containment, or the aircraft impacts other structures that need protection, detailed finite element model
shall be built to calculate the floor response spectrum of the structure or the time history curve of the
structure dynamic response (acceleration, speed, displacement) for the analysis and assessment of
equipment.

Fire analysis

The fire caused by aircraft impact includes external fire and internal fire. According to article 3.3.2
of NEIO7-13, it is assumed that external fire is short-lived, and the firemen can reach the site. The
external fire will not have large influence on the cooling of the reactor fuel and spent fuel water tank.
Besides, the structural wall and roof boarding have the fire resistance rating of 2 hours. Therefore, the
continuous influence of the external fire will not be considered. The internal fire shall be prevented by
enhancing the protection structure, avoiding the penetration damage of external wall and roof, properly
handling the holes and openings on the external wall and roof, so that the fire will not spread to the plant.
For complex situation, local model can be built to make detailed analysis.

CONCLUSION
In this paper, the design and analysis of nuclear power plant against the impact of large commercial

aircraft are summarized, the key steps and contents are specified, and calculation and analysis are made
based on the specific examples, thus clearly present the whole process of design and analysis of nuclear
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power plant against the impact of large commercial aircraft. Given the limited space available, some
specific issues do not have detailed explanation, and some special research and calculation results do not
have in-depth exploration. Further research will be made on certain issues in the future.
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