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ABSTRACT

A large commercial aircraft impact to a structure certainly involves fuel dispersing into the atmosphere
and a subsequent fire. Nuclear island (NI) structures normally consist of a reactor containment building
(RCB) and surrounding auxiliary building (AB). The RCB is constructed with robust external walls
forming a pre-stressed concrete cylinder and dome, therefore this structure can completely protect internal
safety-related structures, systems, and components (SSCs) against aircraft impact. Most jet fuel is
dispersed on the roof area of the AB after impacting the RCB cylinder, and a subsequent fire can occur on
the roof area of the AB. The roof structure normally consists of reinforced concrete slabs, and structural
integrity may be affected due to the external fire. The external fire duration and fire curve have been
provided by Jeon’s research, but the study was based on a few assumptions without exact fire-dispersed
analysis.

In this study, an aircraft model including jet fuel is developed using a finite element method and smooth
particle hydrodynamic (SPH) technique. The SPH model for the jet fuel is verified by comparison with
the impact test results of aluminum cylinder missiles with fluid, and the modelling method is adapted to
the development of an aircraft model. The aircraft-structure interaction analysis is performed to evaluate
the dispersion area of jet fuel on the AB roof area after impacting the RCB wall and this study proposes
the fire curve for the heat transfer and heat stress analyses. Finally, the structural integrity of the AB roof
is assessed under the fire curve.

INTRODUCTION

Aircraft impact assessment and protective design have been applied to most new nuclear power plants
around the world. Basically, the assessment is performed by using a realistic analysis method which is to
evaluate the physical and shock damages to structures and systems due to missile impact and internal and
external fire damage to equipment due to jet fuel fire. The fire due to jet fuel is distinguished as external
and internal fires. The internal fire is the cause of the damage to the equipment and the external fire can
affect the integrity of the structure.

A large commercial aircraft consists of fuselage, wings, fuel tank, engine, and landing gear which are the
semi-rigid components. During a collision of the aircraft, the fuselage mainly affects the out-of-plane
bending and shock vibration behaviors in the structure, and the wings play the role of a knife to cut the
structure. The landing gears and the engines come into action to cause local punching shear failure of the
structure. The fuel tank with a large amount of jet fuel have a significant effect on the total load of the
aircraft as well as causing explosive fire and smoke which affect the safety of the structure and equipment.
Impact assessment of a large commercial aircraft has been generally performed by taking into account a
large amount of jet fuel which may come out of the airplane because it needs to consider the safety
conservatively. If an aircraft crashes into a rigid structure, the jet fuel is dispersed around structures and
can be the cause of large fires. NEI 07-13 provides the rules for internal fire damage assessment to
consider a three hour fire rating and 5 psi differential pressure. This guide assumed that external fires
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caused by aircraft impacts are of relatively short duration and will not have a significant impact on the
cooling of fuels. The aircraft crashes into the structure and the jet fuel tank is destroyed at almost the
same time, and then the fuel contained therein is dispersed around the surrounding structures as a cloud or
mist. In particular, commercial aircrafts are equipped with such a large amount of fuel that the dispersion
range can be a wide area and the fire may affect the structural integrity of the surrounding structures.

US Sandia National Laboratories (Brown et al., 2012) and Finland VTT (Slide et al., 2007), etc.
performed the test and simulation studies to evaluate the dispersion range of the fluid after the crash of
fluid-filled cylinder missiles. The test results have been referred to a few studies including this paper. In
addition, the structural integrity of APR1400 nuclear power plant was evaluated by consideration of
external fire (Jeon et al., 2012). Their study focused on a structural integrity evaluation of the surrounding
structures which can be directly affected by the external fire based on a few assumptions.

In this study, the fluid modeling approach using SPH is applied to evaluate the dispersing range of the
fluid, and is compared with the study results of Brown et al. (2012). The jet fuel is idealized as particles
contained in an aluminum cylinder missile, where those particles can be dispersed to the surrounding area
after the missile crashes into a rigid target. The fluid model using the SPH method is briefly verified
through comparison with test results, and then the modelling method is applied to a jet fuel model in an
aircraft model. The object airplane is assumed to be an aircraft which was considered in the aircraft
impact assessment of operating nuclear power plants in the USA by EPRI (2002). The dispersion analysis
of jet fuel caused by aircraft impact is carried out using an aircraft model for the determination of fire
duration and fire affected zone in an example nuclear power plant. Finally, the structural integrity of the
roof of the AB during a jet fuel fire is evaluated.

CHARACTERISTICS OF JET FUEL FIRE

The AB of a nuclear power plant consists of reinforced concrete which is designed in accordance with
safety-related concrete codes. Generally, the verification of fire resistance capacity may not be necessary
in a reinforced concrete building if the minimum cover is more than 20 mm (JSCE, 2005). In particular,
the AB is designed to ensure maintaining structural integrity without collapse in accordance with NRC’s
Standard Review Plan (SRP) 9.5.1 (1981) and Regulatory Guide (RG) 1.189 (2007).

