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Abstract

The modeling and analytic methods for the response of windshield
transparency to bird impact are studied. The interaction between the
impact load and the transparency response as well as the nonlinearity
effect is considered. To employ conveniently the existing general—pur-
pose nonlinear finite ¢lement analysis programs and to dispel the
oscillatory phenomenon arising in numerical solution, the momentum
equilibrium method is used, other than the conventional Lagrangian
and penalty methods. Meanwhile, instead of the incompressible
irrotational fluid, a rubber—like hyper—elastic Mooney—Rivlin mate-
rial is suggested for the first time to simulate the bird body behavior in
impact; thos the difficulty of continuously updating the contact point
pairs and adjusting the discretized FE—mesh during the analysis pro-
cess can be avoided. Remarks similar to those given in other published
papers are concluded. In addition, a solution method for the dynamic
response under the derivative dynamic load is studied and compared

with the coupling solution, and the consequent commends are Ziven,
I . Introduction

Bird impact is one of the causes leading the aircraft structure to
failure during flight, though its probability is extremely low. In de-
signing a bird impact—resistant structure, reasonable determination
of the spatial and temporal variation of the impact load is requisite
and most important, The temporal variation of the impact force de-
pends upon not only the mechanicalbehavior and impact attitude of
the hitting bird but also the material property and geometrical
parameters of the hit aircraft structure. In addition , to solve such a
contact—impact problem as bird impact, the compatibility condition
of velocities and accelerations as well as impact forces and
deformations on the contact interface between the hitting object
and target should be satisfied. Therefore, the bird impact response
analysis i3 a nonlinearly coupled problem. Both overseas prac-

1™ and the authors’ experience on this subject have shown

tices!
that, to achieve an accurate prediction, a coupling solution proce-
dure is of great necessity. The bird impact problem involves mainly
the geometrical nonlinearity and high strain—rate where the former

stems from large deflection while the latter stems from high impact

velocity. Since the high strain—rate significantly changes the materi-
al constitutive relation, it would make the material fragile while it
improves the yield and ultimate stresses of the windshield transpar-

[5}

ency . By this reason, in general, the material nonlinearity need

not be considered in the practical analysis.
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The routine procedures for handling compatibility conditions
on the interface may be classified as four categories on the whole,
namely, the penalty method, Lagrangian, perturbed Lagrangian
and augmented Lagrangian methods [, In the Lagrangian method,
in addition to the displacement, velocity and acceleration, the im-
pact force is introduced as a new unknown into the analysis to satis-
fy rigorously the compatibility conditions. A computational diffi-
culty is, however, introduced at the same time. Naturally, to simpli-
fy the solution procedure, only the impact force and displacement
are required to satisfy approximately the compatibility conditions
on the interface, so that the compatibility requirements to the veloc-
ity and acceleration can be relaxed. An inherent drawback to the
penalty method is the oscillatory phenomenon of the solution to the
impact force, displacement and, particularly, the velocity and
acceleration, while the degree of oscillation is relevant to the se-
lected value of the penalty parameter.

Another matter of great importance in the study of bird impact
problem is the mechanical modeling of the bird body. Tt is re-
ported " that the mechanical property of a real bird in the impact
process is similar to the incompressible irrotational potential flow so
that it can be simulated with a fluid jet column. Since in the case of
high speed impact a large deformation of the fluid column will be
produced, on the one hand, the interface between the hitting object
and target would be rapidly extended and, on the other hand, the
discretized grid of the fluid column itself will be greatly malformed
and thus the mesh division for finite element analysis is required to
be continuously updated and modified in a self—adaptive way. This
modeling is accompanied by another computational difficulty and
requires such a complicated special code for contact—impact analy-
sis as MAGNA or DYNAS3D. To evade such an awkward situation,
the hyper—elastic Mooney—Rivlin material is suggested for the first
time in the present paper to simulate the bird body behavior during

impact process.

