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Abstract 
A systematic design procedure for characterising the strength and insulation requirements 

of a modular unit structure from additive manufacturing has been presented. The 

proposed 'two-stage' method consists of structural optimisation and thermal 

'discretisation', through use of the Metamorphic Development (MD) and Discretisation 

by Partitioning Method (DbPM), respectively. A structural layout optlmisatlOn method 

of a consolidated granular-solid structure for strength requirements is demonstrated. The 

reliability of the layout optlmlsed design solution tested using experiments and finite 

element analysIs (PEA) are reproduced with reasonable accuracy. Layout optimisation 

yielded 40% savings in build material, whilst satisfymg the targeted deflection. In terms 

of insulation performance, it was found that the heat transfer across the differentially 

heated and cooled structures could be controlled and optlmally dlscretised through use of 

the proposed DbPM. The attributes of the approach have been demonstrated through 

88% reduction in heat transfer rate, for an idealised enclosure model, and 40% for the 

mvestlgated design optimisation study. The reliability of the thermally discretised design 

solutlons have been validated through a devised validation procedure. 

The research demonstrated that the attributes of layout and configuration/sizing 

optimisation methods could be used as a 'two-stage' method, to produce conceptual 

design solutions to address engineering design problems encompassing more than one 

physics 'domain'. It was also demonstrated that strength and insulation requirements 

could be achieved through use of single material, by means of varying geometry to 

achieve the required functionalities. The current research mtroduced the notion of design 

optimisation for additive manufacturing, which have not prevIOusly been considered for 

load beanng thermal insulative granular-solid structures. 
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1 
Introduction 

1.1 Introduction 

The goal of structural engineers is to design structural systems according to desIgn 

requirements set by industry standards and building codes. In today's highly 

competItIve engineering industry, a design that performs a required task satisfactorily is 

no longer sufficient. Designs require optimal solutions based on speCIfied 

reqUIrements. More so, sustainable engineenng and development is of utmost 

importance. Designs not only have to achIeve optimal performance, but also efficiency. 

Optimal desIgns should be cost effective, from the design stages through to 

manufacturing. It should take into consideration minimal material usage and facilitate 

the reuse of build materials at the end of service life. In addItion, structural systems 

should ideally be designed to meet more than one function, utilising the minimal 

possible space and material. Conventional design approaches require different 

materials to deliver a required functionality. In buildmgs, these could be thermal, 

acoustics, structural, aesthetics, etc. An emerging approach is the use of geometry (or 

layout) towards achieving certain functionalities, whilst retaining a smgle material 

build. Recently, methods for design optimisatIon of structures have been developed to 

support the desIgn of such complex systems. As engineering computatIOnal capabilitIes 

increase, the scope for modelling and optImisation increased, enabling the undertakings 

of larger design problems (Kim et al., 2002). Modelling and optImisatIon enables 

improvements in the effiCIency of the design process. However, engineers are often 

faced with the problem on how optimised designs could be efficiently manufactured 

and put into applicatIOn. With the advent of AddItive Manufacturing TechnologIes 
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(AMT' s), the attnbutes of structural layout optimisatlOns methods as an engineering 

design tool could potentially be enhanced. 

Nowadays, there IS a clear trend in industry towards products spanning over several 

engineering domains. Simultaneously, there is pressure to develop products faster, at 

competitive prices and to high quality standards. Similar challenges are faced by the 

construction industry on how the design of building structures could be optimised to 

facilitate modem methods of construction. The application of design optimisation is 

not new in this field. However, most of the applications are focussed on civil structures 

and design optimisation is not widespread in mass construction applications. In light of 

that, engineers are faced with challenges to develop design methods which consider 

optlmisation at the deSign stages, to justify its potential gains over conventional 'trial 

and error' methods. 

Most buildIng structures such as walls, floors, columns, beams, etc., not only function 

as structural elements, but to some extent act as thermal barriers to mimmise heat loss. 

Conventional designs address this problem through use of materials with different 

properties, to solve the design problems which involve satisfYIng both strength and 

insulation requirements. However, this is not the case when the volume of the deSign 

space becomes a design constraint. An alternative approach is the 'generalised layout' 

methods. Research on layout optimisation has shown that alternative solutions, which 

otherwise may not have been obtained from analytical methods, is feaSible. In addition, 

such design tools aid the creativity, efficiency and quality. Its relevance in modem day 

structural engineering could not be stressed more. Although much of the work is stili 

centred on research, Interest is gradually shifting towards the focus on 

manufacturabihty of optimal design solutions. 

One potential application of layout optimisation is the integratIOn of functionalities. 

The reduction of overall matenal usage, integration of 'form' and 'function', whilst 

maintaIning single material build are just some of the potential benefits. When coupled 

with AMT's, it forms an attractive 'package'. Hence, the application of both AMT's 

and design optimisation methods may be seen as complementary, with AMT's as the 

manufacturing forefront. In construction applications, functional geometry layouts 
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could be integrated into buildmg structures, potentially enabling more functions to be 

'squeezed' into a limited bUild space. Value added functlOnalities, obtained through 

layout optimisation, could deliver a competitive advantage over conventional designs. 

This would pave the way for the integration of 'passive' functional layouts that do not 

require external energy, moving one step closer towards self sufficient buildings. 

Nature, as in the case of termite mounds, has demonstrated the charactenstics of a 

'smart structure' using single material to harness renewable energy sources. Termites 

are able to do this by forming complex ducts and channels which not only resemble a 

respiratory system, but functions effectively just as well. Hence, it IS hoped that the 

new generation of building structures could employ a silrular design approach. 

However, the transfer of 'knowledge' from nature to engineering may not be 

straightforward. In building structures, a clear distinction lies between 'form' and 

'function'. Form dictates how structures are shaped based on human-buildmg 

ergonomics. In convectional designs, functional elements (I.e. insulation, structural, 

etc.) which the occupants do not interact directly, form a 'cladding' where no link eXists 

between the two. This is the distmct feature which separates human-engineered 

structures to that of nature's and hence drives the challenge on how a design approach 

could be developed. 

This research addresses the design optirnisation problem in which a unit cell structure 

has to satisfy two requirements, mechanical strength and thermal msulatlon. This work 

attempts to uncover the layout optimisation of granular-solid structures and the nature 

of heat transfer in enclosures with varying partitioning layouts. A 'two-stage' layout 

optimisatlOn and discretisation is devised to identify the cross-sectional layout 

optimised for strength and insulation requirements. In the first stage, layout 

optimisation is performed to yield a mass mimma structure, subjected to stress and 

deflection constraints. In the second stage, the mternal airspaces are discretised to 

reduce the global heat transfer. The current work draws the attention to an emerging 

class of structural-thermal design problems, m which the design of a structure is 

derived from a combmation of heat transfer and mechamcal strength considerations, 

respecti vel y. 
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1.2 Overview of dissertation 

This thesis presents a design approach for an optimised granular-solid modular unit cell 

structure considering the strength and insulation requirements. It presents the results 

and findings of the academic research undertaken to arrive at a suitable solution, 

organised into ten chapters. Below is a brief description of the flow of this research. 

Chapter 2 reviews the technologies of additive manufacturing in construction. It gives 

a view into the possible future of the manufacturing of building structures using 

'assembly' and 'material distribution' approach. It explores the factors which spur the 

development and application of modem methods of construction, particularly 

Automation in Construction (AiC) and Freeform ConstructIOn (FC) methods. 

Chapter 3 reviews the state of art of the layout or topology optimisatlon methods for 

structural optimisation. This is followed by the mtroduction to the concept of optimal 

design and a review of the well known layout optimisation methods Also covered are 

the design approaches to modify the heat transfer of structures, by means of the layout 

approach using single matenal. Fmally, the notion of design methods for problems 

with structural and thermal reqUirements is presented. 

Chapter 4 covers the background theory to the mechanics of granular materials. The 

notion of the 'contmuum theory' used to idealise a non-continuum medium is given. In 

relation to the mterest of this research, more emphasis will be given to the frictional 

behaviour of 'granular-solid' materials. Also covered are the failure criteria for such 

materials. The understanding of the mechanics of granular material is essential, 

considering that a granular material from AMT's is to be used as a substitute for 

concrete materials. 

In Chapter 5, a method for layout optimisation of consolidated granular-solid structures 

is presented. The chapter covers the selection of a suitable granular-solid material by 

AMT's, over the commonly used concrete material. This is followed by the calibration 

of the failure cnterion of the chosen material, m which is SLS (selective laser sintenng) 

Nylon-12. A layout optimisation study was performed usmg the metamorphic 
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development (MD) method on a prismatic beam. Also presented are methods involved 

in the post -processing and manufacturing of the test specimens of the optlmised 

structure. Fmally, the results from the analyses and layout optimisation are presented 

and discussed. 

Chapter 6 presents the iniuaI investigations on the effects of thermal resistance (or R

value) of single material fully divided granular-solid structures. At this stage, no 

optimisation is performed. The work concerns only the analysis to uncover the nature 

of heat transfer in enclosures due to the presence of 'fully divldmg' thin solid partitions 

of the same material as the main enclosure. Also covered are procedures involved in 

the post-processing and manufactunng of the test specimens of the fully divided 

structures. 

Chapter 7 presents 'Stage-I' of the two-stage design approach. The work determines 

an optimal cross-sectional layout for an idealised modular unit granular-solid structure. 

The findmgs of Chapter 5 form the basis which paves the way for the investigatIOns to 

address the structural reqUirements of a structured msulator enclosure. In all, two 

different load cases were considered. The first load case considers only mechanical 

loads and the second takes into consideratIOn the effect of the thermal loads. The 

attributes of the proposed design solutions are then compared and discussed. 

