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Shape and Tailoring Optimization of an Aircraft Air Intake Ramp by Genetic Algorithm
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1. Abstract

Optimization of an hypersonic aeroplane air intake ramp, made by a metal matrix long fibre reinforced composite material
(Ti6Al4V/SCS-6), has been performed. Low weight and low deflection (high stiffness) have been considered as search objectives.
Ply number and optimal fibre orientation, about the reference longitudinal direction of the main ramp laminate (tailoring), have been
determined. Fatigue strength of plies inside the laminate has been introduced as constraint. Thermal and pressure loads during flight
operation, accounting for some peculiar situations, like hammershock overpressures, have been considered during design. Finite
Element Method (FEM) analysis has been performed through an “ad hoc” numerical program developed by one of the authors. A
search module based on Genetic Algorithms (GAs), developed inside DIEM Department, has been interfaced with FEM numerical
program. Optimization results are recorded and discussed.

2. Keywords: genetic algorithms, optimization, composite materials, tailoring, finite element.

3. Introduction

Optimization [1-4] is an increasingly important tool to be utilized while structurally designing components. This is particularly true
in aerospace, automotive and naval fields, in which recent exploit of composite materials [5-7] forces to improve both material itself
and component shape. The stringent needs for high stiffness and low weight, while meeting strength requirements, compel designer
to suitably reduce the number of plies to be utilized and to improve reinforcement orientation inside each ply.

Aims of the work are study, analysis and structural optimization of the air intake ramp for an hypersonic aeroplane prototype (Fig. 1).
Ramp (Fig. 5a) consists of a plate composed by several layers (Fig. 5b) of a metal matrix long fibre composite material reinforced by
some T-beams (Fig. 1 and Fig. 5a) produced with the same composite material (§ 4 and § 5). A Ti-6Al-4V alloy [8] is utilized for the
matrix, while internal reinforcement is made by means of continuous SiC fibres of 142 micron diameter [9] (see § 5.2).

Optimization (§ 5.3) is limited to the main panel of the ramp, while assuming fixed configurations for the T-ribs (Fig. 5c). Design
variables are thickness of ramp laminate (or, in other words, total number of plies) and reinforcement orientation angles of each ply
about the reference longitudinal axis of the main panel (Fig. 5b). Search objectives are laminate minimum weight (§ 5.5) and
maximum stiffness (§ 5.6).

Numerical tool utilized to perform analysis and search is briefly described in § 5.1.

4. Air intake ramp

The proposed configuration for the air intake ramp is shown in Fig. 1. A preliminary analysis is performed to identify suitable
constraints for the ramp [10]. Slight curvature of the main panel is disregarded in this scheme.
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Figure 1. Air intake configuration and corresponding sketch. Figure 2. Scheme assumed for the constraint.

4.1. Constraint assumption

The plate is joined to fuselage through two “I” beams (Fig. 1) so stiff to be considered as a full restraint along longitudinal edges. The
internal edge of the plate (towards air intake) is assumed as simply supported (pinned). The assumption is justified by the relative
high compliance of the composite ramp, as compared to the stiffness of the joined air intake structure. This results in approximately
restraining all displacements, while allowing, almost completely, rotations. On the other side (the external transversal edge), the ramp
is connected to a deflector of stiffness very similar to that of the panel itself. Conversely, displacements can now be allowed, while
rotations would probably not. Constraint assumption is shown in Fig. 2, where “V” sign stays for completely restrained rotations.

4.2 Loading conditions

Air intake ramps are subjected to thermal loading cycles and to dynamic loadings, like hammershock in transonic or supersonic
ranges. Both effects are considered even if thermal effects seem to be negligible compared with hammershock ones. Load
experimental measurements have been performed in flight conditions [9]. During analysis, an equivalent static uniform pressure, able



to produce the same effects as actual thermal loadings, has been predicted and applied perpendicular to the neutral plane of the
composite panel. In the investigation of hammershock phenomenon (Fig. 3), static pressure loads, corresponding to the maximum
pressure peaks identified in the dynamic history, are considered. This choice can be justified by the theoretical calculus, Eq. (1), of
the displacement amplification factor “D” (the rate between structure deflection under impulsive loading and static deflection under a
load equal to the maximum load identified during hammershock).

