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ABSTRACT 
 

Studies on the structural safety assessment of nuclear power plants against large civil aircrafts by 

many research groups are on-going. It can be said that the aircraft engines are heavier and stiffer than 

other parts, such as wings and fuselage in the event of crashes to structures. Experiment studies have been 

performed by impact tests of hard missiles to concrete panels for the purpose of the evaluation of aircraft 

engine-concrete structures impacts. In this paper, preliminary study on the idealization of aircraft engine 

model is presented by structural optimization scheme. The detailed three-dimensional finite element 

model of large civil aircraft engine has been developed and the numerical simulation of concrete panel or 

rigid wall impacted by aircraft engine is performed by using developed 3D FE model of aircraft engine. 

The idealized and simplified engine models are presented by minimizing the errors between the force-

time histories of the 3D FE engine model and simplified engine model. 

 

INTRODUCTION 

 

Studies about the safety evaluation on the large civil aircraft impact to the nuclear power plant 

(NPP) structures have been conducted by many research groups (DICT (2005)). One subject of the studies 

carried out in the aircraft impact assessments relates to the development of detailed finite element models 

of aircraft engines also experimental impact tests of small to full-scaled aircraft engine models. 

Experimental impact tests of full-scaled, real aircraft engine and small to intermediate-scaled, idealized 

engine models performed at Sandia National Laboratories by Sugano et al. (1993) in the 1990s. Sugano et 

al. conducted experimental impact tests of full-scaled aircraft turbojet engine GE-J79, which is installed 

in F4-Phantom fighter and its 1/2.5 to 1/7.5 scaled, idealized engine models. The small-scaled engine 

models were idealized as a lumped mass-spring model with three concentrated masses. A static nonlinear 

buckling analysis was carried out to determine the spring coefficients. From this, a simple deformable 

missile model, consisting of three concentrated masses and two thin cylindrical shells were determined. 

According to the report of collapses of World Trade Center Towers crashed by aircraft, published 

by NIST (2005), collapse simulation of the World Trade Center Towers was performed by nonlinear 

finite element program using detailed finite element model of the aircraft B767-200 and turbofan engines 

of Pratt & Whitney PW4000 type. Namba et al. (2008) carried out a numerical study of spent fuel storage 

cask impacted by aircraft engine by using detailed finite element model of engine model of CF6-80C2. 

Jin et al. (2011) studied on localized damage evaluation of concrete wall crashed by large civil aircraft by 

using detailed finite element model, shown in figure 1, of turbofan engine of PW4000-94. 

However, the aircraft engines are actually very complex. The finite element model in figure 1 is 

also an abbreviated implementation of the complex shape of the actual engine. Nevertheless, the finite 

element model has a relatively many degrees of freedom, and numerical analysis of the safety evaluation 

on nuclear power plants against large civil aircraft crash considering the missile-structure interaction 

takes a long time. Therefore, it would be possible to reduce the time and cost if the safety assessment of 
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the nuclear power plants against aircraft crashes can be performed by using a relatively simplified 

idealized engine model. 

 

FINITE ELEMENT MODEL OF LARGE CIVIL AIRCRAFT ENGINE 

 

 One can say that the impact load induced by aircraft engine is larger than that induced by aircraft 

fuselage or wing part, because the aircraft engine is most heavy and strong part in the aircraft. However, 

the impact effects by the aircraft engine cannot be considered directly or severely in the evaluations on 

the NPP-large civil aircraft impact by using Riera (1968) approach. To quantify the impact load of the 

large civil aircraft engine, it is the best way to do the high speed impact test of full-scaled actual engines 

but this seems to be unrealistic or infeasible. A practical alternative in spite of many limitations and 

restrictions is to accomplish the impact analysis using a detailed finite element model by solving explicit 

nonlinear dynamics. With this approach, impact analyses or proposal of impact load are accomplished by 

NIST (2005) and Namba et al. (2008). NIST accomplished aircraft impact analyses to WTC towers with a 

detailed FE model of Boeing 767 aircraft and its popular engine PW4000-94, shown in figure 1, 

manufactured by Pratt & Whitney Company. Namba et al. (2008) also accomplished spent nuclear fuel 

storage facilities structural evaluation under aircraft crash impact with a detailed FE model of an aircraft 

engine CF6-80C2, manufactured by General Electric Company. According to the report published by 

NIST, as shown in Table 1, the engines JT9D-7R4, PW4000-94 and CF6-80C2 adopted in the large civil 

aircrafts including Boeing 767 are similar in sizes, weights and shapes. 

 

Table 1: Boeing 767 engine comparison [3] 

 

Model PW4000-94 JT9D-7R4 CF6-80C2 

Blade Diameter 94in 94in 93in 

Length 153in 153in 161-168in 

Dry weight 9,400lb 8,885lb 9,135-9,860lb 

 

The large civil aircraft engine is typically a turbo fan engine and has the shapes as shown in 

figure 1. Turbo fan engine generally has 4 major components with coaxial shaft structures: Lower 

Pressure Compressor including the large fan and Lower Pressure Turbine with one shaft, and high 

pressure compressor and High Pressure Turbine with another shaft. A detailed FE model of PW4000-94 

among the engines adopted in the large civil aircraft including B767 was developed by Jin et al. (2011). 