In Chapter 8, 'Stage-2' of design approach which involves the application of the 

discretisation by partitioning method (Db PM) is presented. The current work focuses 

on the optimal discretisation of a structurally optimised enclosure obtained from the 

previous chapter. The concept to discretise uniformly shaped structures, with the aim 

to mmlmise the global heat transfer is presented. In the second part, the DbPM IS 

modified and extended to cover structures with multiply arbitrarily shaped openings. In 

addition, a validation procedure was devised and performed to test the consistency of 

the DbPM. 

Finally, the summary and conclusions drawn from this thesis study are given in Chapter 

9. The chapter summanses the key findings of this research along with the 

recommendations of further works. 
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A breakdown of the flow of the chapters of this thesis and aforementioned method of 

approach is shown in Fig. 1.1. 

Chapter 2 

Layer by layer manufacture In 
construction 

I 

Chapter 1 

I Introduction I 

Chapter 3 

Opbmlsallon Methods for 
Structural and Thermal Designs 

I 
Chapter 4 

Background Theory Mechamcs of 
Granular Materrals 

._--------------------------------------------------------------------------------+---------------------------------------------------------------------------------
~_5 ~ ~_6 ~ 

... 
I 

~ 
S 
Cl) 

Investigations of Layout 
Opttmlsatlon of Granular-solid 

Structures 

I 

Investigations of Dlscretlsatlonl 
PartJtlomng ofThermallnsulatlng 

Structures 

I 
Chapter 7 

Structural Layout Optlmlsatlon of 
Insulator Enclosure 

Chapter 8 

Optimal Dlscretlsatlonipartltlomng 
of Structured Insulator 

Chapter 9 

I Conclusions and I 
Further Work 

Fig I I Breakdown of thesIS and the method of approach h1ghhghtmg the proposed 'two-stage' structural 

optumsatIon and thermal drscreusauon desIgn approach 
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2 
Layer by Layer Manufacturing in Construction 

2.1 Integrated functionality and optimisation 

Adding functionalities to products or structures at 'no extra' manufacturing cost 

increases the process viability of Freeform Construction (FC). In construction, 

examples of functional elements commonly found in buildings are load beanng 

structures, thermal barriers, structural joints, interface, etc. For example, a typical wall 

structure has to support a given load, and act as a thermal barrier. Due to their 

differences in functionality, both structural and Insulating elements are manufactured 

from materials with properties fit for their intended purposes, as Fig. 2.l(a) shows. In 

most cases, structural elements typically exhibit high strength, density and thermal 

conductivity, compared to low strength thermal insulating elements. 

Thermal 
element 

Aesthetlcal 
element 

Structural 
elements 

(a) (b) 

Single bUild matenal. 
Integrated structuraV 
thermal function 

FIg 21 Concept deslgn of wall structure WIth mtegrated functlOnahtles (a) conventional wall structure. (b) concept 

deSign ophmlsed wall structure (Soar, 2006) 

In terms of design, the integration of functionality could be realised, with the aid of 

design optimisation methods. This approach enables structures with 'functIOnal 
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elements' to be 'generated', using a single material. Unlike conventional designs which 

rely on various matenals, the use of a single material could be potentially beneficial, as 

hightlighted by Soar (2006) and Khosenevls (2004). Functional elements may be 

integrated to structures by means of controlling geometry layout through use of a 

material dlstnbution optimisation approach, as Fig. 2.1 (b) shows. The general idea is 

to try and 'squeeze' different functional elements into the least possible design space. 

Design solutions generated with the aid of layout optimisation often exhibit geometric 

complexity. Ngim et al. (2007) and Chang and Tang (2001) showed that it is almost 

impossible to manufacture such structures efficiently with conventional methods. In 

terms of manufacturing, AMT could potentially be seen as the most viable approach. 

In construction, similar processes are immerging. The question lies in the fact whether 

current AMT's could be scaled up or that new system may have to be developed to suit 

the needs for large scale structures. 

2.2 Introduction to Additive Manufacturing Technologies 

Additive Manufactunng Technologies (AMT's), Rapid Manufacturing (RM), Rapid 

Prototyping (RP) and Solid Freeform Fabrication (SFF) all refer to the same family of 

processes. In this thesis, these terms are used interchangeably. Processes in AMT's 

build solid objects by producing and bonding cross-sections of a part, in small 

organised increments, one layer on top of the other to controlled thicknesses (Cooper, 

2001). These processes contrast the traditional subtractive and formative methods. 

An example of AMT, the 3D printmg process, is shown in Fig. 2.2. In general, most 

commercial AMT's operate on a similar fundamental approach. Initially, a 3D solid 

model is created in a CAD system. This is later converted into .STL format, a standard 

which can be read by most current RP systems. The solid surfaces are then described 

using standard tnangulation then 'sliced' into 2D cross-sectional layers to be 

constructed sequentlally. 
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Pnnter head sprays 
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binder se'ectivelY~ 
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_ to the build volume 
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: 
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0=-{ I Partially 
bUild solid 

Converting object of CAD 
data mto ·sllce" data for the 

machine BUild 
volume 

Powdered 
material 

t 
Matenal feed 
chamber 

FIg 2 2 Schematic representation of a 3D pnntmg AMT process 

3D obJect of 
completed part 

The layer by layer approach essentially simplifies the building of parts with complex 

geometries which otherwise is ImpossIble to machine. Depending on the typr of 

processes, AMT's offer almost unlinuted geometric build freedom. This feature is 

beneficial as it provide means for the integratIOn of value added features. The 

integration of 'functionality', through use of optimised geometries is seen as one of the 

mam attributes of AMT's. In addition, AMT's could be seen as the enabling 

technology in the realisation of optimised structures (Ngim et al., 2007). 

AMT's have advanced from prototyping to 'end-use' parts, largely down to the research 

in build materials (Wohlers, 2004). Materials and process development play a key role. 

Currently, end-used parts by most AMT's are not suitable for extreme loadmg 

applications. However, for parts which operate in less extreme conditions, such as 

those found in bUIldings, current AMT's could potentially be applIed. The question lies 

in whether existing AMT's could simply be 'scaled-up' or whether specIfic processes 

will be required for construction applications (Soar, 2006). If scaling-up were to be 

considered, systems utilising mineral-based granular materials have greater potential 

because granular matenals are more durable under compression. This makes them 

ideally suitable for bUIlding structures. 

2.3 AMT's in construction 

There have been a few applications of AMT's in construction. A special Issue of 

Automation in ConstructIOn (Volume 11, Issue 3, pp265-349, 2002) covers thIs. Most 
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o f the topics concerned the fabricat ion or phys ica l models for architectural v isualisat ion 

(Ryder et al., 2002), to the producti on or large objects (B roek et al ., 2002). In spite of 

these advancements, appli cations of AMT' s in load bearing struclllres were scarce. 

2.3.1 Solid Freeform Construction (SFC) 

Through an exploratory in vest igati on o f SFC, Pegna ( 1997) demonstrated a technique 

for the fabricati on of large scale components of > I m3 Through experiments 

performed in a contro lled lab environment, samples of cement-sand masonry were 

produced using SFC on geometries w hich could not be obtained by conventional 

casting methods. Sample structures were manu factured by an incremental blanketed 

sand deposit ion, followed by selecti ve depos ition of Portl and cement th rough a mask, 

w here pressurised steam was used as the binding agent. SFC was ini tially des igned to 

be automated, as the process fl ow in Fig. 2.3(a) shows. However, due to the lack of 

funds, slight modificati on were made and the process was manually implemented, as 

Fig. 2.3(b) shows. 

Blanket Diposition 
of Matrix Material 

Blanket Oiposition 
of Matrix Material 

Selective Deposition 
or Reactive Agent 

(a) 

Blanket Olpositlon of 
Reactive Bulk Material 

(b) 

0 -----. 
Activation of 

Reactive Agent 

Removal of Mast 
and Excess 

Material 

Activation of 
Reative Material 

Fig. 2.3 Process now or selective deposition process by SFC (pcgna. 1997): (a) aClUal automated fabrication process: 

Cb) manual ly implemented fabrication process. 

Pegna noted that the most likely route to AMT' s for large parts, while retaining some 

materi al fl ex ibility wa se lecti ve aggregation. For any AMT to match ex isting 

constructi on rates, aggregation processes such as ink-jet or laser sintering would not 

meet the required deposition rates. In o rder to assess the potential of SFC, an estimated 

calculat ion was giv n by Pegna (T able 2. 1). 
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Table 2.1 

Estimated build time of SFC (Pegn". 1997) 

Bu ilding 

Height 

7.5 111 

Building base Number of 

area noors 

Required volumetric 

110w rate 

I .04m 1 per hour 

Est imated construction 

lime 

1440 hours 

Based on Ihe se lecti ve aggregation process, SFC yielded SlruClures of reasonab le 

material properties. Potential sav ings were also highli ghted by reusi ng unused malerial. 

The work was promising and demonstrated that Ihe principles of AMT's could be 

applied to con truction materials. 

Through SFC, Pegna introduced a concept which was a departure from current 

assembl y techniques. SFC is a process based on the 'wet' construction techn ique. 

However, the curren t emphasis is towards promoting 'dry' and eliminating 'wet' 

construction methods. SFC introduced the notion of a computer controlled process for 

the preparation, delivery, and deposition of matrix and binder materia ls in a ' wet' form . 

This hybrid of 'wet' and 'dry' technique could be seen a pioneering method of FC, in 

which a new and emerging research field. is currentl y under active research. 

2.3.2 Contour Crafting (CC) 

Developed by Khoshnevis (2004), CC is a layer by layer extrusion process for 

fabricating structures at a range of scales. Some of the important features of CC were 

its high deposition rates and the ability to use a wide choice of build materials. Using 

thi xotropic materials wi th rapid curing properti es and low shrinkage characteri sti cs, 

consecutive layers of wa ll structures can be built by an incremental fashion of 

controlled thickness, as Fig. 2.4 shows. 