11 . Momentum Equilibrium Method

Lagrangian method has overwhelming superiority over the
others in its applicationto the optimization of constrained problems.
Since in the penalty method the penaltyparameters has been speci-
fied in advance, it needs not to introduce more variableas one does
in Lagrangian method. Thus, from the view point of finite
clementanalysis, the penalty method is very attractive as well. The
solution of penaltyproblem appriximates to the exact one with a
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rate of 1/ p where p is the non—negativepenalty parameter. If the
value of p is sufficient large, precise approximation tothe exact solu-
tion can be obtained. In the numerical implementation of the penal-
ty finiteelement model, however, a spurious oscillatory phenome-
non of the solution canoften happen. As a simple example, the pen-
alty solutions with different penalty parameter values to the
contact—impact problem of two coaxial elastic bars are shown in

Fig.1where the oscillatory phenomenon is evident.
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Fig.1 coaxial impact of two bars—penalty solution

In this paper, the sudden transition of velocities of the hitting
object and the hit target before and after contact—impact is realized
based on the the elastic wave theory. Again, consider the impact of
a pair of coaxial bars "¥as shown in Fig.2. Let the two elastic bars
B, and B, of the same cross sectional area 4 =1 have acoustic
impedance (plcl) and (p,c,) respectively, where c,=\JE, /p,

is the wave front propagation speed, E, =100 the Young’s
modulus and p=0.01 the density of the material of the bar B . Itis
assumed that before impact the two bars have null initial stresses
while the initial velocities are v, respectively, where v,
>v,. After coaxial impact, strong discontinuous elastic waves
would propagate leftward and rightward from the impact interfaces
of B, and B , Tespectively. By the compatibility condition, the par-
ticle velocities at the interfaces of the bars should be identical after

impact, say, equal to v. Thus, following the conservation law of

and v,

momentum, we have
pldxl(v—v1)+p2dx2(v—v2)=0 )
Dividing both sides of Equation (1) by dt, we obtain

plcl(v—-v1)+pzcz(v—~v2)=0 2)

where ¢, = dx / dt.Consequently,

vl+kv2
1+k

_~po2

Py

V= (3)

s

In the case where p, ¢, > >p,c,, it can approximately be con-
sidered that k=0, v=v, . What is described above is the case of
impact for two coxial bars. For a three dimensional discrete model,
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Fig.2 Coaxial impact of two identical elastic bars

the p dx, in Equation (1) or p,c, in Equation (2) will be replaced
by the lumped mass M ;and now ¢, is the local velocity of the ex-
pansion wave at the impact interface of the three dimensional elastic
body B . Hence, Equation (3) can be rewritten as

v1+kv2 X M, 4
VS TIrE =M, @

In addition, following that
Ml'u'1‘+M2'u';_"=(M1+M2)'u'+ (5)

where % ; is the acceleration of the lumped mass M , at the con-

tact impact point; the subscript “—” denotes the physical quantities
under separated state before contact—impact, whereas “+” denotes
the physical quantities under the integrated state after impact, thus

By Eq. (5) we have

'u'1"+k'1i2"
1+k >

.u. o

L (6)
Ml ’

Discretize each bar into 10 finite elements as shown in Fig.2
and find the numerical solution to the contact—impact problem of
the two coaxial bars. Numerical results together with exact solution
are shown in Fig.2. Comparing the result with that obtained by
penalty method shown in Fig.l, it can be seen that the moment
equilibrium method not only simplifies the problem and dispels the
spurious oscillatory phenomenon, but also leads to the fact that the

accuracy of the computational result is more than satisfied.
II. Mechanical Modeling of Bird Body

In the bird impact analysis, another important factor which is
closely relevant to the accuracy of the computed impact force as
well as to the complexity of analysis is the mechanical modeling of
the bird body. To avoid the trouble encountered in the computer
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implementation of the bird impact analysis, the incompressible hyp-
er—elastic Mooney material is used in the present paper for simu-
lating the mechanical property of the bird in impact, rather than the
fluid jet column as has been proposed and widely adopted in over-
seas studies. Since the Mooney material will not cause a significant
variation of the contact interface during impact while preserve the
feature of incompressibility, there is no need for continuously
updating and modifying the discretized mesh during analysis and
thus much computational difficulty can be reduced.

