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Abstract

Most of the research on materials selection has been characterized by a basic approach to the problem, isolating material
choice from the other design variables, and focusing on single components. Instead, a complete approach aimed at
optimizing material selection cannot be set aside from component sizing, and the analysis of constraints between
components, that characterize the sub-assemblies or the whole system, and can influence the material choice itself.
In this paper, a structured method to approach the simultaneous materials selection and sizing optimization of multi-
component assemblies is proposed. It is based on a modeling of the problem, fully generalized in its formalization, so as
to be applicable to the various cases, and formulated in order to take into account the systemic vision that must have the
optimal choice in a multi-component perspective, and its close connection with the sizing of geometric variables,
to effectively meet the required performances. In this regard, an efficiency criterion, which provides for the choice of
material and variables sizing gauged on real needs, is also introduced. After presenting the framework and formalization
of the method, the problem of searching for the best solution has been discussed. With regard to this, a genetic
algorithm has been specifically developed according to the peculiarities of the generalized formulation, with the
aim of enhancing the heuristic potential of the concurrent material choice and sizing approach in multi-component
environment, in the search for the optimal solution. The application to a sub-system of a widely used plant device is
reported in detail, so that use and capacity of the structured method are detailed and discussed.
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Introduction

The great variety of materials available for engineer-
ing applications extends the design possibilities, but
combined with the complexity of the set of require-
ments that influence the choice of the most appropri-
ate materials involves a problem of multi-criteria
decision analysis and optimization of considerable
difficulty.

Basic materials selection activities have been
identified in formulating design requirements and
materials specifications, making a set of candidate
materials by screening on primary rigid requirements,
comparing and ranking them to identify those that
have the highest potential, refining the final choice
on top-ranked solutions." * A wide variety of quanti-
tative models have been developed to allow systematic
evaluations in these basic steps of the selection
process.S*12

Used with the support of the simplest multi-
objective analysis tools,>"® or combined with more

sophisticated multi-criteria decision making tech-
niques,'*'? the analytical and graphic tools provided
by these methods allow a rational selection of the
materials more suitable to the required use. They all
focus the intervention on components considered
singly, without taking into account the systemic con-
text for which each of them is intended, and isolating
the choice of the material from the definition of the
other design variables, delegating to other interven-
tions the sizing of significant geometric variables.

To overcome the basic single-component approach
that has characterized most of the research conducted
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on materials selection, the importance of integrating
material choice and optimal dimensioning, as been set
off.?® The search for optimal cross-section shape in
this field has been a first example.?!"** The interactions
between material properties and component geomet-
rical properties (shape and size) has been discussed.”
Starting from a pre-selection of ideal candidate mater-
ials, mathematical formulations for structural opti-
mization,”* or simplified models for calculating and
comparing the optimal solutions for selected ideal
materials,”> have been proposed. Other studies has
been dedicated to integrated selection of material
and geometric variables with regard to specific engin-
eering problems, such as truss structure optimiza-
tion,”**’ automotive body assembly,”® and gear
design.”” An analysis of the optimization problem,
with particular regard to the mathematical properties
of the solution domain has been also presented.*

From this general overview on the approach to
materials selection problem, the following conclusions
can be drawn:

e Most of the research conducted on materials selec-
tion has been -characterized by a simplified
approach to the problem, isolating the choice of
the material from the definition of the other
design variables;

e Even when some form of combination between the
choice of materials and the dimensional optimiza-
tion of components has been introduced, the inte-
gration is not completely concurrent, and the
proposed models are not generalized;

e The problem is treated by excluding the systemic
point of view, focusing the intervention on the
single components, and thus decoupling the overall
design problem into sub-problems on components
considered one by one.

Starting from these premises, an approach to the sim-
ultaneous choice of material and sizing of multi-com-
ponent assemblies, based on a generalized modeling
of the problem, is proposed. The approach also takes
into account the systemic dimension that must have
the optimal choice of material for each component.
The modeling and statement of the problem are char-
acterized by the following peculiarities:

e They have been developed in generalized form, in
order to outline a basic instrument, applicable to
the diversified specificities of the materials choice
problems;

e For each component that constitutes the assembly,
the choice of material with the sizing are combined,
by defining simultaneously the free geometric
variables of the problem;

e While operating at the level of the single compo-
nent, the constraints to be imposed on the distribu-
tion of materials in a multi-component perspective
are taken into account, that are the constraints

deriving from the various types of interaction
between the components of the whole system.

The problem of multi-criteria analysis and optimiza-
tion, that is complex already in the simple choice of
the best material for a single component, becomes
much more complex when the design effort is
extended to simultaneous materials distribution and
components sizing in multi-component assemblies.
As a consequence, the management of this high level
of complexity could go to deter the effectiveness
of design, losing sight of the aspects related to the
adequacy of design choices. For this reason, as a fur-
ther feature of the proposed model, the distribution of
the materials among the components of the assem-
blies, and the sizing of the components, will be
guided by applying an efficiency principle, which
provides for the choice of material and sizing
gauged on the real performance needs of each com-
ponent, avoiding oversizing and/or resorting to
materials excessively performing for the required use.

The underlined complexity of the problem suggest
also the use of evolutionary optimization tools, as
already proposed by other authors to solve more con-
ventionally formulated problem of multi-objective
materials choice.?®3%33 In particular, it was con-
sidered that the use of a genetic algorithm could
allow to overcome the criticality of other tools, oper-
ating directly on an objective function which inter-
prets the different aspects of the whole problem, and
investigating both the domain of discretized variables,
which identify the choice of materials, and the com-
plete ranges of continuous values of the geometric
parameters to be sized. With these premises, a genetic
algorithm has been specifically developed in the
MATLAB environment. It has been structured and
characterized according to the peculiarities of the gen-
eralized formulation of the concurrent material choice
and sizing problem, extended to multi-component sys-
tems, with the aim of enhancing its heuristic potential
in the search for the optimal solution.

After presenting the formalization and modeling of
the problem and the characteristics of the algorithm
developed, an application to a sub-system of a widely
used plant device will be reported in detail.

Basic framework of the methodological
approach

In the design process, system and component design
represent the two levels through which, based on the
concept outlined in the previous design phases, the
requirements take shape in a concrete solution.*3*
Materials selection, although it can be applied prelim-
inarily in the previous phase of concept design,*-
assumes a decisive role precisely at these levels of
the design process.

Schematized in Figure 1, the materials selection
procedure that is proposed here is integrated into
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Figure |. Basic framework of the approach to the problem and structure of the method.

the design development process, and draws informa-
tion from the specification of the requirements and
from the development of the design at the system
level.

The procedure is articulated according to the pre-
liminary steps of components and system character-
ization, aimed at defining the requirements,
objectives, constraints, and variables related to each
component and to the whole system; the core step of
materials choice and components sizing, in which the
efficiency criterion is introduced, the complete prob-
lem is formulated, and the search for optimal solution
is performed.

Analysis of requirements and system
composition

The process of materials selection and sizing of the
components, structured according the procedure out-
lined in Figure 1, is based on the specification of the
design requirements, from which it is possible to
derive the requirements to be associated with each
component, and on information specified at system
design level, which defines the layout of the technical
system, and the subdivision into sub-assemblies and
components.

In formulating the design problem, for the sake of
brevity the generic term “‘system’ will be used to indi-
cate a multi-component assembly, be it one of the sub-
assemblies in which the technical system can be
divided, or the whole technical system, if it is not
subdivided into sub-systems.

Specification of requirements

The requirements that express the objectives of the
problem (optimizing masses, costs, or other

performance functions), and the constraints within
which these objectives should be pursued (loads to
resist, thermal flows to be transmitted, etc.), will be
attributed to the components, and translated into
objective functions and constraint equations on
requirements. The latter, together with constraints
on geometric parameters and on material properties,
will guide the choice of material and the dimensioning
of free variables in optimizing functions that express
the objectives of the problem.