Trowel 
Extruded 

layers 

(a) (b) 

Fig.2,4 CC cxuu:-.ion process: (<1) CXll1lsion l1oul~ with active ~ idc trowel: (b) cx tl1lsion llo1.1lc wi th inlCgratcc! trowel 

(Khoshncvis. 2QO(1). 
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In CC, the deposition of build materi als wa carried ou t in two stages. In order to 

improve the fini sh of the visible surfaces, extruded materials at the shutter of the nozzle 

is shaped and smoothed by a secondary manipulator (trowel) as it is ex truded. The 

combination o f these processes was a system which can deposi t relat ively large 

quantities of build material, while maintaining a high quality surface fini sh. CC is a 

hybrid method, where the ex tru ion process for forming object surfaces and fi lling the 

object core is combined. The CC process and the components of ex trusion nozzle are 

depicted in Fig. 2.5. CC successfu lly demonstrated the fabrication of a prototype full 

sca le straight wall , using concrete material, is shown in Fig. 2.6 (Khoshnevis, 2005). 

Other features which could be integrated with CC incl uded automated assembly and 

pl acement of integrated service componellls (Khoshnevis, 2004). 

wall structure 

(a) (b) 

Gantry 
crane 

Material 
reservoir 

Fig. 2.5 Construction of buildings by CC: (a) extrusion nozzle ex truding wall surfaces and fi lling core material; (h) CC 

system on an autommed gantry. 

(a) 

~ Surface/skin 
structure 

(b) 

Fig. 2.6 Prototype wait by CC (a) Fu ll scale conere!\! straight wall section: (b) fi ller/core material within a surface skin 

structure (Khoshncvis. 2005). 
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CC is geared towards automat ing the 'wet' construction technique, with combined the 

advan tages of both FC and au tomated assembly. CC may have the potential to 

construct architectu ral des igns of complex 20 cross-sectional geometri es which are 

expensive to build using manual approaches. Developments are underway to cxplore 

the use of in-situ materials for appli cation in low income housing and emergency 

shelters. CC is currently leadi ng the field in a new approach to automated construction. 

CC represents a process for constructing large sca le structures based on the principles 

of AMT's, which is envisaged to offer beller geometri ca l bu ild freedom (Khoshnevis, 

2004). The percc ive benefit s of thi s feature are that va lue added func tionality could be 

integrated to st ructures build, by means of controlling and optimising geometries of 

solid objects. Other benefi ts include the reduction of sol id waste and potential material 

savings. 

2.4 Problems facing construction 

The construct ion industry has been going through an evolutionary period similar to that 

undergone by the manufacturing-based industri es. At present, the fundamental 

principles used in construction have remained relati vely unchanged. Recent 

developments of production methods were focussed on the shift of onsite manual 

assembly to offs ite au tomation (Balaguer et al. , 2002). Although so me of these issues 

have been addressed by 'standardisation' and 'pre-assembly' (W ing and Atkin , 200 I ). 

there is a need for more radical solutions. Such was demonstrated by the FutureHome 

project through the development of the integrated construction automation ( ICA) 

concept, intended to bridge the gap between construction and factory-based 

manufacturing. In view of that, future methods for construction must be able to 

respond to new challenges and to address envi ronmental issues w ith new materi als and 

solutions for buildings at end of li fe applications (Buswell et 01.2006). 

This review gives the reader an appreciation of modern methods of rapid construction 

and covers the background of recen t advancement in construction methods, specifica ll y 
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Automation in Construction (AiC) by the 'layer by layer' assembly and 'material 

distribution' techniques. 

2.5 Background to 'assembly' methods in construction 

2.5.1 Factors of development 

The origins of the developments and applications of AiC's, at a commercialised scale, 

can be traced back to Japan. Smce the uptake of robotics and automation, factory based 

manufacturing industry had gained the advantage over the construction industry, in 

terms of increased productivity and reduced labour (Cosmeau and Nobuyasu, 1998; 

Wakisaka et aI., 2000). From the onset of the early 1980's, Japan's manufacturing 

industry had consistently achieved higher profits over the constructIOn industry. In 

contrast, the construction industry, with much of Its processes being performed 

manually, was lagging behind. One of the key drivers which motivated the 

development of early AiC's were primanly due to the shortage of skilled manual 

labours. The factors of development were; 

• Direct human manual labour replacement 

• Increased build finishing quality 

• Improved working environment for human workforce 

• Increased build productivity 

• Greater control over the build process 

• Supplement to the shortage of skilled labour 
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2.6 Commercialised 'assembling' AiC Systems 

AiCs covered in th is section are systems which employ a layer by layer 'assembly' 

technique. These systems are based on the principles stemming from the industrial 

sector, where the building is essen tially regarded as a 'product' . Based on Howe's 

(2000) cl ass ificat ion, AiC s which employ an assembling technique can be class ified 

into two of the categories. 

i) Top layer down - Systems which formed a systematic factory, fi xed in the 

context of the building/work site. 

ii ) BOllom layer up - Systems which formed a systematic factory with l imited 

translation within the building/work site. 

The two fundamental methods of AiC's (from an AMT' s perspecti ve) are the ' top layer 

down' and the 'bottom layer up' approach, as fi gure Fig. 2.7 shows. 

AiC (assembling) systems 

.------- , 

'Top layer down ' 
systems 

I 1 AMURAD I SMART 

I T.lJp 

+ 
'Bottom layer up' 

systems 

+ 

I I ABCS I rROof Push Up] 

I MCCS I I Big Canoppy 1 

Fig. 2.7 Classificmion of AiC systems which employ an assembling tcchnique 

Japanese AiC s are analogous to the more familiar processes such as aircraft and ship 

building. They are essential ly assembl ing processes of indi vidual components, 

manufactured using a combinati on of formati ve and subtracti ve techniques. These 

systems promOle the 'dry construction' method, contrasting traditional techniques 

which tend to create unorgani sed work environments, known as 'wet construction' 

methods (Soar, 2006). 
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2.7 'Top layer down' systems 

Within thi s category are robotic sy tems which form a systemati c factory, fixed in the 

contex t of the worksite. I n thi s category are two systems which employ the ' top layer 

down' approach. These systems could onl y construct buildings of restri cted height of-

12 fl oors max imum, with aspect rati o of - 3: I due to cost and technica l reasons. 

T wo construction f irms developed and applied these systems. The system by Kajima 

Corp. and Fuj ita Corp., were known as the 'Automated Up-risi ng Construction by 

Ad vanced Technique' (AM URA O), and the 'Arrow-Up system', respecti vely (Fig. 2.8). 

Both had si mi lar bui ld techniques, where an aggregate of completed fl oors were 

'ex truded' upwards by a seri es of hydraulic j acks from the ground factory below. 

Analogous to AMT's 'top layer down ' techniques such as En visionTec's Perfactory 

system (Wholers, 2004), both AM URAO and Arrow-Up consist of a purpose built 

onsite fix ed factory at ground level. Bui lding materi als, as wel l as modular units, in 

A M URAO's case, could be fed through the ground factory (Kajima, 1997). Once the 

bottom last floor is completed, the ground factory is disassembled and the building 

completed (Howe, 2000). 

(a) 

Completed 
bu ilding floors 

On-site 
factory 

.... -

(b) 

Fig. 2.8 AM URAD system of KajiJll3 Corp.: (a) on site fnclory fixed aI building ground level: (b) completed noars arc 

rai sed frolll ground factory. 
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2.8 'Bottom layer up' systems 

Within thi s category are systems with an 'onsite factory' capable of 'moving' itself 

vert ica l ly along the height of the building. Fig. 2.9 shows an example of thi s system, 

namely the Big Canopy system. In general, systems of thi s category are typical ly used 

to construct buildings of more than 10 floors, in order to be cost effecti ve. During their 

peak, from the 1980's til l the late 90' s, there were seven Japanese constructi on firms 

which developed and appl ied such systems (Cousineau and NobuyasLI, 1998). 

Jib crane 

Erection crane 
Delivery crane 

--- Temporary roof 

I _/--- Climbing device 

/"""--- Joint piece 

Tower crane post 

Construction lift 

Rough terrain crane 

Fig.2.9 Moving facLOry AiC' s - lllC Big canopy system (Wakisaka e1 al .. 2000) 

Instead of assembling and "ex truding" upwards an aggregation of completcd fl oors, the 

factory modules of moving systems would always remain on top of the building. They 

are des igned to have vertical movements to 'climb ' up support posts, rather than be ing 

fi xed at ground level. These systems progress i ve ly build by adding layers to the top of 

the building structure in a 'bottom layer up' fashion. In genera l, their bui lt approach is 

synonymous to the 'bottom layer up' methods used by most of the current AMT' s. 

Wi thin systems of this category, the term 'sky factory' and 'ground factory' is referred 

to the mo ing and ground level factory respectively (Tanijiri et 01., 1997). 
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2.8.1 ABCS 

Obayashi Corp.'s A BCS (Automated Bu ilding Construction System) was the fi rst A iC 

system to be commercial ly appl ied to const ruction proj ects (Cousineau anci Nobuyasu, 

1998). The ystem operates based on a combination of automated and conventional 

methods. A BCS consist of a Super Construction Factory (SCF) (Fig. 2. 10), integrated 

to the overhanging travelli ng cranes, j acking/climbing systems and a control room (Fig. 

2. 11 a). During the bui ld process, the SCF is raised one story at a ti me using an 

alternating approach as each fl oor progressed (Fig. 2. 1 I b). Work environment is 

improved by an 'a l l-weather' shield which ensured that work is uninterrupted. Issues of 

safety and material handl ing were also reduced with the presence of high levels of 

automation which relied on less direct labour (Yamazak i and M aeda, 1998). 

SCF climbing 
equipment 

Building under 
constructionl 

assembly ,....,~-. 