ot . Tt .
D= 22‘"’2[030‘(0 sin— -1 s1ncootj for 0<t<t,
O,t, — T t, )]
o, t . .
D=—-—_-° [sin(w,(t—t,))+sin o] for  t>t,
o t;—m

During analysis, typical hammershock loadings have been assimilated to sinusoidal loadings. Characteristic peak duration has been
estimated and compared to half period free vibration for the structure. As a result of calculation, maximum structure deflection seems
to appear during loading application and “D” factor results almost equal to one (Fig. 3). Consequently, pressure loadings equal to
maximum pressure values detected during hammershock are statically imposed to the structure. Details about loading modelling and

resulting numerical evaluations can be found in [10, 11]. HAMMERSHOCK
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Figure 3. Hammershock loading.

5. Ramp analysis

Analysis of the air intake ramp is performed through a numerical tool developed at DIEM [12]. This program is composed of a Finite
Element Method (FEM) nucleus [13], for the structural analysis of symmetrical laminates in composite material, interlaced with a
Genetic Algorithm (GA) [14].

5.1 Numerical Tool

a) The FEM kernel (named UGUSCOMP), developed by one of the authors for composite material structural analysis, is based on
Hughes finite element. It has been derived by Mindlin’s theory of plates and its main features include potential independence from a
specific shell theory and absence of “locking” phenomena or spurious strain modes. It does not need any numerical artifice in the
formulation, it is easy and economical to implement (owing to low degree of interpolating polynomials employed), it provides
reliable results and it shows almost complete insensitivity to distortion in meshing. The use of Mindlin’s theory of plates allows to
include the effects of shear strains. Tsai-Hill and Tsai-Wu failure criteria for long fibre composite materials have been considered [5].
b) GA numerical module has been developed in Department too [14]. It utilizes a binary coded population of a fixed number of
individuals (corresponding to an identical number of candidate solution strings). Standard operators are provided like selection,
crossover and mutation. Robustness and reliability of genetic algorithms [15-16] have suggested their employment for this
application, in which several design criteria and constraints must be considered.

5.2 Material Modelling
Ti-6A1-4V/SCS-6 composite material for the air intake is obtained through a diffusion bonding process [7]. Matrix is originally in the
form of Titanium, Aluminum and Vanadium alloy (Ti-6Al-4V) matrix foils of 150 um thickness. Reinforcement is obtained by a
woven fabric of Silicon Carbide (SCS-6) parallel monofilaments (140 fpi) of about 142 um of diameter. Material before and after
diffusion bonding process is shown schematically in Fig. 4 (dimensions in figure are expressed in microns). Modelling of each ply of
Ti-6A1-4V/SCS-6 composite material, after diffusion bonding process, results in a well defined theoretical geometric arrangement
(Fig. 4), corresponding to a constant pitch among fibres (about 181 um) and a prefixed fibre volume fraction (about 0,33). Main
mechanical characteristics of fibre, matrix and of the whole composite material (along different directions) are reported in Table 1
and Table 2 at room temperature (RT) or at 400 and 900 Kelvin degrees. Details on references, assumptions or guesses made can be
found in [10-11]. ‘

181

Figure 4. Material schematization before and after diffusion bonding process (dimensions are expressed in microns).



Table 1. Fibre and Matrix mechanical characteristics. Table 2. Composite material mechanical characteristics.
MECHANICAL N

PROPERTIES & 6 T
400K 900 K RT J— — T PLY FRACTURE _

STRENGTHS (V=33%)

E [GPa] 394 365 400 103 55 110 (Mpa) 400 K 900 K
v 0.19 0.36 0.15 0.33 0.41 0.31 L

o7 longitudinal 1432 1121

G [GPa] 167 137 174 40 25 43 tensile strength
oic longitudinal 3103 3103

compressive strength
Oyp [MPa] 3830 3372 3450 711 382 868
tension yield st. O transversal 711 382

tensile strength

o,, (MPa) 751 403 916 Oy c transversal 751 403

compress. y. st. - - - compressive strength

Tir longitudinal-transversal 516 210
shear strength

T (MPa) 516 210 600
shear strength

5.3 Optimization scheme

Optimization is limited to the main panel (Fig. 5b) of the air intake ramp (Fig. 5a), while fixed configurations are assumed for the
reinforcing “T” shaped ribs (Fig. 1). These latter are made by the same composite material of the main panel, but with fibres disposed
only along the longitudinal direction (Fig. 5c¢).