The requirements that express the objective func-
tions are:

e Functional requirements: They express the func-
tional properties required to the system and its
components that are derived from the primary
needs from which the design originates.

e Requirements related to physical properties of
components and the system: The overall dimen-
sions of the system as a whole, and/or some of its
components, and the weight, also referred to the
whole system or to its specific components, are
among the most common requirements of this
type.

e Manufacturability and cost-effectiveness require-
ments: They interpret the possibility to realize com-
ponents and the system in the most efficient and
economic way, and are generally quantified by
cost functions.

The requirements that express the conditions under
which the objective functions must be performer
can be:

e Requirements related to physical phenomena:
They concern the behavior of components and
the system with respect to physical phenomena of



Proc IMechE Part L: | Materials: Design and Applications 0(0)

various types, due to the operating conditions
(mechanical, thermal, electric, magnetic, optical).
Among these, the requirements related to mechan-
ical phenomena (e.g. resistance to static loads, to
fatigue and fracture mechanisms) are very common
in engineering applications, since they guarantee
the stability of the structural behavior of the
system.

e Requirements regarding the environmental condi-
tions: They concern the behavior of components
and the system with respect to the environmental
conditions under which the system performs its
functions. Among these requirements, very
common are the resistance to thermal stress, cor-
rosion, oxidation, attack of acids and other agents.

The first class of requirements is often referable to
functions that express volumes, masses, costs, to be
minimized, but in general terms it can be represented
by a range of functions as large as the possible fields
of application of the system. The second class of
requirements, defined above in qualitative terms,
express functional constraint conditions, and are
defined quantitatively by the “stresses’, in generalized
meaning (using an analogy with the phenomena of
structural resistance), which the components or the
whole system must endure: mechanical loads, impact
or vibration energy, thermal loads, and any other
physical entity quantifying conditions that fall on
the system or single components (or “stress’ them).

The former class expresses the set of requirements
to be optimized {R,,,}, the latter expresses the set of
requirements due to functional constraints {R. .}
In the formulation of the design problem for the
system and its components, {R,,;} and { Ry} trans-
late into objective functions and constraint equations
on the requirements, respectively, and together con-
stitute the set of basic requirements {R}.

Formulation of system composition

At the end of system design, the architecture and
layout, with subsystems and components are defined,
and the correlations that link them together are out-
lined. The obtained system composition is represented
by:

e The set of components {C}, that collects the n,.
components constituting the system {Ci,...,
Ci.. Coiks

e The set of constraints between components in the
whole system {ChC}, that describe the network of
correlations between components in the design
process.

The components are correlated in the design pro-
cess means they are correlated in terms of require-
ments, functionalities, geometric parameters, and/or
materials.

Materials distribution and components
sizing problem formalization

The whole set of constraints, consisting of the con-
straints on the requirements included in the set
{R onsir} (section “*Specification of requirements’)
and the constraints between the components of the
set {CbC} (section ““Formulation of system compos-
ition), expresses the conditions that regulate the
modalities according to which the functions are per-
formed, and are fundamental to guarantee the
required performance (e.g. constraints on resistance
to loads, on admissible deformations, etc.), in compli-
ance with the necessary restrictions (constraints on
geometric parameters and shapes, constraints on ser-
vice conditions, such as temperature range and other
environmental conditions). The objectives of the
problem, expressing the requirements gathered in the
set {R,,,} (section “Specification of requirements”),
quantify the properties of the components or the
system to be optimized (lightness, economy, safety,
even combined), and allow to qualify a solution as
optimal with respect to the other ones.

The materials distribution and components sizing
procedure (Figure 1) elaborates all this information in
three phases: components characterization, which
consists of defining and formalizing the requirements,
objectives, constraints, and variables related to each
component; system characterization, which extends
the same formalization at system level; materials
choice and components sizing, in which the character-
ization of each component and of the system converge
in the formalization of the problem of optimal choice
of materials and sizing of the components, and in
which the most suitable tools can be applied to
search for the solution of the problem.

Components characterization

The set of requirements {R}, previously defined by the
requirements specification phase (section ““Specification
of requirements”), is translated into requirements on
the components {RoC} that specify for each ith com-
ponent C; the set of requirements { RoC}; concerning it.
Defining the set {RoC}; for each component, the
design problem consists in defining the geometric par-
ameters G;, which specify the shape and sizes, and its
material M;, and can be formulated identifying object-
ives, constraints, and variables.

The objectives of the design problem express the
requirements on the components to be optimized
{RoC,,}. In general, with regard to the ith generic
component, each objective that expresses the require-
ments on the component {RoC,,}; can be formulated
by an objective or performance function PF, to be
minimized or maximized, in the generalized form

PF =fl [GFa GV: MTPRa (ROC(,‘anstr)] (1)
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that is a function of groupings of variables: specifica-
tions on geometry G and Gy (fixed and variable geo-
metric parameters of the component); properties of
material M7Pg; and in the most general form,
requirements on the component, to be constrained
RoC,,,s With regard to the primary objectives in
design, which consist of limiting the volume, weight,
and cost of the final solution, they are not directly
dependent on requirements to be constrained
RoC.,,sr This is the meaning of the term RoC,.,,s;
in brackets in equation (1).

The minimization (or maximization) of each PF
can be subject to different types of constraints:

e CoR — Constraints on requirements to be con-
strained RoC.p 5

e CoG — Constraints on geometric parameters G
and G;

e CoM - Constraints on material properties M7Px.

In general terms, with regard to a generic component,
the constraints on each requirement to be constrained
CoR can be expressed by a constraint equation in
the form

S<HlGr, Gy, MrPRr, (O7CoPR)] 2

Using the analogy with phenomena of structural
resistance introduced before (section ““Specification
of requirements’), the first term S stands for the “gen-
eralized stress” to which the component must resist
(that quantifies a requirement of RoC,,,, type), the
second term stands for the “generalized resistance” of
component to this stress. Therefore, constraint equa-
tions (2) can be also formulated in the form of con-
straint ratio CR, as the ratio between component
resistance and the stress to which it is subjected,
that should be higher than 1

:fz[GF, Gy, M7Pg,(O7CoPp)] _

CR
S

= f3[RoConsir» GF, Gy, M7PR,(OrCoPR)1=1  (3)

Constraints CoG on geometric parameters G- and
Gr of the component can be expressed as constraint
limits, and fixed value required, respectively

Gy<=2Gpim Grp= GFreq (4)
Similarly, constraints CoM on the properties of the

material M7Pg can be expressed as constraint limits
in the form

MrPr<ZM7Prim M7Pr = M7PReeq ®)

The conditions of type (5) express those that are
the primary constraints on the choice of materials,

which allow the screening on the set of materials avail-
able for the solution of the design problem. These
primary constraints are those that interpret the essen-
tial requisites on material properties that the design
must satisfy, and which translate into two types of
conditions to be imposed:

e Limit conditions: It is the case in which a require-
ment results in a minimum or maximum limit to be
imposed on one or more properties of the material;
the limits can be quantitative or qualitative,
depending on whether it is imposed on a quantifi-
able property of the material, or on a nonquantifi-
able property (in this second case, the property and
its limits are expressed in a qualitative form, such
as low—medium-high). In generalized form, this
type of condition is expressed by the first condition
of type (5).

e Boolean-type conditions: In this case, the require-
ment is expressed in Boolean terms (the property of
the material does/does not satisfy the requirement);
this is the case, for example, of Boolean constraints
on the processability (compatibility between the
material and the processes to manufacture the
component). In a generalized form, this type of
condition is expressed by the second form of the
constraint equations (5).

With all these premises, the basic design problem for
the ith component C; can be formulated as follows:
define the geometric parameters G; and the material
M that optimize (or balance) the set { PF}, of type (1)
objective functions, while respecting the whole set of
type (2) or (3) constraints on requirements {CoR},
type (4) constraints on geometric parameters
{CoG},, and type (5) constraints on material proper-
ties {CoM};.