Fig. 2. 10 Components of thc ABCS by Ob'y,sh i Corp. (Ob,ya<hi. 1998) 

Hydraulic 
jacks 

Overhead 
Iraveling 

crane 

(a) (b) 

Super 
construction 
factory (SCF) 
structure 

SCF climbing 
equipment 

SCF 
structure 

Fig. 2,11 Jacking and lining mechanism of ABCS (Obayasbi. 2()()'+): (a) internal factory floor of ABCS systcm: (b) 

method of erection and faclOry floor. 
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2.8.2 Roof Push-up 

The 'Roo f Push-U p' system was developed and applied by Takenaka from the late 

1980's to the mid 1990's. The ' top fl oor' or the ' roof is constructed and pushed up 

one fl oor at a time as the building progre sed (see Fig. 2. 13). By initially constructing 

the top fl oor of the building, work can be carri ed out under it withoul being hindered by 

weat hering elemelll s. Selling up the Push-Up syslem does not require large amounts of 

works ile space as claimed by Takenaka Corp. , in which is often limited in sky scraper 

conslrucl ion (i .e. conslruction in belween exisling buildings), as Fig. 2. 12 shows. The 

Push- p could also be ulilised near airports and rai lways or immediately below power 

l ines, where the use of a crane is een to be impossible (Takenaka, 2000). 

Building in 
confined 

space 

Adjacent 
building(s) 

(3) 

Roof 
(factory floor) 

(b) 

Fig. 2. 12 Roof Pll~h· p ~yslcm by Takcnaka Corp.: (a) Const ruction in betwccn bu ildi ng~: (b) ~y))tem componl!nt~ 

(Takcnaka. 2(00). 

I Roof 

LJ i"-
SF 

Push up roof SF 

Push up roof (top floor) 4F 

Push up roof 
(top floor) 

Roof I 3F 
(top floor) I Roof I Roof LJ i"- 2F 

r Roof I Roof ~~ 1 F 1 F 1 F 

I Roof I "l i"- GF I G F I GF GF GF 

Construction of 
roof and weather

proofing work 

Construction of 
ground floor (GF) 

Construction of first 
floor (1F) 

Construct in sequence 
up to designaled 
number of floors 

Fig. 2. 13 Method of conslnlclion of the Roof Pu~h-Up method (T aken aka. 2(00) 
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2.8 .3 MCCS 

The MCCS (M as t Climbing Construction System) was deve loped and applied by 

Maeda Corp. Thi s system, while still being widely applied in Japan, is most 

economical for low rise bui ldings wi th shon spans, as Fig. 2. 14 shows. The level of 

au tomation of the MCCS is considered to be higher than most Japanese systems. The 

interior work noor is clear of machinery and contains only the jacking systems 

supponed by ex terior columns. The conveying systems consisted of overhead cranes 

and sliding li fts controlled by a central computer. The overhead crancs are used to pick 

up heavy materials at ground leve l and automat icall y pos ition them at their 

predetermined location. Lighter materials are picked up by the sliding l ifts at ground 

level to be unloaded at predetermined fl oors using a slide table. Ci ted benefi ts were a 

reduct ion in manpower, with fewer ski lled labour required, due to the level of 

automated tasks and prefabricated components (Cousineau and Nobuyasu, 1998). 

Moving 
construction 
factory 

Completed 
building fioors 

Fig. 2. 14 MCCS System by Maeda Corp. during of the Sckai Bunka Sha Buildi ng in Tokyo. Japan (Macda. 1998) 

2.8.4 T-Up 

Taise i 's T-Up system was quite di fferent from the rest. Its 'sky factory' is constructed 

on the bui Iding's structural core which would eventually become the top floor (see Fig. 

2. 15). The work platform is supported by the building's core and not by ex ternal steel 

co lumns. The framework and j acking systems is supponed by the building's core 

which is designed to be earthquake resistan t. Construction processes stans with the 

building's foundation work, erection of the central core, foll owed by the erection of 

crane platform which uti li ses the top part of the bu ilding as the work space. The roof 

section is assembled to provide a weatherproo f work environment. The lower fl oors are 
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constructed from the factory floor. The fac tory fl oor and rhe ' hat' are rai sed along the 

building's core as construction progresses. Fig. 2.1 6(a) to (b) shows the schematic 

diagram of the assembly process of the T- p systems (Taisei, 1995). 

(a) 

'Hat' factory 
floor 

t i 

(b) 

Fig. 2. 15 Taisci Carp,'s T·Up system with Sky factory on the bui lding (Taisei. 1995) 

(a) (b) 

(c) (d) 

Fig. 2. 16 T-Up build process: (a) erection of building core: (b) erection of crane platform: (c) crane platrorm raised 

and 'h"I' a'\scmhlcd: (d) 'hat' raised and building assemhled rrolll below (Taisci, 1995). 
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2.8.5 SMART 

The SMART (Shimizu M anufacturing system by Advanced Robot ic Technology) 

con ists of a moving facto ry supp0rled by four steel columns, as Fig. 2. 17(a) and (b) 

show. Tower cranes on top are use for material delivering and erecting of struclUral 

steel struclUres. The tower SMART, shown in Fig. 2.17(c), is an adaplation of the 

system for the construction of bu il ding or towers wi th high aspect ral io. SMART 

consisted of an automated li ft-up, material transport, steel assembly and welding 

systems and a computerised managemenl system. Building materials are bar-coded for 

idenlification which is transported to their designated location by an automated 

transporl system . Stee l columns are assembled with the aid of human operators before 

being welded together by au tomated weld ing robots. pon completion of each Ooor, 

the emire factory is raised by hydraulic jacks for work to be carried out on the 

subsequent Ooors. The steel columns and factory are designed to be re-used and 

dismantled once construction is completed (Yamazaki and Maeda, 1998). 

(a) 

Sleel 
column(s) 

Moving 
factory floor 

(b) (c) 

Fig. 2.17 ShimiLlI Corp.'s SMART SY~lem: (a) construction of rcsidcllIial lower in Chiba. (b) Construction of the 

Joroku Bank building in Nagoya. Japnn. (c) Tower SMART. 
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2.8.6 Big Canopy 

The Big Canopy system by Obayashi Corporation consists of a weather proor 

overhanging roof supported by four stcel columns at the bui lding's outer perimeter. 

The system was the only automated a. sembling system for pre-cast concrete (PC) 

buildings. The Big Canopy system, as shown in Fig. 2.18(a), generall y shares similar 

operating principles to the ABCS. However, several differences exi st. As Bi g Canopy 

primnarill y deals with PC, ra ising the level of automation is difficult. M ore manual 

work is required to connect and disassemble the temporary construction shoring. 

Because concrete requires time to set. it is seen to be technica lly di ffi cult to provide a 

sufficient all -weather a sembly plant. Higher payload is requ ired as PC members are 

heavier than steel co lumns used. Big Canopy was mainly applied to buildings of at 

least twenty stori es to remain cost effective. The shortcoming of this ystem was the 

requirement of sufficient space for the erection of the temporary posts and the 

unloading of the deli vered materials. During the 1990's, Big Canopy is the only system 

to be used outside Japan (Wakisaka er al., 2000). 

(a) (b) 

Fig. 2.18 OhDYlliohi Corp.'s Big Canopy system: (3) Assembling of prcc3S1 concrete (PC) building: (b) factory Ooor 

(Obaya>hi.2QO.1). 
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2.9 Summary of 'assembl ing' AiC systems 

Table 2 .2 

Evaluation of the rcatures and development goals of variolls assembling Japanese AiC systems 

A iC Systems Features Development goals Evaluation 

• 'All weather' • Improved overall 
The only pre-cast concrete 

temporary roof. productivity. 
system. Least automated of 

• 3 Hoist exchange • Improvement of 
all systems. 60·80% 

overhead cranes. construction environment. 
savings in manpower. 

Minimised materials cost. 
• 4 oil-hydraulic • Reduce construction 

Construction of 28-floor 
climbing units. period. 

PWC Building in Singapore 
• 4 posts of lower • Improve work 

look only 26 months with 25 
cranes. environment. 

Big Canopy workers. Canopy roof 
• 1 construction Reduce labour. 

(Obayashi Corp .) improved working 
elevator. Improve quality. 

environment . 

30% reduction in 

manpower. But31 % 

- A Super Construction 
- Shorten construction time. 

increase in labour for 

Factory (SCF) 
- Reduce labour. 

welding at areas 

• An automated storage 
- Improve productivity. 

inaccessible to weld ing 

system. robots . Ground floor 

- Automated material 
- Improve quality. 

material handling 

delivery system. 
- Increase safety. 

demanded 18% of total 

- Hydraulic jacks are at 
- Improve work 

manpower. Acceptable 

ABCS (Obayashi Corp.) environment. 
noise of 60dS but top of SCF. 

unacceptable measurement 

of 70dB at factory floor. 

- Automated lift·up 
Work scheduling was more 

system. 
predictable due to al1 · 

Provide all·weather work weather sheeling. Man 
- Automated transport 

environment. hours were reduced due to 
system. 

Provide safe working compu terised control 
- Automated steel 

conditions. systems, prefabrication and 
assembty system. 

Reduce labour and material handling. 50% 
- Automated welding 

management hours. labour savings which 
system. 

Shorten construction time. translates 10 30% of overall 

SMART (Sh imizu Corp.) 
- Compu terised 

Reduce material waste. cost savings. Waste 
information 

reduction of over 70% was 
management system. 

realized . 
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T-Up (Taisei Corp.) 

AMURAD (Kajima Corp.) 

Push-Up (Takenaka Corp.) 

MCCS (Maeda Corp.) 

• Earthquake proof 

building core. 

• A gigantic robot 

system consisting of 4 

arms. 

• Automated jacking 

system. 

• AGVs for material 

transport. 

• System with ground 

level factory. 

• Ground level lifting 

systems. 