Two different search criteria are considered separately (§ 5.5 and § 5.6).
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Figure 5. Air intake ramp scheme (a), example of reasonable configuration for ramp main panel (b), prefixed rib configuration (c).

5.4 Objective Scalar Function and Fitness Function for GA
In a generic multiobjective search problem (Fig. 6), there are “m” design functions, f;, of the “n” design parameters, d;, to be
simultaneously optimized, accounting for “p” constraint violation hy.

Hk: constraints violation

m p
OSF = ) af; +By ) hy
=1

. -

Figure 6. General multiobjective optimization problem to be solved through genetic algorithms.

Usually, if the problem is to be solved by genetic algorithms [14-15, 17], an Objective Scalar Function (OSF) is defined as a
weighted sum of design functions and constraint violations (penalty function methodology, [15]). A merit or cost function (fitness),
to be minimized by GA, is then derived (Fig. 6). OSF and, consequent, fitness must be accurately chosen to measure, through the
finite element analysis, the soundness of every solution candidate generated by GA and to assess its aptness in answering to the
problem considered. Obviously, a;, By and Cyyy are suitably chosen weighting parameters to balance the influence of objectives and
constraints and to ensure dimensional consistency in OSF expressions. In the actual problem of the aeroplane air intake ramp, two
optimization goals are considered: minimum weight (§ 5.5) and maximum stiffness (§ 5.6). Owing to the difficulty of ensuring a



right choice for weighting parameters inside the OSF when too many terms are present, optimization is split in two phases and the
two criteria are considered independently. Results seem to confirm that these two separate searchs lead to similar conclusions.

5.5 Weight optimization

First of all, a minimum weight optimization has been implemented, by utilizing a variable thickness panel, while meeting strength
constraint requirements. Design parameters are fibre orientation (chosen among eight discrete angular values, technologically
significant, measured about longitudinal laminate reference direction: -60°, -45°, -30°, 0°, 30°, 45°, 60°, 90°) and the number of plies

inside the air intake main panel. Then, the proposed OSF is:
NLAYR/2 gy 2 2 PR 2
> |(er()-2] +(em0)-2)

i=1

OSF,=a V+8

NLAYR/2

In Eq. (2), V is the global volume (comprehensive of the “T” shaped ribs), corresponding to the main optimization goal of minimum
weight. The second term of Eq. (2) corresponds to strength constraints (penalties). In this expression, Q™ (i) is the maximum

value, calculated inside the i-th ply, for the Tsai-Hill strength parameter [5, 7]. For safety, it must be always lower than one. A limit
of 2/3 (corresponding to a safety factor of 1,5) is assumed here. Actual implementation of FEM numerical program [12] allows to

analyze only symmetrical laminates so that half laminate is considered. Therefore Q™ and Q" are Tsai-Hill parameter values

determined, respectively, for the i-th ply and for its symmetrical one. To ensure a significant comparison between virtual individuals
inside GA, constraint terms are divided by half of the layer number (NLAYER/2). Together with OSF of Eq. (2), best values for o,
and C,p,p Weight parameters and final fitness expression to lead GA are reported. With the assumed values for weighting parameters,
a variation of 10% of each constraint term corresponds to a variation of about 2% for the volume. In Fig. 7, fitness and sum of
penalties against GA iterations are shown for the weight optimization phase. An optimum number of plies equal to 6 results from this
optimization [10]. Results for reinforcement angular orientations are not reported because they are practically coincident with those
outcoming from stiffness optimization (§ 5.6 and Fig. 8).
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Figure 7. Weight optimization: fitness (a) and sum of penalties (b) against GA iterations.