System characterization

The previous formalization of objectives, constraints,
and variables of the design problem refers to the case
where the generic component is independent of the
other components in the system. If the generic com-
ponent C; depends on other system components, the
set {ChC};, which is a subset of the set of constraints
between components in the whole system {ChC}, and
collects the constraints between ith component C; and
other components of the system, must be met. In the
simplest cases, these constraints are expressed directly
or indirectly in equations (1), (2), (4), (5) of one or
more single components:

e The most common constraints between compo-
nents are on geometric parameters G and/or Gp.
In this case, the constraint limits Gy 4, and/or
Grreq In equation (4) depend on the geometric
type properties of other components. As a conse-
quence, geometric parameters G and/or G in
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equations (1) and (2) are constrained by properties
of other components O7CpPg.

e Another common potential constraint between
components could take place on materials (e.g.
because of incompatible materials). In this case,
some constraints on materials properties in equa-
tion (5) depend on the properties of other compo-
nents, related to their material. As a consequence,
material properties M 7Py in equations (1) and (2)
are constrained by the properties of other compo-
nents O7CpPrp.

e If a component is related to another component at
functional level, in equation (2) the generalized
function f> depend on the properties of the other
component also. This is the meaning of the term
07CoPpr in brackets. The same observation can be
repeated for the generalized formulation (3) of the
constraint ratio CR. This case of constraints
between components includes the condition of
same requirements shared among components.

Apart from these specific cases, in general terms, the
constraints between components of the set {ChC},
which is referred to the whole system, are not attrib-
utable to the single components, but instead to differ-
ent combinations of them, and must be expressed by
means of constraint equations apart, whose general-
ized form is

.f‘![GFl’ GVi, MTPRi7 (Rocmnstr i)]i:l,“.,n,] <=

: (6)
< 2](5 [GFja GVj) MTPRja (Rocconslrj)]j:l,...,mz

where f; is a function of the groupings of variables
Gri, Gy, M7Pg ;, and if the case arises, requirements
to be constrained RoC.,,, » of a part (in number
equal to n.;) of the n. components constituting the
system; the second term f5 is a function of the group-
ings of variables Gp ;, Gy j, MrPr ;, and if the case
arises, requirements to be constrained RoC,yy, j, Of
another part (in number equal to n.,) of the n. com-
ponents constituting the system.

Efficient materials choice and components sizing

As already anticipated before, a further feature of the
proposed approach is to allow the search for the solu-
tion to be guided by applying an efficiency principle,
which provides for the choice of material and the
sizing gauged on the real performance needs.’’ This
principle translates into a further type of performance
equation, which will be referred to as the efficiency
function EF

1
EF = CR = f71[RoConsir, GF, Gy, M7PRr,(O1CoPR)]
(7

With CR > 1, the EF efficiency function expressed
by equation (7) takes values in the interval [0, 1].

If maximized, EF ensures that the constraint on
requirement CoR of type (2) is respected as efficiently
as possible, i.e. in such a way that the component’s
resistance overcomes the stress to which the compo-
nent is subjected, minimizing the gap between the two
factors. This means weighting the choice of the mater-
ial and the free geometric variables in order to guar-
antee the constraint on the requirement, but also
avoiding to choose materials that are excessively and
unnecessarily performing with respect to the require-
ment, and without oversizing the geometric variables
to excess.

The efficiency principle implemented in this way, as
well as avoiding unnecessary economic costs,
responds to more general economic criteria, which
look to a responsible use of materials, both from
a quantitative and qualitative point of view, and
translate into efficient design choices, i.e. such as to
guarantee functionality and required performance
levels, by mean of the minimum effort.

Complete formalization of materials choice and
components sizing problem

In the last step of the procedure, the characterizations
of individual components (section ‘“Components
characterization”) and the system (section ‘“‘System
characterization”), and the introduction of the effi-
ciency criterion (section “Efficient materials choice
and components sizing’’), converge in the formaliza-
tion of the problem of optimal materials choice and
components sizing, for a multi-component system
that ultimately requires the following:

e Distribution of the { RoC} requirements among the
{C} components of the system;

e Formulation of the performance functions {PF}
for each component (to be minimized or maxi-
mized), expressed by the equations of type (1);

e Formulation of the constraints on the requirements
{CoR} for each component, according to the equa-
tion of type (2), and in the form of the constraint
ratio CR (3);

e Formulation of the efficiency functions { EF} (to be
maximized), in the form (7);

e Definition of the set of constraints on geometric
parameters {CoG}, in the form (4)

e Definition of the set of constraints on the materials
{CoM3}, in the form (5)

e Definition of the set of all the constraints between
components {ChC} in the whole system, in the
form (6), or directly expressed in equations (2),
(4), and (5).

Therefore, the problem of optimal materials choice
and components sizing, for a system constituted by
the set {C} of n. components, can be formulated as
follows: define the geometric parameters {G} and the
materials {M} of the whole set {C} of components



Giudice et al.

that optimize (or balance) the set {PF} of type (1)
objective functions, and the set {EF} of type (7) effi-
ciency functions (to be considered as further objective
functions), while respecting the whole set of type (2)
or (3) constraints on requirements {CoR}, the type (4)
constraints on geometric parameters {CoG}, and the
type (5) constraints on material properties {CoM} for
all the components of the set {C}, and the set {ChC}
of all constraints between components in the whole
system, of type (6), or directly expressed in equations
(2), (4), and (5).

The objective functions { PF} and { EF} can be col-
lected in one overall function using simple multi-objec-
tive analysis models, which allow to define single
functions as a weighed sum of normalized objective
functions, even inhomogeneous, indifferently to be
maximized or minimized.” The introduction of
weight coeflicients allows to qualify the overall func-
tion, depending on the distribution of the values to be
attributed to these coefficients. The single objective
function that is obtained in this way will be of the type

npg -7 nep -7
©=) "o PE+) " o EF, ®)

where PF}, E_Fj, represent the normalized values of the
objective functions { PF}, { EF}; npr, ngp, represent the
corresponding numbers of these functions, to be taken
into consideration in the specific case; o;, oy, are the
weight coefficients (Zo; 4+ Xo;=1).

Functions {PF} and {EF} can be normalized with
respect to the whole set of potential solutions, so that
regardless of whether they should be maximized or
minimized, the corresponding normalized values
must always be minimized. In this way, for each
potential solution it is possible to calculate the value
of the single objective function ®, so as to obtain the
ranking of the potential solutions, and identify the
optimal solution, that is the one that minimizes ©.

The proposed formalization of the problem, and its
generalized modeling, can be used to apply in a sys-
tematic way the analytical and graphic tools provided
by other well-known materials selection methods.” '
It can be useful to systematize and manage multiple
variables-constraints types of selection problem, such
as overconstrained problems,* and it is suitable to be
integrated with multi-objective analysis tools and
multi-criteria decision-making techniques commonly
used in the field." In these terms, what is proposed
provides a methodological framework, and the com-
plete modeling, for the extension of previous materials
selection techniques, so to assist a rational distribu-
tion of the materials and sizing in multi-component
system design.

Search for the optimal solution

Having obtained a single function to be optimized (8),
the problem of finding the best solution, while

respecting all the constraints, must be addressed. An
exhaustive analysis of all potential solutions would
require the definition of a reasonably limited set of
potential materials to be distributed among the com-
ponents, and discretized ranges of potential values for
the geometric parameters to be sized. In this case, a
preliminary pre-selection of the materials is necessary
(this could be one of the meanings of the box in
dashed line, in the diagram of Figure 1), to limit the
search domain on which to apply exhaustive proced-
ures. The pre-selection could be based on the
designer’s experience and best practice criteria.
Structured methods for product examples analysis
could be also used, in order to increase in a reasoned
manner the number of alternative materials to be
analyzed.”® However, this type of approach, as is
evident, can be used in the case of systems consisting
of a wvery Ilimited number of components.
Furthermore, it does not allow a real optimization
of the selection and sizing problem, which is reduced
to a classification of potential solutions that are com-
binations of discretized geometric parameters and
pre-selected materials.