• Each floor is 

assembled at ground 

level and completed 

floors are jacked up. 

• Handles modular 

units. 

- Weather proof 

working environment. 

- Protected work 

Improve construction time Over 40% 01 material 

by 30%. delivered by AGVs. Better 

Provide cleaner, safer, sensory technology 10 

and quieter working provide potential to work all 

environment. night delivering materials 10 

Reduce dangerous and appropriate floors awaiting 

disorganised work. assembly by human and 

Improve construction 

quality. 

robot opera tors in the 

morning. 

30% reduction in 

construction time. 50% 

Reduce construction time. reduction in manpower. 

Improve work 50% reduction in 

environment. construction waste. Overall 

Reduce material waste. cost is estimated to be the 

Reduce manpower. same as conventional 

Improve safety. method. Building height 

Reduce material handling restricted to 12 to 15 floors . 

time. 

- Improve productivity. 

- Improve work 

In terms of market, most 

construction project in 

Japan fall in this category. 

environment. Less environment. 

Construction is first carried 

out starting from top floor of 

the building and pushed up 

one floor at a time, building 

from the floor below. This 

method can be utilised in 

construction near airports 

and railways and 

immediately below 

microwaves, where cranes 

cannot be installed on the 

top floor of buildings. 

fear of flying objects. - Improved safety. 

- Uses less mechanical • Reduced operating cost 

equipments, (after improvements were 

therefore, coast is introduced). 

similar to conventional • More predictable work 

construction methods. schedule. 

• Optional overhanging 

crane. 

- Jacking system 

supported by exterior 

columns, 

- Clear working interior 

for easier 

construction. 

- Overhead cranes for 

picking and 

positioning structural 

columns, 

- Sliding cranes for 

lifting lighter finishing 

material. 

Improve work 

environment. 

Reduce construction time. 

Reduce labour through 

automation and 

mechanization. 

Improve productivity. 

Consistent and improve 

workmanship. 

Most economic for low rise, 

short span buildings. 20-

30% reduction in manpower 

with introduction of multi· 

disciplinary labour. 

Significant waste reduction 

was achieved through 

prefabrication, With 

improvements to the 

system, cycle time was 

red uced from nine to seven 

days per floor. 
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2.10 Limitations of 'assembling' AiC systems 

In general, the Japanese AiC's attempted to bring on site construction towards factory

based manufacturing. Although being developed independently, they share many 

common fundamental operating features. Despite the introduction of a greater level of 

automation, several key limitations exist. Current AiC's rely heavily on onsite and 

offsite manufactured and 'pre-fabricated' buildmg components. Although benefits 

were gained through their implementation, most of the Japanese AiC's are not widely 

used today. Shigehiko Tanabe of Shimlzu Corp., when interviewed by Rupert Soar, 

highhghted these issues; 

I) The lack of constructIOn space for the on site factory 

ii) Limited build geometry 

iii) Asia Pacific economic downturn in the late 1990's 

The first reason was related to the 'workspace' constraints for the onsite factory. One 

limitation of moving factory systems was the requirement of ample site space, the only 

exception being the Roof Push-Up system. These systems were more suitable for 

applications where space is not an issue. Lack of workspace may also hamper the 

conveying construction materials. In addition, the source of construction matenals 

supply is required to be WIthin close proximity, to maintain process efficiency. 

The second reason was related to the form of buildings Japanese AIC's could produce. 

The review showed that all buildings assembled by both the 'moving factory' and 

'fixed factory' systems all fall into the cubic deSIgn category, mainly due to the 

supports and position of the elevating columns. Fonn is also reflected by the geometry 

of the pre-fabncated components used. In principle, the assembly of non-cubic 

buildings are possible. This could be achieved by increasing types of prefabricated 

components to cover a wide range of geometry However, having an increased range of 

prefabricated building components just to produce non-cubic buildings would not 

justify cost outcomes. This would also increase the process variables, as robot 

manipulators needed to be reprogrammed to handle them. Interestingly, none of the 

AIC's adopted thIS approach. This could probably suggest, in order economically 

sound, the range of prefabricated components and process variables had to be kept 
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minimal. Although the AiC systems are currently not in use, this condition should be 

temporary and is expected to pick up in the near future (Howe, 2005). 

Japanese AiC's are complex integration of many processes elements. Though termed 

as 'rapid construction', they are complex because of the variety of prefabricated 

components needed to be posItioned accurately. The next section covers some of the 

groundbreaking approaches in construction by a 'material distribution' technique, 

analogous to the 'layer by layer' methods employed by current AMT's. 

2.11 Summary and concluding remarks 

The review covers the current state of art of modern methods of construction, from 

'assembling' and material 'distnbution' approaches, on their impact on the construction 

mdustry. The notion to the integratIOn of functionalIty through desIgn optlmisation 

whIch could potentially be achieved using single bulk material was introduced. 

Although the Japanese AiC's 'transferred' the factory-based assembling approach to 

construction, the fabrication of layout optimised structures with a certain degree of 

functionality would requir a new approach. What the current construction industry may 

be lacking is the change in fundamental techniques on how buildings could be 

constructed. 

Traditional methods, to a certain degree, were seen to be largely based on the 

'assembling' approach utllising multiple material. The fundamentally different SFC 

and CC presented the notion of an alternative method to current construction practices. 

With the latter adopting the AMT approach, they are a departure from traditional 

methods. Coupled with the advancements of Computer Aided Design (CAD) packages, 

these form the forefront to address the manufactunng requirements of layout optlmised 

structures. When used in conjunction with layout optimisation methods, they 

compliment each other by forming an attractive package. 
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3 
Layout Optimisation Methods for Structural and 

Thermal Design Problems 

3.1 Introduction 

Design optimisation methods are seen as enabling technologies which could offer a 

systematic approach to the design process. Origmally, they are employed mamly in the 

aerospace industry for weight reductIOn of structures, without compromising 

performance. Over the years, it has gained considerable research mterest and found 

applications in a vast range of engineenng problems. Conputing power and the 

increasing requirement to handle massive calculations have gone hand in hand, 

resultmg in ever more complex calculations to be performed. Its development was 

further spurred by the advent of improved processing power and engineering 

computational or numerical methods the hkes of finite element analysis (FEA) and 

computational fluid dynamics (CFD) in engineering analyses. 

3.2 Concept of optimal design 

Optimisation is concerned with achieving the best possible solutIOn to an objective, 

while satisfying all specified requirements. Its application is infinite and can be 

employed to find the best solution to all quantifiable problems including engineering 

design problems (Kirn et al., 2002). An almost infinite number of quantifiable 

parameters may be identified (i.e. cost, performance, weight, etc.). Design 

optimisation, is a process where user needs are transformed into a detailed specification 

of a system, or object which physical form and function is consistent to the needs of the 
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user (Liu, 1996). In general, the formulation of optimal design problems mvolves the 

identification of design variables, objective function, and design constraints. 

A design variable is a numencal value which can be controlled. Design vanables may 

be 'continuous' or 'discrete'. Continuous design parameters have a range of values, 

and can take on any value in a given range, such as the length of a beam. DIscrete 

design parameters can only take on isolated values, usually from pre-specified 

selections (i.e. number of reinforcement ribs). DeSIgn variables are often bounded by a 

maximum or minimum value. 

A constraint is a condition that must be satisfied in order for the design to be feasIble. 

For instance, the strength of a beam must be able to sustain ItS own weight. In addition 

to physical laws, constraints can reflect resource limItations, user requirements or 

bounds on the validity of the analysis models. Constraints which imposed a lower or 

upper limit on certain quantities are called inequality constraints. In some design 

problems, equality constramts are required (i.e. the required length of a beam). A 

design constraint could sometimes be specified as a design requirement or design 

criterion. 

An objective function is a numencal value which is to be maximised or minimised. It 

provides means for different designs to be compared and distmgUlshed one from 

another as being better. For example, It is common that weight of structures are 

minimised to maxImise profit, or stress is minimised to increase strength and fatigue 

resistance. Many optimisation methods work only with single objectives. When these 

methods are used, the various objectives are weighed, and summed to form a single 

objective. All objective functions are influenced by the design parameters. For cases 

with two or more objectives, the problem IS a 'multiobjective' or 'multlcriterion' 

optimisation problem. For such cases, additional steps must be taken to solve such 

problems. Once the above quantities have been identified, the design problem is then 

reduced to a numerical problem. 
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3.2.1 Description of optimisation problems 

In fonnulating an optimisation problem. certam quantities are fixed at the outset. 

known as pre-assigned parameters. All quantities which were not pre-assigned are 

caIled design variables. Mathematically. an optimisation problem could be stated as: 

Find the set of design variables X = (XI. X2 • •••• xn) that will minimise (or maximise) the 

perfonnance parameter 

F(X) 

Subject to. 

GiX)~O. 

H,(X) =0. 

1< < " X, _X,_X" 

J=I.2 •...• p, 

i=I.2 •...• q, 

i= 1,2, ... ,n, 

(objectIve function) 

(inequality constraints) 

(equality constraints) 

(side constraints) 

where n is the number of design variables. p is the number of inequahty constraints. and 

q is the number of equality constraints. xi and x," denotes the lower and upper bounds 

of the design variable x,. For example. lower bounds are commonly used to define a 

mmimum cross-sectional area of a structural member and to prevent it from gomg 

below zero. It would be of no practical sense for structural members to have negative 

cross-sectional area or volume (Hansen and Vanderplaats. 1988). 