  

 
 

Figure 1. Cutaway view of turbo fan engine PW4000-94 (source: P&W website). 
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The developed FE model of the engine has total 75,800 nodes and 60,000 shell and 44,700 solid 

elements are shown in figure 2. The largest size of one element does not exceed 1.5 inch, i.e., 3.75 cm. 

Total weights is tuned to be 9,400lb (4,261.7kg) of the specified dry weight of the engine. The deformed 

configuration of the engine just after impact to the rigid wall with velocity of 60m/sec is also shown in 

figure 1. The impact load-time history (thin blue line in figure 3; CF-PW4000) of FE model of PW4000-

94 in figure 2 is computed. The smoothed impact load-time history (red line in figure 3; CF-Ref.) in 

average sense is also plotted. The smoothed impact load-time history curves will be used to calculate the 

differences between the impact load-time history curves. 

 

 
 

Figure 2. FE model of PW4000-94 and deformed configuration. 

 

 
 

Figure 3. Impact load-time history (FE model of PW4000-94). 
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SIMPLIFIED AIRCRAFT ENGINE MODEL 

 

As mentioned above, idealized engine models were used in the military aircraft (F4-Phantom 

fighter) engine impact experiments by Sugano et al. (1993). In a similar way, large civil aircraft engine 

PW4000-94 was simplified as a cylindrical steel tube shown in figure 4. The thickness of the steel pipe 

and the density function per unit length of the idealized engine model are set so that the total mass of the 

model is equal to the total mass of the target aircraft engine. The impact load-time history of the 

simplified engine model impacting to a rigid wall at a velocity of 60m/s was numerically calculated. 

Figure 4 shows the shape and position of the mass distribution along the section of the idealized engine 

model. For the sake of computation efficiency, 1/12 model was used instead of full model. 

 

 
 

Figure 4. Simplified engine model and its mass distributions along length (PW4000-94) 
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Figure 5. Comparison of impact load-time histories (CF-Ref. vs RUN02) 

 

OPTIMIZATION IN IDEALIZATION OF AIRCRAFT ENGINE MODEL 

 

Objective Function and Design Variables 

 

It seems that there is distinct difference between the impact load-time history (red line; CF-Ref.) 

of FE model of PW4000-94 and the impact load-time history (blue line; RUN02) of simplified engine 

model in figure 5. The difference (DIFF) can be quantitatively expressed as follows. 

 

DIFF = ∫|𝐹(𝑡) − 𝐺(𝑡)|𝑑𝑡 
 

If above DIFF is small value, the simplified engine model will produce similar impact load-time 

history curve compared to that of FE model of PW4000-94. For this reason, we chose DIFF as the 

objective function to minimize in optimization scheme. F(t) and G(t) are the smoothed impact load-time 

history curves of FE and simplified model respectively.  

The design variables in optimization can be setup in various ways. The mass density and sectional 

area along the longitudinal direction in simplified engine model, which affect the impact load-time history. 

Therefore the mass densities, lengths and thicknesses in each segment shown in figure 4 can be the design 

variables. It seems that there are two maximum peaks in both impact load-time histories in figure 5. 

However the peak times are slightly different. The peak times might be dependent to the locations of two 

largest mass densities. Therefore two location variables X and Y of two largest mass densities are chosen 

as design variables in this study. The optimization in idealization of aircraft engine model can be 

summarized as follows. 

 

Minimize DIFF = ∫|𝐹(𝑡) − 𝐺(𝑡)|𝑑𝑡 
 

Subject to X1 < X < X2 < Y1 < Y < Y2 (X1, X2, Y1 and Y2 are constants) 

 

The momentum value P of engine with mass 4261.7kg and velocity 60m/sec is 255,600kgm/sec. 

The DIFF value between two impact load-time history curves in figure 5 is approximately 40% of the 

momentum value P. 
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Optimization Result 
 

In this study, we used HyperStudy as an optimization tool, which supports various FE solvers. 

The text-based input files of the simplified engine model are generated according to the design variables, 

the impact analyses of the simplified engine model impacting rigid wall are performed, and the required 

responses are extracted from the results to calculate the objective function in each optimization runs by 

HyperStudy. The FE solver used in the impact analyses is ABAQUS, a general nonlinear finite element 

program. Optimization method used in this study is global response surface method (GRSM) among 

several optimization methods provided by HyperStudy. 

As an optimization result, the impact load-time history (green line; RUN27) of simplified engine 

model is shown in figure 6. The impact load-time history curve is much similar to that of FE model of 

PW400-94 compared to figure 5. The DIFF value for optimized engine model is 27% of the momentum 

value P. The deformed shapes of idealized engine model at time 5, 10 and 20msec after impact are 

depicted in figure 7. 

 

 
 

Figure 6. Comparison of impact load-time histories (CF-Ref. vs RUN27) 
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Figure 7. Deformed shapes of idealized engine model at time 5, 10, 20msec after impact (RUN27). 

 

CONCLUSION 

 

This study presents an idealization of simplified model of a large civil aircraft engine by 

optimization. The idealized engine model is suggested by minimizing the difference from the impact 

load-time history curve of the detailed FE engine model. Comparing the idealized engine model and the 

detailed engine model with the impact load-time function, the idealized engine model is valid. Future 

studies suggest that it is necessary to idealize a physically feasible model for a scaled impact test of an 

aircraft engine. 
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