The different types of variables involved in the real
problem of distribution of materials in the system and
sizing of components (discretized variables, for the
identification of materials, and continuous variables,
for the sizing of components), and the formalization
of the problem proposed here, suggest the recourse to
a genetic optimization algorithm.* Particularly suit-
able for managing multi-objective optimization,* also
on wide and nonunimodal search domains,*' this type
of optimization tool allows to operate on continuous
and discrete mixed variables, assuming as the object-
ive function that expressed by (8), which interprets the
different aspects of the whole problem, and avoiding
to force the choice of materials within strongly limited
search domains, which would affect the final result, so
as to obtain a real simultaneous optimization of the
choice of materials and the sizing of geometric par-
ameters, even in compliance with the efficiency criter-
ion. The appropriateness of the use this type of search
algorithm in the specific case of shape, sizing, and
material choice optimization problem has been con-
firmed from the mathematical point of view also, with
particular regards to the effects of continuous and
discrete mixed variables on continuity of the solution
domain.*

Figure 2 shows the general framework of the algo-
rithm specially developed, and implemented in
MATLAB environment. It presupposes:

e the data restructuring for search procedure, whose
purpose is to translate the results of requirements
specification (section ‘‘Specification of require-
ments”’), analysis of system composition (section
“Formulation of system composition”), compo-
nents and system characterizations (sections
“Components characterization” and “System
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Figure 2. General scheme of the proposed algorithm.

characterization™), into mathematical terms suit-
able to be elaborated by the algorithm core;

e the compiling of materials database that allow the
search algorithm to associate the properties that
are involved in the formulation of the problem,
to each potential material for the solution of the
selection problem (the database module define each
material by a characterization vector that collect
the integer number expressing the material identi-
fication code M ¢, and the values of its properties
involved in the formulation of the problem).

Getting information on material properties from the
database module properly compiled, the algorithm
core searches for the optimal solution through four
main functionalities:

e Preliminary identification, that provides for the
formalization of the solution type to be investi-
gated and the definition of the objective function;

e Generation of potential solutions (materials distri-
bution and components sizing for the whole
system);

e Verification of constraint conditions and screening
of potential solution;

e Evaluation of possible solutions and search for the
optimal one.

Characteristics of the search algorithm

The structure of the genetic algorithm used is con-
ventional, but for convenience it is shown in
Figure 2. The algorithm operates on populations of
individuals, to be understood as sets of points of the

objective function domain. Each individual repre-
sents a potential solution, and is codified in a struc-
ture that recalls the chromosomal configuration
(Figure 2).

As known, the algorithm first generates a random
population. Subsequently, at every cycle of generation
it selects individuals that satisfy all the constraints,
based on their fitness (quantified by the value assumed
by a fitness function), and applies genetic operators
(crossover and mutation) on the individuals selected.
The generation of a first random population expresses
the need to explore the widest possible domain of
potential solutions. On the other hand, it could limit
the efficacy of the algorithm in converging towards
valid solutions. For this reason, if in the first gener-
ation there are no valid individuals (i.e. solutions that
respect the whole set of constraints, with a fitness of
an acceptable level), the so called “‘seeding” can be
operated, inserting a valid individual (seed) with a
recognized good level of fitness in the population, to
facilitate its evolution.

The algorithm has been developed and imple-
mented in MATLAB environment. The coding of
individuals and the definition of the fitness function
will be treated in the following section. Its other fea-
tures are as follows:

e Population size of 100 individuals;

e Steady-state population regeneration (part of the
population survives from one generation to the
next), with generation gap (population fraction
replaced) of 0.9;

e Stochastic Universal Sampling selection, with
elitist strategy (if the best individual should turn
to be less fit than the champion from the preceding
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generation, the latter is reinserted in the place of
the less fit individual of the new generation);

e Single-point crossover with probability of applica-
tion 0.7, and mutation with probability of applica-
tion 0.7/length of the chromosome, as genetic
operators;

e Stopping criterion based on fixed number of gen-
erations (50 was found to be a number suitable for
convergence purposes).

Formalizations and functionalities of the search
algorithm

The solution type of the algorithm has to be formu-
lated to express the materials of system’s components
{M} to be chosen, and the values of the variable geo-
metric parameters of system’s components {G} to be
sized. Its formalization consists in a sequence of sub-
sets of variables, one subset for each one of the n,
components of the system (Figure 2). The first vari-
able mt; of each subset is the identification code M ¢
(integer number) that identify the material of the ith
component, according to the codification adopted in
compiling the materials database. The subsequent
variables of the subset g;;, gp,..., are the values of
the geometric parameters G of the ith component
to be sized (real numbers).

The generation of potential solutions (that means
potential materials distribution and components
sizing for the whole system) is intrinsic to the func-
tioning of the genetic algorithm. Every individual in
each generation (formalized by the vector of solution
type in Figure 2) represents a potential solution. If a
potential solution respects all the constraint condi-
tions of the problem, expressed by equation (2) or
(3), (4), (5), and (6), and therefore is a possible solu-
tion, then its fitness is evaluated. The fitness function
is expressed by the objective function (8), to be calcu-
lated for the values of the variables constituting each
potential solution by means of equation (1) and (7),
using also the data collected in the material properties
database.

The optimal solution will be found when the algo-
rithm converges and stops. This solution is still
expressed in the form of solution type in Figure 2,
and consists of a sequence of subsets, each of them
identifying a component of the system, and consti-
tuted by material identification code M;¢c and values
of geometric variables G to be sized. This represents
the possible solution that defines materials distribu-
tion and component sizing, minimizing the objective
function (8).

As is known, the characteristic of genetic algo-
rithms is that of identifying solutions of local opti-
mum. This implies, as a consequence, the possibility
that the same algorithm, at the same search condi-
tions, every time it runs, can identify different local
optimal solutions. This, which may seem a limitation

of the genetic approach to optimization, in reality
turns out to be a particularly appropriate property
in the solution of the materials selection problem. As
a matter of fact, in the overwhelming majority of
cases, for any application, more than one material
is suitable, and the final choice is actually a good
compromise to solve the problem.*? In this regard,
the precaution to avoid forcing the optimization
towards the search for an univocal optimum, but
rather to determine a set of effective solutions on
which to make final qualitative evaluations, based
on not-structured supporting information on mater-
ials (design guidelines, case studies and known appli-
cations, supplier information, standards and codes,
etc.),*® is always a sensible and well founded prac-
tice. Evidences of this aspect of the problem will be
provided in the discussion on the reported case
study.

Case study: Heat exchanger

The application of the proposed approach to mater-
ials choice and component sizing in the case of a sub-
system of a shell-and-tube heat exchanger is reported.
Taking into account the configuration shown in
Figure 3, defined according the reference construction
standard by Tubular Exchanger Manufacturers
Association (TEMA),* and acquired the results of
the thermodynamic dimensioning of the system,**
the attention has been focused on the sub-system con-
sisting of the main components of the central module:
the shell, the tube bundle, and the tubesheets.

Components and system characterization

The preliminary analysis of the sub-system allowed to
define the three basic components representing the
design problem: shell (C,), tube (C,), tubesheet (C3).
The complete characterization of the components and
the sub-system (according to section “Materials dis-
tribution and components sizing problem formaliza-
tion”’) allowed to define objectives, requirements to be
constrained, fixed and variable geometric parameters,
for each component, as detailed in Tables 1 to 3, and
the set of constraints between components, as detailed
in Table 4. For each ith component, they have been
defined:

e the sets requirements on components to be opti-

mized {RoC,,};, and to be constrained
{RO Cconstr} i>

e the set of performance functions {PF}; to be
optimized;

e the set of constraints on requirements {CoR}, to be
satisfied, and efficiency functions {EF}; to be
optimized;

e the set of constraints on geometric parameters
{CoG},; and on material properties {CoM};, to be
satisfied.
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SHELL-AND-TUBE
HEAT EXCHANGER

TUBE BUNDLE

TUBESHEET St

DESIGN DATA

e Functional parameters

Shell side: T=483 K, p=2 MPa
Tube side: T =363 K, p=4 MPa

o Parameters derived from thermodynamic
dimensioning

Shell: Dig = 590 mm

Tubes: N, = 434, do, = 19.05 mm, L,= 1770 mm,
pitch = 23.8 mm (equilateral triangle)

Figure 3. Application: The system and its design data.