The strain energy function W of an incompressible hyper—elas-

tic body is relevant only to the principal invariants J , and I, ¥l The

strain energy function of Mooney material being most widely used

18

W=C‘(Il—3)+C2(IZ—3) 7
where
11=5 Gri
1, .iron ir o s
12=5(6 [ G".G”_—é [ GijG")

G,.j = 5“. ‘u et
with € and C, the material constants. For a natural and
sulphurated rubber material, the strain energy function (7) is appli-
cable to a wide range of deformation. By those features of Mooney
material, the authors consider that it is> well worth trying to use this
kind of material in the simulation of the mechanical property of
bird. The values of material constants C| and C 5 fixed by com-
parison of numerical test and physical experiment, determine the
mechanical property of Mooney material defined in Eq.(7). Since
the bird body consists of muscle and skeleton of different
orientations, its bio—mechanical property is more complicated than
that of an artificial material, Thus it is even more difficult to deter-
mine the values of c, and C, by experiment in the circumstance
of impact. In this paper, values of C , and C, are determined
iteratively by comparing the computational results with experimen-

tal ones.
IV. Application

The present study aims at the establishment of a computational
model and corresponding analysis method possibly to be used in the
practical design and analysis of a bird impact—resistant windshield
transparency by use of a commercial general—purpose nonlinear fi-
nite element analysis programme now available. To verify its
feasibility, the computational model and analysis method proposed
in this paper are applied to the analysis of the windshield transpar-
ency of a jet trainer aircraft, by use of the code ADINA imple-
mented in computer IBM 4341. The discretized mesh of the trans-
parency shell shown in Fig.3, for reasons of comparison, is the same
as given in [10]. The finite element model consists of 16—node brick
elements, 8—node shell elements and transition elements. The bird
weighs 1.1816 kg with an initial horizontal velocity of v=111.1
m /s, The windshield is made of 3 PMMA, a kind of polymethy!
methacrylate made in China, The geometrical nonlinearity of both
the bird and shell, hyper—elasticity of the bird model, and the coup-

Fig.3 Discretized mesh of windshield in [10]

ling effect between the impact force and structural response are all
considered in the analysis. The time step for direct integration is
chosen as 0.03 ms; thus the total CPU time needed for computation
is about 7200 s. In Figd4, the deformation curve of the symmetric
cross section of the windshield at ¢ = 2.55ms after impact is shown,
in which the peak normal displacement is 32.89 mm. Since the test
data which can be used to adjust the values of C| and C, are
verylimited, values of C L and C , cannot be modified in this pa-
per.However, as a preliminary error estimation, the C and C,

valuesare a little (about 10~15%) lower than that they should be. In
Fig.5, comparison of the impact load obtained from the present pa-
per and [3]is shown. If the values of C| and C, can be updated in
the light of abundant experimental data, the accuracy of the

computational results would be further improved.
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Fig.d Maximum displ t of windshield

at symmetric cross section
V. Derivative Dynamic Load Solution

In the coupling solution, the temporal variation of impact force
and structural response can be obtained simultaneously, based on
the compatibility conditions of impact force, displacement, velocity
and acceleration at the contact—impact interfaces of the impact par-
ents. In this section, the impact force f{¢) obtained from such a
coupling solution is termed as the Derivative Dynamic Load
(DDL). Again, if the known DDL is shifted to the right—hand side
of the dynamic equilibrium equation of the structure alone to simu-
late the effect of bird impact, then the dynamic response of the hit
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Fig.5 comparison of impact load