5.6 Stiffness optimization

Afterwards, maximization of the panel stiffness is assumed as optimization goal. A constant thickness panel (with six plies, as
obtained during the former search) is considered, while orientation angles are left free to vary again among eight discrete angular
values measured about a prefixed laminate reference direction: -60°, -45°, -30°, 0°, 30°, 45°, 60°, 90° (as before). The corresponding
proposed objective functions is:

NLAYR/2 2\? 2\?
OSF,=ae™~ +B 3 (Qi"“(i)—) +[Q‘z““‘(i)—) 3)
i=1

In Eq. (3) Wy is the main goal corresponding to the maximum laminate deflection obtained by FEM. a, B, y are, again, weight
parameters suitably chosen to balance the influence of the main objective and the constraints. Q™ and Q" are, as before, the
Tsai-Hill parameter values determined for the i-th ply and for its symmetrical one. An exponential expression is introduced to ensure

right balance between goal and constraint terms. Together with OSF of Eq. (3), best values for a, B, y and Cyn, weight parameters
and final fitness expression to lead GA are reported. With the assumed values for weighting parameters, a variation of 10% of each



constraint term corresponds to a variation of about 1,5% for the exponential term corresponding to laminate maximum deflection. In
Fig. 8, adimensionalized deflection and optimal angular (theta) distribution of plies inside the panel are shown as a function of GA
iterations. In Fig. 8b, only half laminate is considered, as already told, and angular orientation are recorded starting from inside
towards outside (theta 1 is the reinforcement angular orientation of the layer nearer to the laminate middle plane, while theta 3
corresponds to the outermost layer). GA results (obtained as those corresponding to the best fitness in 20 independent runs of GA, as
recommended in literature [15]) seem to suggest that reinforcements in the innermost ply must be disposed at -45 degrees while, in
the outermost plies, they must be placed across laminate longitudinal direction.
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Figure 8. Stiffness optimization: adimensionalized laminate deflection (a) and reinforcement angular orientation (b) against GA
iterations.

6. Optimization results

In Fig. 9, typical results obtained by FEM numerical module for the laminate under predicted loadings are shown (uniform pressure
to simulate loading is applied, respectively, along positive and negative z-axis directions). Longitudinal stresses (x-axis), transversal
stresses (y-axis) and laminate deflections (z-axis) are reported.
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Figure 9. Longitudinal stress, transversal stress and laminate deflection FEM maps for ramp external surface.

During stiffness optimization (§ 5.6), a check of the soundness of optimal reinforcement angular orientation (tailoring) predicted by
GA is performed. A pseudo-continuous angular value distribution about the reference laminate longitudinal direction is simulated
allowing a choice among 256 uniformly distributed angular values in the range between -90 and +90 degrees. This is performed to
ascertain that discrete prefixed angular values (§ 5.5 and § 5.6) do not mislead GA, compelling its search to reach non optimal values.
Results are shown in Fig. 10. Optimal angular values are, respectively -32, -84 and -89 degrees about reference longitudinal
direction, starting from the middle plane towards outside. Result trend is similar to that found in § 5.6 (Fig. 8), where optimal values



100

\v —o— theta 1
50 —u— theta 2
X‘ theta 3

Angular orientation (degree
&
< <
O
g
£
<

GA iterations

Figure 10. Angular orientation against GA iterations (pseudo-continuous angular distribution).

were -45°, 90°, 90°. The two searches are fully comparable because fitness expression, Eq. (3) and the number of independent runs of
GA (equal to 20) are the same. The solution string -32°, -84° and -89° corresponds to a higher value of fitness than the former (-45°,
90°, 90°). The slight discrepancy between the two approaches observed for the innermost layer (that nearer to laminate middle plane)
is effectively due to the conditioning suffered by GA algorithm, owing to the forced choice among discrete value of angular
orientations. Technological considerations can help in the selection of the definitive composite material tailoring option.

7. Discussion and conclusions

A numerical program, developed in Department [12] composed by FEM and GA modules is utilized to analyze and optimize an air
intake ramp for an hypersonic aeroplane prototype.

In the optimized configuration, outer laminate layers are oriented perpendicular to laminate longitudinal axis, while inner fibres are
oriented at -45° (or -32° in the pseudo-continuous stiffness optimization phase of § 6). By a theoretical point of view, this
configuration seems trustworthy and compatible with the chosen structural constraints (§ 4.1). Obviously technological opportunities
can suggest different well balanced configurations (for example with £45° reinforcement orientations for the innermost layers).

The proposed GA methodology, with well suited penalty functions, appears to efficiently face weight and stiffness optimizations for
the proposed component in composite material. Notwithstanding authors refer often to optimized results in § 5 and § 6, for the aim of
accuracy, it must be evidenced that GA does not exactly find optimum but only near optimal configurations [11, 15]. This is,
however, widely satisfying for almost all practical situations.
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