The constraints on the variable geometric parameters
{CoG?} define the limit values for the design variables
to be sized, which are the thickness of the three com-
ponents f, ¢, t,. Particularly, shell thickness ¢, and
tubesheet thickness 7, are continuous variables, sub-
jected to minimum value limits from TEMA standard.
Tube thickness ¢, is instead a discrete variable, and for
the value of outer diameter fixed by the thermo-
dynamic dimensioning, it can assume codified values
between the minimum and maximum values specified
in Table 2.

The constraints on the material properties {CoM}
define the primary constraints on the properties of
material to be choice for each component, which are
the basis for the screening of materials. In the appli-
cation, the primary constraints on material properties,
shared by all the components (minimum values for
maximum service temperature and fracture tough-
ness, from Tables 1 to 3) have been used for a pre-
screening executed by mean of Cambridge
Engineering Selector software, to obtain a pre-selec-
tion of materials (dashed box in Figure 1) to be
included in the database. With this purpose, con-
straints on resistance to corrosion, and other sources
of deterioration, have been added, as well as a max-
imum limit to the cost per unit mass of the material,
to avoid the choice of materials not economically sus-
tainable for the specific use.

For the whole system, the set of constraints
between components {ChC} have been defined
(Table 4). In this regard, some peculiarities are note-
worthy. Some constraints between components are
constraints on geometric parameters, and constraints
on linear and radial expansion, that are functions of
material property (coefficient of linear expansion «),

requirement (thermal load AT), and geometric par-
ameters (length or radius), according to the general-
ized equation (6) for constraints between components.
As can also be verified from the equations in Table 3,
performance functions PF3;, PFs3;, and constraints on
requirements equations CoR3;, CoR3, of component
C; (tubesheet) depend indirectly (PF3;, PF3,) or dir-
ectly (CoR31, CoRj35) on various geometric parameters
of other components of the analyzed system (shell
diameter Di, and thickness 7,, tube outer diameter
do,); equation CoRj3; depends directly also on geomet-
ric parameters of another component external to the
analyzed system (head channel inner diameter Di. and
wall thickness 7.), which can, however, be traced back
to geometric parameters of the component C; (as spe-
cified in Table 4); with particular regard to the cases
of direct dependence of these equations on the proper-
ties of other components, this dependence highlights
the meaning to introduce the properties of other com-
ponents O7CoPp, in the generalized form of equa-
tions (2), (3), and (7).

The performance functions of the three compo-
nents, PF;; and PF;, (Table 1), PF,; and PF»
(Table 2), PF5; and PF5, (Table 3), express the pri-
mary objectives in design that consist in limiting the
weight and cost. In these cases, equations of type (1)
are in the form independent of requirements to be
constrained RoC,,,,. Performance function PFy;
(Table 2), which expresses a key functionality of the
component C, (the efficiency in heat conduction of the
tubes, quantified by the heat exchange per volume
unit), represents instead a typical case in which per-
formance function depends also on requirements to be
constrained RoC,,s, (AT in this case). The values of
PF>,, PF,,, and PF,; have been calculated for the
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Table I. Complete characterization of shell (C)).

Requirements on component {RoC},
{Rocopt}l
{Rocconstr} |

Performance functions {PF},
PFy, Shell mass

PF,, Shell cost

Constraints on requirements {CoR},

CoR| | Tang stress from pressure load Ap
CoR|, Tang stress from thermal load AT
CoR|3 Bending stiffness

Efficiency functions {EF},
EFy, Tang stress from pressure load Ap

Constraints on geometric parameters {CoG},
Shell thickness (TEMA std)

Inner diameter

Length of the shell span between the support saddles

Constraints on material properties {CoM},
Max service temperature

Fracture toughness

Mass m, Cost C

Pressure load Ap, Thermal load AT,
Maximum bending &0«

Equation (1)
m = prDiglLgts

Equation (1)
C = ¢y p7DisLst,

Equation (2)

Ap< 20yt
P< Di;
20,t .
CRy =L > Equation (3
I Di, Ap q (3)
Equation (2)
2(1 = v)oy,
AT<
ok
e 21 — V), _ Equation (3)
127 TATGE

. Equation (2)
4 .
Ao 37E[Dif — (Dis — ;)"

5max = 4LZ|
i* — (Di, —t))* Equation (3
Ry = 378 maxE[ DI 3 (Dis — t,)*] o q (3)
4L, F
Equation (7)
EFyy = 1/CRy,
t; > 7.9 mm Equation (4)
Dis=590 mm Equation (4)
L,y = 1400 mm Equation (4)

Tmax > 363°K
K.> 15MPam'?

Equation (5)
Equation (5)

Ap: pressure inside the shell; AT: maximum temperature difference between inside and outside of the shell; §,,4,: maximum bending allowable at the
center of the shell span between the support saddles; t;: shell thickness; Dig: inner diameter of the shell; Lg: shell length; L,;: length of the shell span
between the support saddles; p: density; c,,: cost per unit weight; o,: yield strength; v: Poisson’s coefficient; a: coefficient of thermal expansion; E:
Young’s modulus; Tmax: maximum service temperature; K. fracture toughness; F;: sum of the weight of the shell section between the support saddles

and the weight of the fluid.

whole tubes bundle (taking into account the total
number of tubes N,).

Specificities in the implementation of the algorithm

Data restructuring introduced in section ‘““Search for
the optimal solution” consists of the compilation of
the component properties vectors
CP;={cpix}k=1. ..np> With n, the dimension of the
overall set of component properties introduced in
the formulation of the design problem previously

formalized (section ‘“Materials distribution and com-
ponents sizing problem formalization’). For each ith
component C; of the system, the CP; vector has been
compiled:

CPy = {Ap, AT, 8, Dis, Lat, tonin, Tmaxin, Kemin, Li}
CPy = {Ap, AT, Sypax, oy, Ly, Lao, tumin, timaxs Amins

Tmax iy, Kcyin}
CP3 = {Ap. ¢, pt, tigmin, TMaXoin, Kemin, Dis, doy, (Dic, 1)}
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Table 2. Complete characterization of tubes (G).

Requirements on component {RoC},
{Rocopt}2

{ Ro Cconstr 2

Performance functions {PF},

PF5, Tubes bundle mass
PF,, Tubes bundle cost
PFy3 Heat exchange per volume unit

Constraints on requirements {CoR},
CoR,, Tang stress from pressure load Ap

CoR;;  Tang stress from thermal load AT

CoR,;  Bending stiffness

Efficiency functions {EF},
EFy, Tang stress from pressure load Ap

Constraints on geometric parameters {CoG},
Tube thickness (TEMA std)

Outer diameter
Tube length

Length of the tube span between two subsequent diaphragms

Constraints on material properties {CoM},
Thermal conductivity

Max service temperature

Fracture toughness

Mass m, Cost C, Heat exchange
per volume unit qry

Pressure load Ap, Thermal load AT,
Maximum bending 8,4«

Equation (1)
m = prdo.t, LN,
Equation (1)
C = ¢y prrdo,t LN,
Equation (1)
qr
— =—=-AT
2
Equation (2)
Ab< 20yt
Ps do,
20,1, Equation (3)
CR2| = = |
do,Ap
Equation (2)
AT 2(1 = v)oy
oE
o 21 — v, Equation (3)
2T TATGE

. Equation (2)
F, - 371E[dof — (do; — t;) ]

Smax 413

Equation (3)
378 maxE[dof — (do, — t,)*]

CRys =
2 45F,

=1

Equation (7)
EFy = 1/CRy

t, € [0.889, 3.404] mm Equation (4)

do, = 19.05 mm Equation (4)
L,=1770 mm Equation (4)
Ls» =350 mm Equation (4)
A = 50 W/mK Equation (5)

Tmax > 483°K
K. > 15MPam'?