Typically. optlmisation problems are nonIinear. A recumng iterative process IS often 

required before a solution could be obtained. The optimisation problem is solved by a 

combined analysls/optimisation procedure which involves analyses and redesign. Most 

design optlmisation methods operate in conjunction With a numerical solver. with a 

purpose to assess the perfonnance of a design. The analysis required depends on the 

nature of the physics of the design problem. The current research will consider FEA for 

structural optlmisation and CFD for thennal optilTIlsation. In general. five fundamental 

steps were involved. They are; 

i) Development of an initial design 

ii) Numerical analYSIS of the design 

iii) Sensitivity analysis 

iv) Redesign 

v) Assessment of design perfonnance 
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In step I), depending on the type of method used and the design problem, the choice of 

the mitial design may have significant influence on the final optimal design. The 

number of iterative cycles required for convergence may also be affected by the choice 

of the initial design. Therefore, the chosen initial design should be reahstic and 

appropriate with respect to a given problem, even for methods where the final solution 

IS not affected by the chosen mitial design. Grooms et al. (1990) noted that with the 

selection of some initial designs, an optimisation may fail to converge. 

In step h), numencal analysis forms an important part of the design process because it 

verifies the feaslbihty of the designs, so that no constraints are violated. For structural 

optimisation, this is often performed using PEA. For thermal optlmisation, this may be 

performed by PEA or CFD. 

Step m) involves the evaluation of the objective functions, constraint functions, 

objective derivatives and/or constraint function derivatives With respect to design 

variables. The efficiency of the evaluation of objective functions depends on 

computmg power. This could pose as a barrier in some design problems which 

involves calculations of many design variables, for instance> 1000 variables (Liu, 

1996). 

Step iv) involves the optimisation process to syntheSise a better design, one which 

Improve the system's objective function. In layout methods, this could be the additIOn 

or removal of matenals. In shape methods, the shape of the structure is varied and 

accompanied by the remeshing of the optimisation model. In sizing methods, the 

dimensions of a structure or a member is varied. 

Steps ii) to iv) are repeated untll the design satisfies a chosen 'convergence criteria', 

when a design is chosen not to be improved further. These steps can either be 

performed manually or automatically. Efficiency IS usually higher with automated 

approaches. With either approach, the fundamentals of an optlmisation process 

remamed unchanged. 
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Step v) is the final step in the iterative process where the convergence of the designs is 

assessed. The convergence criteria may be changes in objective function gradients, 

changes in design variables, or simply the limit on the number of iteratIOn cycles (Liu, 

1996). For structural optimisation, this could be stress, deflection or mass constraints. 

For thermal problems, this could be temperature or heat flux constraints. 

3.3 Types of structural optimisation problems 

Design optimisatlon problems can be classed as sizing, shape, and layout/topology 

methods. Sizing optimisation is typically applied to truss member type structures. 

Design variables can be the member thicknesses of a beam member. It is relatively 

straight forward and does not require changes in the FE model when the structure is 

modified. Shape optimisation however, determines an optimal boundary of a structure 

for a given topology. The design variables are typically spline control points defining 

the shape of a structure in 20 or 3D. Unlike sizing methods, shape optlmisation 

changes the FE model and hence adds difficulties in having to mtegrate the mesh 

generation Sizing and shape methods however, suffer from the dependency of the 

initial structure (Kim et al., 2002). Solutions obtained by siZing and shape methods 

maintain relatively similar topology as the chosen imtial design. More often than not, 

these solutions may be far from optimal because other competing topologies cannot be 

explored (Liu et al., 2000). Topology or layout optimisation is therefore developed to 

overcome this defiCiency. To a certain degree, it is capable of simultaneously 

addressing layout and shape optimisation problems, in which solution is independent of 

the chosen initial design (Liu et al., 2000). 

3.4 Review of layout optimisation methods 

Methods for optimal structural designs were developed to solve a class of problems 

which involves the design of elastic structures. In general, these problems are mainly 

concerned with finding optimal design layouts In which the compliance and weight is 

minimised subjected to design constraints. The review covers the 'determimstic' 

generalised layout methods and 'non-determmistic' (stochastlc) optimisation methods 

used in engineering design problems. 
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I) Homogenisation Method 

ii) Evolutionary Structural Optimisation (ESO) 

iii) Metamorphic Development (MD) 

iv) Simulated Biological Growth (SBG) 

v) Genetic Algorithm (GA) 

VI) Simulated Annealing (SA) 

vii) Particle swarm optimlsation (PSO) 

In this review, more attentIOn Will be given to the generalised layout techniques as it 

forms the basis the method used to address the investigated design problems. 

3.4.1 Homogenisation method 

The homogenisation method by Bends!2le and Kikuchi (1988) is a technique developed 

to solve a class of shape optirnisation problems which involved varying topology, 

known as 'generalised layout' problems. It is one of the earliest methods of this class. 

It enables optimal topologies of structures to be generated in a predefined design 

domain, using a stiffness-density relation obtained by the homogenisation of cellular 

microstructure. Admissible structural material is introduced in the form of composites 

with perforated microstructures of varied densities and onentation. Homogenisation is 

an alternative approach to shape optimisation. Shapes of structures were represented 

without the use of shape functions, which was found to exhibit difficulties when 

geometries of structures are design vanables (Suzuki and Kikuchi, 1991). 

Homogenisation seeks to transform a shape optimisatlOn problem to a material 

distnbutlOn problem using composite materials. Two material constituents, substance 

(or solid) and void were considered. The initial design is a solid space with material to 

be removed. The use of a fixed design domain simplifies the construction of a FE 

approximation, and remeshing was avoided. The method allows optimal topologies of 

structural members to be 'predicted', in the form of a non-smooth estimated boundary. 

Fig. 3.1 depicts a homogenisation solution of a rigidly fixed, plane stress cantilever. 

Black and white areas indicate solid and VOids respectively and greyscales indicate 

intermediate densities (Kim et al., 2002). 
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The apphcatlOn of homogenisation to solve structural optinusation problems was 

reported m Chlrehdast and Papalambros (1992), Tenek and Hagiwara (1994), Jacobsen 

et al. (1998), Femandes et al. (1999), Nishiwaki et al. (2001), Ansola et al. (2002) and 

Liu et al. (2006). The method is also extended to cover generalIsed layout design of 

vibrating structures. These include, static and vibrational shape and topology 

optmlisation using homogenisation and mathematical programnling (Tenek and 

Hagiwara, 1993), topological design for VIbrating structures (Ma et al., 1995), unified 

topology design of static and vibrating structures using multi-objective optimisatIon 

(Min et al., 2000) and optimum topology and reinforcement design of VIbrating disk 

and plate (Krog and Olhoff, 1999). Homogenisation is also used in the optinlisation of 

composite structures. These include homogenisation-based design of composItes 

(Swan and Kosaka, 1997), design of functIonally graded composite structures (Lipton, 

2002) and the design of two-phase isotropic composites (Sigmund, 2000). 

Homogenisation was also apphed in the design of biomechanical structures. A good 

review is given by Machado and Trabucho (2004) and Hoppe and Petrova (2004). 

Despite the use of homogenisation in the aforementioned design problems, several 

drawbacks were highlighted. Homogemsation could not be used in design problems 

where the size of the design space is not known a priory. Designs could only be carried 

out in bounded design domains. Therefore, other possible optimal solutions whIch lie 

beyond could not be explored. The optimised solution IS dependent on the ground 

mesh from which density is degraded. No mechanism is present to reinstate degraded 

denSIties if the existence of a particular unit cell element IS later found to be desirable. 

Due to the nature of the method, optimised structures are highly perforated and contain 
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'mlcrovOlds'. Intermediate densities within structures are represented by blurred 

greyscales structures. From a practical standpoint, this is undesirable since the primary 

goal is to find a real shape. In engineering designs, the grey level image should be 

converted to a binary image. The second stage of the optimisation involved post

processing, through a procedure called 'lumping'. Each element of the structure is 

converted to 'solid' or 'void', based on a microscopic scale (Bends~e and Kikuchi, 

1988). Allaire (2004) introduced a technique, known as 'density penalisation'; a 

method which forces Intermediate densities to take on values of I and O. A general idea 

ofthe method is shown in Fig. 3.2. 

y 

L 
x 

(a) (b) 

Fig 3 2 "Density penahsatIOn' of an optnrused layout by the homogemsatlon (a) Composite design with 

mterme,hate densIlles, (b) densIty penaltsed desIgn (AlI",re, 2004) 

3.4.2 Evolutionary Structural Optimisation (ESO) 

ESO is one of the earliest generalised topology optimisation method developed based 

on a binary material distribution approach (Xie and Steven, 1993). Its concept IS based 

on the notion that 'by slowly removing inefficient material from a structure, the shape 

or topology of the structure evolves towards an optimum' (Xie and Steven, 1997). The 

efficiency or relevance of materials used in structural components could be determined 

by their stress levels. The use of material is considered to be Inefficient or under

utilised, if their stresses are relatively low, compared to the safe operating stress. 

Hence, under-stressed materials which do not contribute to the overall integrity are 

identified and removed, reducing the total volume in the form of discrete design 

variables of FE's. The ESO design cycle consists of analysis, calculation of sensItivity 

numbers and element (or material) removal. An example procedure shown in Fig. 3.3 

involved the following steps: 
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i) The design domain, an area or volume large enough cover the final design is 

discretised into fine mesh of quadrilateral FE's of uniform size. 

ii) The structure is analysed using FEA for the given kmematic boundary 

constraints, boundary conditions and loads. 

iii) Sensitivity numbers for element removal are calculated. This procedure 

involves the evaluation of an element removal cntenon or rejection ratio 

(RR), and an element removal ratio (ERR). 

iv) Elements which satisfy the sensitivity numbers calculated in step lii) are 

removed from the structure. 

v) Steps 111) and IV) are repeated iteratively unttl a steady state is reached. 

The application of ESO as a generalised method to solve topology optnnisation 

problems was reported in Chu et aI, (1996), Li et al. (200 1), Rong et at. (200 1), Guan et 

al. (2003), Kwak and Noh (2006), Li et al. (2000), Steven et al. (2002), Das et al. 