Fire curves can be distinguished into cellulosic and hydrocarbon fires according to its resources.
Cellulosic fire curve is generally applied to the verification of fire resistance capacity of a power plant
structure, but the fire due to jet fuel should be identified as hydrocarbon fire. Maximum temperature for
both fire curves is almost the same, but the increasing rate of temperature is slightly different from each
other. Hydrocarbon fire shows the prominent characteristics which has a very rapid rate of the fire
development as shown in Figure 1.
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Figure 1. Fire curves
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VERIFICATION OF JET FUEL MODEL

Sandia National Laboratories in the USA performed the missile crash tests in order to evaluate the
dynamic behavior of the fluid according to the high speed impact. Among the related researches, one of
the test results is known to provide useful data to evaluate the dispersion of the fluid. In this study, a
dynamic model of the fluid is proposed and verified through comparison with the study results of Jepsen
et al. (2004) and Brown et al. (2012). The dynamic behavior of the fluid is idealized by SPH method that
discretizes the liquid to Lagrange sphere. In this study, the liquid discrete model using SPH method is
also applied to the dynamic analysis of the fluid to evaluate dispersing range of the liquid after a fluid-
filled cylinder missile crashes to a target structure.

Jepsen et al. (2004) introduced the impact test of the fluid-filled cylinder missile which consists of 1.2m
diameter, 2.4m length of aluminum cylinder and the impact velocity of 100 m/s.

In this study, an analytical model for cylinder missile is developed based on limited information in the
paper of Jepsen el al. (2004) and Brown et al. (2012) and a few assumptions. The fluid is idealized as
SPH spherical particles of approximately 15,000 with diameter of 5 cm. The LS-DYNA computer code
(2007) is used for the model and dynamic analysis. Figure 2 shows the fluid-filled cylinder model
developed in this study and Fig. 2 shows the finite element model of a reference paper of Jepsen et al.
(2004) and Brown et al. (2012).

Figure 2. Analysis model of fluid-filled cylinder missile

Figure 3 shows the degree of scattering of the fluid in accordance with the collision time of the aluminum
cylinder missile. The missile is crashed within 0.03 sec, and the fluid after the collision of the missile
spreads up to 25 m. The impact velocity in order to evaluate the dispersion range of the fluid is considered
as 100 m/sec which is the same test condition.

(a) 0.01 sec (b) 0.03 sec
Figure 3. Collision analysis of fluid-filled cylinder missile
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Figure 4 shows the dispersion results of the liquid at 0.5 sec in the test of Sandia National Laboratories
and the analysis of the Brown et al. (2012). Brown et al. carried out the fluid dispersion analysis using a
special program, SIERRA, which was developed by Sandia National Laboratories, and detailed test data
were so used in their analysis process that the reliability of the assessment was expected to be excellent.
In this study, it cannot present a precise analysis result that matches the test results because of insufficient
information for test. Despite those limitations, the analysis results show that the dispersing range is
similar to that of the tested fluid as shown in Figure 5.

. Time: 0500
(a) Test (b) Analysis
Figure 4. Fluid dispersion at 0.5 sec after collision (Brown et al., 2012)

(2) 0.15 sec (b) 0.5 sec
Figure 5. Anlysis results on fluid dispersion

Figure 6 shows more details about the distribution of fluid on the floor at 0.5 sec after a missile crash. The
fluid is symmetrically distributed in the distance of less than 25 m around the impact position. Figure 7
also shows the weight of the fluid which is calculated from the number of the SPH particles obtained from
the analysis results. The figure represents the calculation results of one side around the impact position
based on symmetrical distribution of the fluid.

Figure 8 shows the distribution of fluid during the missile collision time and dispersion of fluid (Jepsen et
al., 2004). The ejection velocity of the fluid is gradually so decreased that the liquid is mostly dropped on
the floor. According to the review result, the use of Eulerian method depicts a proper analysis result
regarding the deceleration of the fluid but shows the drawback difficult to indicate correctly the
dispersion of the fluid. The SPH method shows more conservative assessment result of the fluid
dispersion comparing with Eulerian method.
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Figure 6. Fluid disrtibution on floor at 0.5 sec after missile collision
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Figure 7. Fluid distribution

Figure 8. Cylinder missile crash and fluid dispersion (Jepsen et al., 2004)

AIRCRAFT MODEL

The aircraft model is developed by referring to EPRI report (2002) as shown in Figure 9. Aircraft fuselage,
wings, jet fuel storage tank, and engines are modeled with shell elements and the landing gear is modeled
with beam elements. The jet fuel in storage tank is modeled using SPH sphere particles which is
previously validated, and overall weight of the aircraft except jet fuel is appropriately distributed to the
nodes with reference to the mass distribution along the aircraft axis.
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Front view
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Figure 9. Aircraft Model
EXTERNAL FIRE CAUSED BY AIRCRAFT CRASH

When the aircraft crashes to the RCB, a jet fuel is dispersed on the AB roof area and a subsequent fire
may occur on the roof. Because structural integrity of the AB roof may be affected by a jet fuel fire,
dispersion range of a jet fuel to the roof area after aircraft crash is evaluated using aircraft model shown in
Figure 9.