Equation (5)
Equation (5)

Ap: maximum pressure difference between inside and outside of the tubes; AT: maximum temperature difference between inside and outside of the
tubes; §,,q Maximum tube bending allowable between subsequent diaphragms; t;: tube thickness; do;: outer diameter of the tube; L;: tube length;
Lg»: length of the tube span between two subsequent diaphragms; N;: number of tubes in the bundle; p: density; A: coefficient of thermal conductivity;
Cm: cost per unit weight; o,: yield strength; v: Poisson’s coefficient; a: coefficient of thermal expansion; E: Young’s modulus; Tmax: maximum service
temperature; K. fracture toughness; F,: sum of the weight of the tube section between two subsequent diaphragms and the weight of the contained

fluid.

The specification of the terms that appear in the
vectors can be found in the nomenclature at the end
of Tables 1 to 4. How it is possible to observe, the
properties specified by CP; vectors consist in

generalized stresses quantifying the constraints on
some requirements; fixed values and/or limit values
to be imposed on geometric parameters and on mater-
ial properties; properties of the other components that
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Table 3. Complete characterization of tubesheet (Cj).

Requirements on component {RoC};

{RoCope}s Mass m, Cost C

{RoCeonstr}3 Pressure load Ap

Performance functions {PF};

PF3, Tubesheet mass Equation (1)
m= pﬂD?sttS /4

PF3; Tubesheet cost Equation (1)

Constraints on requirements {CoR};
CoRj3, Stress from bending load

CoR3; Shear stress

Efficiency functions {EF};
EF3, Stress from bending load

Constraints on geometric parameters {CoG};
Tubesheet thickness (TEMA std)

Holes diameter
Holes pitch

Constraints on material properties {CoM};
Max service temperature

Fracture toughness

C = CprDits /4

Equation (2)

£ \2
s

Ap< 3170y (fDi )
3noy [ ts 2

Ry ==~ >
=3 (75:)

Uytts(l — do,/pt)

Equation (3)

Equation (2)

Ap<
P 0.31D;
Equati 3
0 ts(1 — doy/pt) quation (3)
Ry, = 21— G0/PY
0.31D.Ap
Equation (7)
EF3; = 1/CR3

ts = 19.1 mm
$=19.05 mm
pt=123.8 mm

Equation (4)
Equation (4)
Equation (4)

Tmax > 483 K
K. > 15MPam'?

Equation (5)
Equation (5)

Ap: maximum pressure difference between inside of the tube and of the shell; t,;: tubesheet thickness; D,;: tubesheet diameter; pt: holes pitch; ¢: hole

diameter; Dig: inner diameter of the shell; do,: outer diameter of the tubes; f =

17—100(t/Di). — | — 0907

Tt 51 (o )z; t.: thickness of head channel wall; Di.: inner

diameter of the head channel; D| = %; A= %(O.BD;S)Z; C = 0.87Dy; p: density; c,: cost per unit weight; o,: yield strength; Tmax: maximum service

temperature; K. fracture toughness.

constraint the component. Particularly, f; ,., is the
minimum value of the shell thickness, 7, ,,, and t,
max are respectively the minimum and the maximum
value of the tube thickness, 7, ,., is the minimum
value of the tubesheet thickness, Tmax,,;, is the min-
imum value requested to the maximum service tem-
perature, Kc,,;, is the minimum value requested to the
fracture toughness, 4, 1is the minimum value
requested to the coefficient of thermal conductivity
(tubes only).

Material properties database has been compiled for
a set of pre-selected materials, as explained in the pre-
vious section. The data of Cambridge Engineering
Selector software have been used. According to section
“Search for the optimal solution”, each material
record is constituted by a characterization vector that
collect the material identification code Mj¢ (integer
number), and the values of its properties involved in

the formulation of the problem, that in this applica-
tions are all the material properties that appear in the
equations of components characterization (Tables 1 to
3): density p, cost per unit weight c,,, yield strength o,
Young’s modulus E, Poisson’s coefficient v, coefficient
of thermal conductivity A, coefficient of thermal expan-
sion «, maximum service temperature 7max, and frac-
ture toughness Kc. The database compiled for the
reported case study includes about 250 materials.
Defining the component properties vectors CP;, all
the equations that formulate the design problem
remain to be functions of the variables of the problem:
the materials of system’s components {M} to be
chosen, represented by their properties, and the
values of the variable geometric parameters of sys-
tem’s components {G} to be sized. These will be
the variables to be optimized by the search algorithm.
Therefore, the solution type consists of pairs of
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Table 4. Characterization of the system (constraints between components).

Constraints between components {CbC}

CbC, 53 Constraint on shell length, tube length, and tubesheet thickness Ly = Ls + 2ty Equation (6)
CbC, 3 Constraint on shell diameter, shell thickness, and tubesheet diameter Dy = Dig + 2t Equation (6)
PF3y, PF3;, CoR3,, are functions of D,; — depend on shell diameter
Dis and shell thickness t
CoRs3, is a function of shell diameter Dij
CbC, -, Constraint on linear thermal expansion between shell and tubes AL < kst - Alg (ks> 1) Equation (6)
CbC,y 5 Constraint on radial thermal expansion between tubes AR; > ARy p, Equation (6)
and holes of tubesheet
CoR3; and CoRj, are functions of tube outer diameter do,
CbCz.0c CoR3, is a function of head channel inner diameter Di, Di. = Dig t. =2 tq

and wall thickness t.

L;: tube length; L: shell length; t,;: tubesheet thickness; D, tubesheet diameter; Dig: shell inner diameter; t;: shell thickness; do,: tube outer diameter; Di:
head channel inner diameter; t: head channel wall thickness; AL;: tube linear thermal expansion; ALg: shell linear thermal expansion; AR;: tube radial

thermal expansion; ARy j: tubesheet holes radial thermal expansion.

variables, one pair for each one of the three compo-
nents of the system. The first variable mz; of each pair
is the code M. that identify the material of the ith
component in the material properties database, and
associate the corresponding properties. The second
variable of the pair is the value of the geometric par-
ameters to be sized: for the three components of the
application, the thickness ¢, ¢, t,, respectively.
According the notation introduced in section
“Formalizations and functionalities of the search
algorithm™ and Figure 2, the solution type is formu-
lated as

(mty, g1)(mty, g2)(mt3, g3) where g1 = 1,
L =1, g3=ls

Each combination of the three pairs of variables
represents a potential solution of the material choice
and component sizing problem. Shell thickness ¢, and
tubesheet thickness ¢,, are continuous variables, quan-
tified by real numbers. As required by TEMA con-
struction standard, instead, tube thickness 7, is a
discrete variable that should assume codified values.
For this reason, in the implementation of solution
type, this variable can assume integer values that cor-
respond to the codified values of tube thickness.

Finally, the fitness function will be expressed by
objective function (8) defined in section ‘“Complete
formalization of materials choice and components
sizing problem”, to be calculated for the values of
the variables constituting each potential solutions,
by means of equations (1) and (7), using the data col-
lected in component properties vectors CP;, and in
codified material properties database. In this applica-
tion the following functions, detailed in Tables 1 to 3,
have been selected as the terms of the objective func-
tion (8) PF]], PF12, PFz], PF22, PF31, PF32, PF23,
EF,,, EF5, EF3; (the weight coefficients «; will be

Table 5. Definition of objective function: sets of weight
coefficients for the three investigations.

PFyy PF\, PFy PFy PF3y PF3, PFy3 EFyy EFy EFs

I 0.1 022 0.1l 022 0.11 022 0 0 0 0
I 0.12 0.12 0.12 0.12 0.12 0.12 028 O 0 0
Il 0.05 0.05 0.05 0.05 0.05 0.05 0.10 020 0.20 0.20

referred to these functions, ordered according to this
specific sequence).