structure can be yielded. This structure response is called derivative
dynamic load response solution (DDLRS) here in this paper. Prac-
tically, the DDLRS is an uncoupled one of the Lagrangian solu-
tions, relaxing the compatibility conditions of displacement, velocity
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Fig.6 comparison of displacements from

coupling solution and DDLRS

and acceleration at the interface. The DDLRS simplifies the prob-
lem at hand while the error would be introduced in. In Fig.6, the
displacements for both the coupling solution and DDLRS are
shown. It can be seen from the figure that the peak value of dis-
placement of DDLRS (dashed line) is 80% only of the coupling
one. Obviously, to improve the result of DDLRS, the derivative dy-
namic load should be increased artificially. Meanwhile, however,
the local value of normal stress at the contact—impact location
would be inappropriately increased as well. To keep the merit of
simplicity of the DDLRS and dispel its demerit of over—error, an al-
ternate procedure is the use of modification factors respectively for

displacement and each stress component.

In the deconpling engeering solution to bird impact problem,
the impact load can be given, for simplicity, by the analysis of bird
impact on a rigid target.In the case where the bird is modelled with
incompressible irrotational fluidjet column, the impact load ex-
pressed in a form of empirical equationin [3]is a function of the bird
weight and impact velocity, Now that the bird is modelledwith
Mooney—Rivlin material in the present paper, the rigid impact im-
pact load function given in [3] should be modified and presented in
a new form as follows:

F=F _F* (8)

x

104
F = 251.0wy /Leff

L,,=LI1+0.5:an(90° — B)]

0.1107

T =13387y

where w(kg) is the weight of the bird, v(m / s) the impact velocity,
L =0.17(m)the length of bird model, (90° —f) the angle included be-
tween the axis of bird model and the normal of the rigid target
(Fig.7). The distribution of F”is presented in Table 1. The maxi-
mum relative error of the rigid impact load F obtainedfrom Eq.(8),
as compared with the compliant impact load that obtained from
nonlinearfinite element method, would not go beyond 0.36%, pro-
vided that the impact velocity is within the range from 33.3m /s to
88.9m / s (from 120km / hr to 320km / hr).

L rigid surface

bird model

Fig.7 parameter definition
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Fig.8 rectangular plate subjected to impact load

To understand the variation of the difference between coupling
and decoupling solution with the change of impact velocity, target
material and geometry respectively, in this paper, bird impact re-
sponses under normal impact velocity 88.9m /s, 62.86m /s and
37.57m / s on six rectangular plates of three different materials are
calculated by use of coupling and decoupling solution procedures
respectively (Fig.8). In coupling solution, nonlinear finite element
method is used, while in decoupling solution, the governing equa-
tion Mu + Cu + Ku = F(t)is solved directly, where M, C,
and K are the mass, damping and stiffness matrices of the individ-

1479




ual plate, F(t) is the impact load function obtained from equation(8)
18 sets of impact response are obtained. In the solutions, the dis-
placement and stress resfonse are most interested. Let the
superscript ¢ denote the response obtained from coupling solution
and D the decoupling solution, and R the ratio of these two re-
sponses,namely,

u T o
u D a D

ect.

In Fig.9, modification factors for displacement and stress com-
ponents are shown, Then, considerably approximate solutions to
the conpling solutionof bird impact response can be obtained readi-
ly, provided that the deconpling solution to bird impact response

and the material, geometry and impact velocity are known.

VI. Conclusions

By what is discussed above, some conclusive views may be
summarized as follows.
1. In bird impact analysis, the momentum equation method is
advantageous to an accurate and stable solution as well as its con-
venient implementation.
2. The use of Mooney material in the modeling of bird body can
increase the computational efficiency, but the reasonable determina-
tion of material constants €, andC,
Judged by the comparison between test data and computational re-

is of key importance.

sults, it is better to increase slightly the values of C| and C, used
in this paper.

3. Since the discrepancy existing between coupling and decoupled
solutions can not be ignored, full attention should be paid during

practical analysis.
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