The NI structures consist of a robust pre-stressed concrete RCB and the surrounding reinforced concrete
AB and both buildings are physically separated with about 5 cm seismic gap as shown in Figure 10.
Therefore when the aircraft crashes to the reactor building wall, some debris and a large amount of jet
fuel in the aircraft may be distributed to the AB roof.

i

Figure 10. Analysis model for NI structures

A

Aircraft impact analysis is performed by consideration of the collision of aircraft to RCB wall and
dispersion range of jet fuel to the AB roof is evaluated by using LS-DYNA program (2007). After the
aircraft crashes to the RCB, a large amount of jet fuel is fallen on the roof of AB as liquid and mist.
Figure 11 illustrates the phenomenon of jet fuel dispersion according to time passes after the airplane
crashes.
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Figure 11. Dispersing analysis result of jet fuel

The roof area can be divided into a few zones in order to calculate the density and weight of jet fuel as
shown in Figure 12. Emission of the fuel through the discharge opening on the roof is neglected in the
calculation of the total amount of jet fuel. The roof is assumed as flat floor and 0.051 kg/m?-sec of the
burning rate is considered for calculation of the fire duration. According to the calculated results, the
longest fire duration on the roof area is 38 minutes.

(a) Side view (b) Top view
Figure 12. Dispersing range of jet fuel on AB roof

With consideration of the uncertainties of the burning velocity and the jet fuel dispersion evaluation
results, the maximum duration for the jet fuel fire is assumed as 60 minutes. The characteristics of the
external and hydrocarbon fires are also considered in defining the fire curve based on the existing
research results. According to previous research results (Jeon et al., 2012), a decay branch of the fire
curve showed a great influence on the fire resistance capacity of structures. Therefore a decay curve for
two hours is considered in the fire curve based on the research results of Contri et al. (2005) as shown in
Figure 13(a). Figure 13(b) shows a temperature profile on the concrete surface on the roof due to heat

transfer analysis.
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(a) Jet fuel fire curve (b) Heat profile on roof surface

Figure 13. Fire curve and heat profile
STRUCTURAL INTEGRITY EVALUATION

Figure 14 shows an analysis model for the AB which consists of a reinforced concrete structure. The
model is composed of shell and solid elements for concrete and embedded beam elements for
reinforcement. A heat transfer analysis considering the heat profile on the roof outside surface of the AB
and a constant operating temperature on the inside surface is performed first, and then a heat stress
analysis considering the heat distribution in roof thickness and vertical loads is carried out using a
nonlinear analysis method of ABAQUS program (2012). All thermal properties of the material are
followed the requirements of Euro codes.

(a) Concrete (b) Reinforcement
Figure 14. Analysis model for the AB

Figure 15 shows the tensile strain distribution results in concrete at a critical section which represents
overall tensile micro-cracks in the structure, and the tensile strains of the reinforcements located at top
and bottom of the roof are shown in Figure 16. Top reinforcement is in a plastic strain state exceeding the
yield strain. However, bottom reinforcement is in an elastic strain state. As a result, although overall
tensile micro-cracks occur in concrete and top reinforcement also yields, destruction or collapse of the
roof does not expect to occur. In addition, a nominal strength, which is 1.125 times the minimum design
strength of reinforcement, is applicable for the assessment of structural integrity and a ductile fracture
strain of the reinforcement of 0.05 is considered for the evaluation of structural collapse. It means that
more safety margin may present in the real structure comparing with analysis results. Therefore, the
conclusion of maintaining the structural integrity is possible for the roof structure of the AB.



23" Conference on Structural Mechanics in Reactor Technology
Manchester, United Kingdom - August 10-14, 2015
Division IIT

0.006
0.005 /f ""'-—‘.\_\
0.004
£ 0.003
£
% 0.002 /
0.001
0
0 50 100 150 200
time (min)
(a) Contour (b) Tensile strain history

Figure 15. Tensile strain distribution in concrete
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Figure 16. Tensile strain history of reinforcement

CONCLUSION

In this study, jet fuel dispersion and the resulting fire effects caused by an aircraft collision are evaluated

as follows:

1) Dispersion of fluid contained in an aluminum cylinder missile is analyzed using the SPH method and
the feasibility of the SPH method is validated by comparison with test results. The proven modeling
technique for fluid is incorporated into an aircraft model.

2) An analysis model for the NI structures of the nuclear power plants is developed to evaluate the jet
fuel dispersion and fire effects on the roof of AB caused by aircraft crashes on the RCB.

3) Maximum fire duration is calculated by consideration of a burning rate of jet fuel, and the fire curve is
defined by consideration of the calculation and existing research results.

4) Nonlinear static analysis is performed to evaluate the stresses and strains in the roof of the AB and the
structural integrity of the structure is assessed based on the stress and strain states in the structure.

5) According to the results of this study, an external fire caused by jet fuel and aircraft crash affects a
small impact on the structural integrity of the roof because of its short duration.
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