Results

The formulation of the objective function as a
weighted sum of normalized terms has been exploited
to perform three different types of investigations,
varying the weight coefficients. The three sets of coef-
ficients used are shown in Table 5. The first case is
that of a conventional problem (Investigation I),
based on the optimization of the only functions that
express the masses and costs of the components (PFi,
PF\,, PF>,, PF,,, PF3,, PF3,), giving greater weight to
the minimization of terms that quantify the costs. In
the second case (Investigation II), the weight coeffi-
cients for the minimization of masses and costs are
equated, and the greatest weight is given to the most
significant functional performance for a heat exchan-
ger, that is the maximization of the heat exchange
efficiency of the tubes, expressed by the term PF»s.
Finally, the third case (Investigation III) maintains
the maximization of function PF,3;, and introduces
the efficiency functions EFy;, EF>,, EF3;, with the
greater weights, in the search for the optimal solution.

As highlighted before (section * Formalizations
and functionalities of the search algorithm™), the
characteristic of genetic algorithms is that of identify-
ing solutions of local optimum. This implies the
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possibility that the same algorithm, at the same search
conditions, every time it runs, can identify different
local optimal solutions. For this reason, for each of
the three investigations defined by the different sets of
weight coefficients, 10 executions of the algorithm
were performed. When different solutions arise for
the different executions, the most obvious criterion
to consider the best solution to be the one that cor-
responds to the lowest convergence value of the
objective function, must be taken with caution. A
solution corresponding to a higher convergence
value of the objective function could however be a
more ‘“‘balanced” solution, i.e. able to minimize the
objective function avoiding conditions of excessive
imbalance between the different properties expressed
by the single terms constituting the objective function.
This is all the more possible, the more numerous and
diversified the terms of the objective function, as this
case, where the terms can reach up to 10.

The results corresponding to the different runs of
the algorithm must therefore be analyzed taking into
account these peculiarities of the solutions obtained
by means of the genetic type algorithms, and of the
used objective function. For each of the three investi-
gation performed, a simple analysis procedure was
followed that is described here with regard to
the case whose results show greater variance, i.e. the
Investigation III, that for which the terms of the
objective function are more numerous and diversified
(the full set of 10 terms selected before).

For each run of the algorithm, the convergence
value of the objective function has been acquired. In
Figure 4(a) these values have been reported for all the
10 runs. Figure 4(b) shows the convergence graph of
the algorithm executed by MATLAB, for the first run,
to which the minimum convergence value assumed by
the objective function corresponds.

As can be seen from the graph in Figure 4(a), the
convergence values for the 10 runs are distributed in a

substantially compact manner. A simple clustering
expedient can be, however, applied to define a cluster
of values to be considered of particular interest
(search cluster). Indicating with v; the value corres-
ponding to the ith run, the search cluster can be con-
stituted by the larger set of values v, sorted in
ascending order, starting from the lowest value v,,,
(vy in Figure 4(a)), such that their average value falls
within a maximum limit defined by k-v,,;, (k > 1). The
lower the value of k, the more compacted the cluster
toward the minimum value v,,;,. In Figure 4(a), the
straight line represents the average value of the search
cluster defined for k=1.1, and the circled values rep-
resent the elements of the cluster identified.

Each element of the cluster represents a possible
optimal solution, defined by a specific combination
of materials and variable geometric parameters for
the three components of the system under examin-
ation. These solutions can be treated as a set of top-
ranked solutions, according to the basic approach to
qualitative evaluations, by means of nonstructured
supporting information on materials, as suggested
before (section ‘“‘Formalizations and functionalities
of the search algorithm™). Alternatively, to define an
optimal solution among those belonging to the search
cluster, a wide variety of techniques for multi-criteria
decision making can be used, such as those widely
applied to the basic material selection problem."
In this case, the simple Cartesian distance of each
solution with respect to the theoretical best solution,
that is the ideal solution collecting all the best values
for each term of the objective function, has been used
for the purpose.

In Table 6, the values assumed by the 10 terms of
the objective function are reported for each solution
of the search cluster (corresponding to the results for
the runs 1, 3, 4, 5, 7). In the second-last column, the
Cartesian distances CD calculated on the normalized
values of these terms are reported. For completeness,

(a) so
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Figure 4. Results of Investigation lll: (a) analysis and clustering of best solutions for each algorithm run; (b) convergence graph for

first run (minimum value of objective function).
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the values of similarity to the best condition
SBC according to the basic TOPSIS method
(Technique for Order Preference by Similarity to
the Ideal Solution), frequently used in materials
selection field, are reported in the last column, with
identical ranking results with regard to the CD ana-
lysis (contrary to CD, the best value for SBC is the
highest).

The solution obtained by run 4 is clearly the closest
solution to the theoretical best solution TBS (last
row), that collects the minimum values for the terms
of the objective function to be minimized (PFy, PF,,
PF,,, PFy,, PF5,, PF3,), and the maximum values for
the terms of the objective function to be maximized
(PF»3, EFy1, EF>1, EF3p). This is the best solution for
the Investigation III, and is detailed in Table 7,
together with the other best solutions obtained by
applying the same procedure to the other two inves-
tigations. Each solution defines material choice and
thickness sizing for each of the three components of
the system analyzed.

The best solution obtained for Investigation I rep-
resents a good compromise between the traditional
needs of containment of weights and costs of the com-
ponents. The term relater to heat exchange efficiency
(PF>3) obtained an acceptable value, despite being
excluded from weight coefficients assignment.
Efficiency functions also have not been subjected to
any control during the executions of the algorithm.
Consequently, their low values express inefficiency in
material choice and/or component sizing.

The results of Investigation II are incisively influ-
enced by the predominant weight fixed for the effi-
ciency of the heat exchange. With respect to the
previous investigation, the costs of the components
increase. The rise in the cost of the tubes is particu-
larly significant, but to the full advantage of the term
that quantifies the efficiency of heat exchange.
No significant variation can be found for the
values obtained for efficiency functions, also in this
case excluded from the assignment of weight
coefficients.

Table 6. Analysis of search cluster (Investigation lll): terms of objective function, theoretical best solution, Cartesian distances, and

similarities to best condition (TOPSIS).

PFy, PF\, PF5, PF,, PF3, PF3, PF,3 EF), EF, EFs3, cD SBC

(kg) (€) (kg) (€ (kg) (€) (kW/m?®)
1l 0.05 0.05 0.05 0.05 0.05 0.05 0.10 0.20 0.20 0.20
| 351 522 418 1197 92 158 80465 0.22 0.14 0.47 0.37 0.45
3 260 418 399 1290 104 164 88066 0.30 0.15 0.39 0.28 0.46
4 250 325 424 1186 80 136 77757 0.31 0.15 0.59 0.07 0.91
5 250 311 396 1364 126 185 89159 0.29 0.13 031 0.39 0.31
7 249 309 430 1187 95 144 75340 031 0.15 0.43 0.19 0.56
TBS 249 309 396 1186 80 136 89159 031 0.15 0.59
Table 7. Best solutions for the three investigations.
C, (Shell) C, (Tubes) C; (Tubesheet)
mt, ts (mm) mt, t, (mm) mt, tis (mm)
Investigation |
Carbon steel AISI 1025 12.4 Carbon steel AISI 1015 1.473 Carbon steel AISI 1080 374
PF|| (kg) PF|2 (€) EF|| PF2| (kg) PF22 (€) PF23 (kW/m3) EF2| PF3| (kg) PF32 (€) EF3|
326 490 0.15 515 772 47,876 0.10 88 105 0.43
Investigation 11
Stainless steel ASTM A747 9.2 Copper alloy CuAl7 1.473 Stainless steel |5-5PH 382
PFy 1 (kg) PFi3 (€) EFy, PFy1 (kg) PFy (€) PFa3 (kW/m3) EFy, P31 (kg) PF3; (€) EF3,
244 610 0.08 522 1460 79,289 0.12 87 260 037
Investigation Il
Low alloy steel AISI 5140 9.4 Copper alloy CuMn|3AI8 1.245 Low alloy steel AISI 4135 35.2
PFyy (kg) PFi2 (€) EFy PRy (kg) PFy (€) PFys (KWIm®) EFy, PPy (kg)  PF3 (€) EF3,
250 325 0.31 424 1186 77,757 0.15 80 136 0.59
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Finally, Investigation III provides a very interest-
ing solution. It expresses a good trade-off between the
needs to contain weights and costs, and the efficiency
of heat exchange. It identifies materials choice and
component sizing that ensure the best design effi-
ciency, expressed by the higher values assumed by
all the three efficiency functions (with particular
regard to EF), and EFj3;), compared to the previous
investigations. This last result confirms the influence
that the efficiency criterion could exert in guiding the
search for the optimal material-thickness coupling.
Furthermore, the greater weight attributed to the effi-
ciency functions push the algorithm to search for solu-
tions that optimize the exploitation of the propricties
of the materials used, forcing it to identify combin-
ations of materials and thicknesses that also entail a
general containment of weights and costs.