(2005), Xie et at. (2005) and Yang et al. (2005). ESO was also apphed to find optimal 

design of contmuum frame structures, presented in Steven et al. (2000), Li et al. (2003) 

and Manickarajah et al. (2000). ESO was also apphed to opttmise dynamically loaded 

structures, reported in Xie and Steven (1995) and Haiba et al. (2005). Since its 

development, several variants of ESO emerged. These are additive evolutionary 

structural opttmisatlOn (AESO) and the bi-directional evolutionary structural 

optimisation (BESO) (Querin et al., 2000a, 1998). In AESO, elements are introduced 
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to areas of the structure where they were needed, with a similar evolutIOnary procedure 

to the classic ESO. In this approach, the design is started from a severely 'under

designed' model consisted of minimal amount of elements, instead of an 'over

designed' structure in the form of a ground mesh. However, several drawbacks were 

identified. In AESO, materials could only be added to a structure to distribute high 

stresses. No mechanism for removal of under-stressed materials was present. The 

presence of under-stressed or inefficient materials resulted designs with topologies 

which were far from optimal, in terms of a fully stressed structure of minimum weight 

(Querin et aI., 2000a). These drawbacks have been addressed by BESO, an 

optimisation method which combines both the element additive and removal attributes 

of AESO and ESO (Quenn et al , 1998, 2000b). In BESO, the elements of a structure 

could either be removed or added. The technique for addition and removal of elements 

are based on the basic principles of ESO and AESO, in which both methods were 

combined to work together. 

Despite the advancements of the ESO methods, one fundamental drawback was the 

dependence of the solution on the ground mesh from which it evolved and on the 

sequence of element removal. Once a certam under-stressed element is removed, ESO 

is unable to reintroduce, if at a later stage its presence is found to be desirable. For 

continuum layout designs, the dependence of ground mesh could lead to lengthy 

solution time because more elements are required to be removed than retained. 

Although the capability to add and re-introduce elements was added to ESO through 

BESO, designs were still restricted to the positions of prevIOus elements to an area (or 

volume) predefined by the ground mesh (Liu et al., 2000). Designs are limited to a pre

specified bounded design domain. Despite the notion 'evolutionary', the ESO methods 

do not resemble biological inspired steps, based on the Darwinian theory of 'evolution', 

and should not be confused with evolution strategies of genetic algonthms (Baumann 

and Kost, 2005). 

3.4.3 Metamorphic Development (MD) 

Metamorphic development (MD) is a layout optlmisatlOn method to find optimal 

structural shapes and topologies through minimisation of structural mass and 

compliance, subjected to stress and deflection constraints (LIU et al., 2000). A ground 
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mesh or bounded design domain is not required. Design optimisation could also start 

from any degree of development, between an under-designed and over-designed 

structure. Good examples of these could be found in Liu et al. (2001) and Ngim et al. 

(2009), respectively. The method is aimed at producing 'mass minima' design 

solutions. In contrast to existing layout methods, MD is one of the latest techniques 

developed. 

Optimal designs of structures are developed through MD's simultaneous growth and 

degenerative approach, with the aim to ensure satisfactory or improved overall 

performance. Growth and degeneration is represented by the addition and removal of 

nodes from an optimisatlOn model under development. MD has the mechamsms to 

introduce and re-introduce new nodes and elements (Le. nodes which had been 

removed in previous iterations) For instance, element Ea might render element Eh to 

be inefficient, thus Eh is removed. When Ea is removed at a later iteratIOn, this might 

render Eh desirable. This feature enables the topology of a design space to be more 

robustly explored. Elements which do not contribute effectively to strength and 

stiffness are systematically identified and removed. New elements are added to the 

structure at localities where they are most needed, to distnbute or disperse load, and to 

form new 'load paths'. The use of a design domain is optional. If specified, a deSign 

domain may contain a number of sub-domains which could be finite or infimte in size. 

Substantial computational savmgs may be gained through MD (Liu et al., 2000). 

Layout methods which employ a degenerative only approach would eventually have 

most of its ground mesh removed, leadmg to prolonged solutions. A drawback of 

ground mesh methods IS the dependence of the final solution on the starting ground 

mesh. However, this is not the case with MD. The method has been tested· to give 

consistent results, independent of the chosen initial design (Liu et al., 2000) 

Optimisation methods by the degenerative approaches must start from a bounded 

design domain. In certain cases, the best size initial ground mesh may not be known a 

priori. An example is shown in Fig. 3.4. The task is to find an optimal shape which 

minimises the average strain energy of a centrally loaded suspended object under 

gravitatIOnal load. Without the use of a bonded domam, the optimal shape resembles a 

2D cross-section of an apple (Liu et al., 2005). 
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(a) (b) (c) (d) (e) (t) 

FIg 34 Optimal shape for a 2D suspended structure by MD (a) Imtlal deSIgn, a 'stalk', (b) IteratlOn-10, (c) IteratlOn-

20, (d) iteratlon-40, (e) lteratlon-60, (I) IteratlOn-76 (hu et ai, 2005) 

Applications of MD to solve layout optimisation problems have been reported. LIU et 

al. (1999) presented examples of design optimisation case studies of a fixed-end beam 

structure and C-spanner Liu et al. (2000) demonstrated several benchmark studies of 

MD to optimise a 'Michell structure' (Michell, 1904) and a fixed-end cantilever. 

Optimised solutions by MD were consistent with those produced by eXistIng topology 

optimisation methods and were found to be slightly lighter and require less recurring 

iteration. Liu and Lu (2001) applied MD to optlmise the deSign of micro-fibre holder 

clips. MD was extended to cover the design optimisation ofaxisymmetric structures. 

These include the shape optimisation of cylindrical nozzles In spherical pressure vessel 

(Liu et al., 200 1), optimisation case studies of generic axisymmetric structures (Liu et 

aI., 2005), and the deSign optimisation for manufacturability (Ngim et al., 2007). 

MD contrasts other existing layout methods. The features not found in existing 

topology optimisation methods are; 

I) For 2D deSign problems, two different element types (quadrilateral and 

triangular) are simultaneous used to build up a structure. 

ii) The Dynamic Growth Factor (DGF) is an adaptive functIOn. 

in) Both continuum (Le. shell and solid) and line (beam) elements may be used. 

iv) A bounded design domain is optIOnal. Design domaInS may either be finite 

or Infimte. 

The potential of MD as a systematic design tool to investigate optimal topologies and 

innovative solutions to structural designs have been presented. Although further 

developments may be required, the unique features highlighted offer the possibility that 
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the MD method would be able to solve large-scale engineering structural design 

problems which may be Impractical for ground mesh based methods. In this research, 

the MD method forms the basis of the layout optimisation. This forms Stage-l of the 

proposed two-stage method. 

3.4.4 Simulated Biological Growth (SBG) 

Biological structures, through natural selection have developed mechanisms to produce 

load bearing structures optimally adapted to a given load. Natural selection offers two 

different strategies. First, the trial and error strategy which better designs were created 

by 'mutation', with slow stochastic success. The second strategy is 'adaptive growth' 

Structures such as trees and bones adapt flexibly to changes in loading conditions so 

that a design of high reliability with minimum material consumption and energy would 

emerge. The principle of low weight and fatigue resistance could be found in all load 

bearing biological structures, often achieved by uniform stress distnbutlOn, or axiom of 

uniform stress on the surfaces of structures. The axiom of uniform stress is identified 

as a basic rule for biological load carriers. From these concepts, Mattheck and 

Burkhardt (1990) developed the Simulated Biological Growth (SBG) opumisation 

methods for structural engineering apphcations known as; 

i) The Computer Aided Optimlsation (CAO) 

ii) The Soft Kill Option (SKO) 

ni) Computer Aided Internal OptimisatlOn (CAIO) 

The reader may refer to Mattheck et al. (1993) and Mattheck (1998) for a 

comprehensive review of which the relevant topics are summansed. 

3.4.4.1 Computer Aided Optimisation (CAO) 

Concentrations of local stress on surfaces, caused by notches or abrupt changes In 

geometry are causes of fatigue failure (Mattheck, 2006). The prevention of stress 

raising effects is of great importance in bIOlogical structures as it is in engineering 

design. CAO IS a shape optimisation technique based on the baSIC growth mechanism 

and self optimisation of tree cambiums, which satisfy a 'near constant' stress. Artificial 

growth IS selecuvely guided to reinforce overloaded surfaces In CAO, optimisation 

only takes place on eXisting surfaces. CAO is not limited to the domain of biological 
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structures and can be extended to engineering design problems. Case studies of the 

applications of CAO in engmeering components have been reported. These include the 

design optimisation of a tensile plate (Bethge and Mattheck, 1990), rubber bearings 

subjected to large deformations (Mattheck and Erb, 1991), a cylindrical cantilever beam 

(Mattheck et al., 1993), beam shoulders (Mattheck, 1998) and orthopaedic screw 

thread designs (Mattheck, 1998). Through expenments, Mattheck (1998) noted that 

surface shape optimised components is found to be superior compared to non-optlmised 

designs. Fig. 3.5 shows the shape optimisation of an orthopaedic screw thread profile 

by CAO. The screw withstood twenty times as many load cycles as the non-optimised 

screw and reduced the danger of Implant factures to an absolute minimum (Mattheck, 

1998). 

(a) (b) (c) 

Fig 35 OrthopaedIc screw optulUsatlon by CAD (a) OrthopaedIc screw. (h) ongInal thread deSIgn. (c) optmused 

thread deSIgn (Mattheck, 1998) 

3.4.4.2 Soft Kill Option 

Bones are biological load carriers designed to endure enormous number of load cycles 

under service conditions. They are able to react to natural loading changes not only by 

modifying ItS shape and adaptive remodelling mechanisms, but also by adaptive 

mineralisation (Baumgartner et al., 1992). The SKO developed based on this analogy, 

is a layout optimisation technique which the basic mechanisms of the adaptive 

mineralisation bone structures were simulated using FEA (Baumgartner et al., 1992). 