To conclude, it is considered of interest to compare
the results obtained through the proposed approach
and tools (summarized in Table 7, and identified with
the order number of the Investigations I, II, III), with
conventional solutions that can be considered as ref-
erence (Table 8): a basic design (BD), which proposes
materials conventionally used for the specific applica-
tion (AISI 304 for the shell, AISI 321 for the tubes,
AISI 5160 for the tubesheets), and the sizing of the
geometric variables f,, t,, t,, obtained by traditional
calculation procedures; the solutions obtained by
optimizing the geometric variables only, for the
three previously set investigations (according to the
same weight coefficients in Table 5), keeping the
basic design materials fixed (solutions BM-I, BM-II,
BM-III).

In the latter case, that excludes the choice of mater-
ials, it is possible to detect some significant evidences:
the optimization of the geometric variables only, has
limited scope, and its results are flattened by the con-
straints imposed by the construction standards, speci-
fied in Tables 1 to 3 (¢, = 7.9mm; ¢, € [0.889, 1.245,
1.473,...] mm; ¢, > 19.1 mm); the impossibility of
changing the materials in fact does not allow to opti-
mize the performance features, with particular refer-
ence to the cost functions (PFi,, PF>,), and even more
to the efficiency of heat exchange (PF»;3), and also

limits the possibility to obtain efficient solutions, as
highlighted by the analysis of the values assumed by
EF,; and EF,; finally, it results that the improvement
of the design compared to the basic solution (BD) is
not very significant.

In the basic design, only the choice of the material
for the third component turned out to be efficient, as
shown by the values of PF3; and PF3, corresponding
to the Investigation BM-I, BM-II, BM-III, and the
same basic design BD, and as confirmed by the cor-
responding values of EF5; also. This is a clear example
of how a strictly conventional approach like the one
represented by the BD solution, can lead to efficient
results but limited to a single component.
Furthermore, not even a systemic approach to geo-
metric sizing, bound to pre-established conventional
materials (solutions BM-I, BM-II, BM-III), can over-
come this intrinsic limitation.

These observations are supported by the compari-
son of the values assumed by the objective function (8),
for previous defined solution (materials choice and
sizing optimization solutions I, II, III; fixed basic
materials and sizing optimization solutions BM-I,
BM-II, BM-III). With this purpose, the comparison
has been differentiated by the three types of investiga-
tion (weight coefficients of Table 5). In all three cases
the results were also compared to the basic design solu-
tion (BD). Therefore, the calculation of the objective
function was performed separately for each investiga-
tion: e.g. for Investigation I, the set of solutions com-
pared, with respect to which the terms of function (8)
were normalized, has included I, BM-I, BD. The com-
parison set in this way (Table 9), has highlighted that
the improvements obtained only from sizing optimiza-
tions, with prefixed materials (solutions BM-I, BM-II,
BM-III), compared to the basic design that use the
same materials (BD), are limited (reduction of the
objective function between 13% and 22%).
Moreover, they become almost negligible if compared
to the drastic improvements obtained by the combined
optimization of the choice of materials and sizing
(solutions I, II, III): objective function reduction of
about 50% with respect to the basic design, which
goes up over 80% for Investigation III.

Table 8. Comparison of previous results with materials-fixed and basic solutions: materials choice and sizing optimization (I, I, Ill);
fixed basic materials and sizing optimization (BM-I, BM-II, BM-IIl); basic design (BD).

t, t ti PFiv PRl PRy PP PRy PRy PRy EFi. EFy  EFy
(mm)  (mm)  (mm) (k) (€) (k) (€ ke (©  (kwim)
| 12.4 1473 374 326 490  5I5 772 88 105 47876 0.5 010 043
I 9.2 1473 382 244 610 522 1460 87 260 79289 008 012 037
I 9.4 1245 352 250 325 424 118 80 136 77757 031 0I5 059
BM-I 8.0 1245 359 218 765 452 1718 8l 65 21088 0.5 006 067
BM-Il 8.4 1245 352 229 802 452 1718 79 63 21088 0.14 006 069
BM-IIl 8.1 1245 347 221 773 452 1718 78 62 21088 0.5 006 071
BD 8.5 1245 413 233 817 452 1718 93 75 21088 0.14 006 050
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Table 9. Results compared by the type of investigation: values
of objective function (8) and improvements with respect to the
basic design.

(C] ® ®
| 1531 —43.3% |l 1246 -57.3% |l 6.89 —84.2%
BM-I 21.02 -22.1% BM-ll 2523 -13.5% BM-lll 3477 -19.5%
BD 2698 BD  29.17 BD 4321

These further results allow to propose some final
concluding observations: it is confirmed that a well-
structured choice of materials takes on a determined
role in design optimization, and also by virtue of sim-
ultaneity, can enhance the benefits of efficient sizing,
the more when the latter is strongly constrained (in
this sense, the possibility of varying materials can
compensate for the limitations in sizing); the impact
of only sizing optimization on the performance fea-
tures of the design solutions is valid, but limited
regardless of the choice of materials, as the properties
of the latter are crucial (in the proposed example, this
is evident for the containment of the cost, and even
more for the main functional performance, expressed
by the efficiency of heat exchange).

In the light of the previous observations, it is con-
firmed that in principle a choice of materials as open
as possible may be preferable, and in this sense an
approach like the one proposed can enhance its heur-
istic value, able to investigate new unconventional
solutions that can prove to be particularly efficient
and widen the horizons of design experience.

Conclusions

A methodological framework and the complete and
generalized modeling for a rational materials choice
and sizing in multi-component design environment,
have been proposed. Their potential for the optimiza-
tion of simultaneous materials selection and sizing
problem has been discussed, and a genetic algo-
rithm-based approach has been presented. As a
result, a structured method is provided, able to over-
come the intrinsic limitations of the conventional
component-level approach; avoid forcing the choice
of materials within strongly limited search domains,
which would affect the efficacy of final results; obtain
a real concurrent optimization of the choice of
materials and the sizing of geometric variables, even
in compliance with the system-level constraints, and
an efficiency criterion, overcoming at the same time
the difficulties that the overconstrained problems
entail.

The reported application, in addition to confirm
the adequacy of the overall approach to the problem,
has revealed further significant evidences, particularly
with regard to the peculiarities of the proposed for-
malization and optimization approach, that converge
in the formulation of the objective function as a

weighted sum of normalized terms, with the well-
known advantage of being able to perform different
investigations, varying the weight coefficients. From
investigations conducted in this way, the influence
that the efficiency criterion could exert in guiding
the search for the optimal material-size coupling
emerges. A final comparison of the results obtained
by means of the proposed approach, with reference
solutions based on pre-fixed materials define by con-
ventional design, reveals how much the impact of only
sizing optimization on the performance features of the
design solutions is limited, and an approach like the
one proposed can enhance the heuristic potential of
the search for optimal solution.
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