Stress distributions are calculated for loading conditions which correspond to those of 

the component in service, in an initial design area large enough to cover the final 

design. The Young's modulus IS increased in areas subjected to high loads and reduced 

(or softened) and finally discarded or 'killed' in unloaded areas (Baumgartner et al., 
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1992; Mattheck et al., 1993). SKO is an efficient design tool for developing 

lightweight constructIOns based on natural laws. Case studies on the applicatIOns of 

SKO have been reported. Mattheck et al. (1997) used a modified SKO to predict root 

growth and morphologies of trees for different loading and solid conditions. Similarly, 

SKO is not limited to biological structures. It has been extended to engineering deSign 

problems such as cantilever beams and reinforcement of shell structures (Baumgartner 

et al., 1992; Mattheck et al., 1993). A framework structure developed by SKO is 

shown in Fig. 3.6. The design area was internally restncted by access for bolts which 

have to remain circular. The result is a mass minima design which approached 

optimum. The combined application of SKO and CAO provided a fatigue resistance 

lightweight design (Mattheck et al., 1993). In a way, the SKO method resembles ESO. 

~ 
SKO 

(a) (b) 

FIg 36 SKO deSIgn of framework structure (a) Initial deSIgn area WIth servIce loads, boundary comhuons and 

deSIgn constramts, (b) OPtltrused deSIgn (Mattheck, 1998) 

3.4.5 Genetic Algorithms (GA's) 

Genetic algorithms (GA's) are stochastlc search methods inspired by the basic 

mechanisms of natural selection, based on the theory of biological evolution and 

adaptation (Goldberg, 1989). GA's are global search algorithms where the iterative 

histories of structural optimisation problems were Simulated by artificial evolution and 

adaptation. The Darwinian concept is employed to yield the best or better 

charactenstics among a population, where random infonnation exchange is perfonned 

to create superior offspring. In the last decade, GA's have been used in the field of 

optimlsation for engineering structures, particularly for findmg optimal layouts of truss 

structures (Jenkins, 1991; Oshaki, 1995). 

Chapman et al. (1994) extended the application of GA's to layout optimisation of 

continuum structures. GA-based layout optimisation is different to the material 
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distnbutlOn approach employed in FE-based methods. In GA's, a population of 

potential solutions are considered, where the search for optimum solutions are done by 

extensively sampling of the design space. This technique contrasts FE-based methods, 

where designs are often concentrated on the development and refinement of one 

solution. In GA's, design variables are coded as bit strings of 'chromosomes'. Shapes 

of structures are represented by chromosomes conslstmg of strings of binary digits. 

The number of digits, or genes in each chromosome is equal to the number of elements, 

and corresponds to a particular element in the design domam. Fig. 3.7 shows an 

example of the many possible layout of a structure represented by a bmary string 

chromosome mapped on a design domain. 

Bit-array representatIon Resulting topology 

Chromosome 
1 1 1 1 
0 0 0 0 

111111001000010000100111111 0 0 0 0 
0 0 0 0 

1 1 

(a) (b) (c) 

FIg 37 MapPing of chromosome Into a deslgo domam (a) Binary stnng chromosome, (b) bIt-array representatIon, (c) 

resulung topology (Chapman et at 1994) 

Although GA's have been widely applied in the optimisation of truss layouts, in the last 

decade it has started to gain attention in generalised layout optimisation. One of the 

earliest applications in layout optlmisation for structures with weight and displacement 

constraints was presented by Kane and Schoenauer (1996). Jakiela et al. (2000) 

demonstrated an optimisation approach for short cantilever designs. Chen and Lin 

(2000) applied GA's to determine optimal boundanes of design space for layout 

problems. Hansel et al. (2002) demonstrated the use of GA's as an approach for 

realising weight-minimal multilayered laminate composite by topology optimisation. 

Capello and Mancuso (2003) presented a GA-based combmed shape and layout 

optimisation approach for cantilever and plate structures Wang and Tai (2004) 

proposed a graphical representation for structural layout optimisatlOn usmg GA's to 

find designs with mmimum compliance and weight. Woon et al. (2005) presented an 

optimlsation technique for contmuum layouts through a multi-GA system. Madeira et 

al. (2005) developed a multi-objective optimlsation of structural layout by GA's and 

tested it on a short cantilever subjected to two loadmg cases. Wang and Tai (2005) 
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implemented a bit-array representation method for structural layout optimisation usmg 

GA's which emphasised on the connectivity of designed structures. 

Despite the successful application of GA's, a few drawbacks were identified. GA's 

often require large numbers of function evaluations. In some cases, this leads to 

computationally expensive solutions. For relatively small problems, GA-based 

solutions still require an arguably 'impractical' amount of computation (Jakiela et al., 

2000). Because analysis is computationally expensive for large scale problems, 

structures subjected to GA-based topology optimisation must be limited in size and 

complexity (Chapman et al., 1994). Design solutions consist of jagged boundaries and 

additIOnal post -processing is required. Furthermore, GA's must work in a bounded 

design space and could not be applied to problems where the size of the design domain 

is not known a priori, as all design parameters must be coded in the form of 

chromosomes of finite length. A method to reduce the prohibitively high amount of 

computational time for large topology optimisation was proposed by Adeli and Kamal 

(1992). The proposed method uses a parallel and vector algonthm on a shared memory 

parallel machme and distributed GA's for optimisation on a cluster of workstations 

connected via a local area network (LAN). To rrunimise the overall computational 

effort for large-scale design optimisatlOn problems, alternate approximation concepts 

were necessary to ensure the efficiency of GA's. 

3.4.6 Simulated Annealing (SA) 

Simulated anneahng (SA) is a stochastic search procedure for finding the minimum of a 

function, inspired by the phYSical annealing and cooling process of metals (Kirkpatrick 

et al., 1983). Annealing denotes a physical process in which solid metal is melted at 

high temperatures until all particles can move freely with respect to one another. This 

is then followed by coohng until thermal mobihty is lost. If molten metals at high 

temperatures are allowed to cool to a solid state for a suffiCiently long time, metal 

particles could move freely during this cooling process, and will end up in a structure 

with mmimum energy. From an optimisation point of view, the global minimum (or 

optimum) of the problem can be represented by this minimum energy state. The 

optimum metallic grain configuration IS one where all particles are ahgned in a low 

level lattice. Conversely, If the annealing process is not given sufficient time to 
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complete the cooling process, the molten metal would stilI solidify, but with higher 

energy. Metal particles would line up with their neighbours, but different regions may 

point In different direction. This energy state indicates a local minimum. In such cases, 

whole regions of metal particles have to be reversed in order to escape the local optima, 

as Fig. 3.8 shows. 

(a) (b) (c) 

FIg 38 Concept of SImulate AnnealIng (SA) opnntlsatton' (a) HIgh temperatures. random crystal alIgnments, (b) low 

temperatures, formatIOn oflocalIsed crystals; (c) reheat, partIcles reonentate (Lelte and ToppIng, 1999) 

In contrast to GA's, SA is point-based, instead of population-based. In an optimisation 

procedure, GA's evolve a number of complex systems concurrently, while SA develops 

and refine. SA was first used for structural optimisation in the late 1980's. Elperin 

(1988) described the basic ideas of the SA algorithm for structural optimisation where 

discrete design variables are used. Salama et al. (1990) presented an optimal placement 

of actuators for large flexible space structures. Most of the applications of SA were in 

the optimum design of truss and skeleton structures. BaIling (1991) applied SA to the 

discrete optimisation of 3D steel frames. Lee and Lee (1992) applied SA to the 

minimum weight design of trusses with discrete variables. Bennage and Dhingra 

(1995) applied SA to single and multi-objective optimal designs of truss structures with 

discrete and continuous variables. Manoharan and Shanmuganathan (1999) used SA to 

optimise truss structures and compared the applicability of the method to other 

optimisation methods. Hasan~ebi and Erbatur (2002) used SA to optimise the layout of 

trusses. Recently, Baumann and Kost (2005) demonstrated a SA optimisation approach 

to build-up truss and gnIIage structures from simple mitial configurations. 

Despite the wide use of SA for trusses and space frame designs, their application in 

generalised layout problems were scarce. Anagnostou et al. (1992) proposed a SA

based layout optimisation approach as a combinatorial procedure for a part design 
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which combines the processes of conceptual, geometry, mesh generation, analysis and 

optimisatlOn. Shim and Manoochehri (1997) presented a combinatorial optimisation 

procedure based on the SA approach for generation of optimal configurallon of 

structural members. Of late, Shalaby and Saitou (2004) proposed a topology 

optimisation deSign approach of structural supports for micro-electro mechanical 

systems (MEMS) switch using Hybrid Discrete Simulated Annealing (HDSA). Fig. 3.9 

shows the SUb-optimum topology obtained by HDSA from an optimisation run. 

, 

~ 

~. 
---F 

(a) 

-••••• I 
! -(b) 

F 

FIg. 3 9 OptUnISatIOn of a MEMS sWItch subjected to honzontalloads by HDSA <a) DesIgn domam, (b) proposed 

sub·optImal topology <Shalaby and SaItou, 2004) 

Although SA has been extended to generalised layout problems, several drawbacks 

were highlighted. In SA, structures are represented by course binary elements with 

abrupt surface changes. The sizes of optimisation models were somewhat limited and 

design domains are bounded (Anagnostou et al., 1992). Smooth profiles could not be 

approximated and could result m the loss geometrical details. Hence, design solutions 

obtained are sub-optimal and require post-optimisation. SA optimisation is 

computationally expensive, where a high number of functions evaluations are required. 

For reducmg the prohibitively large amount of computations, modificatIOns are made 

to SA and computing hardware setup in order to overcome this problem. Park and 

Sung (2002) used a two-phase SA which computations were distnbuted over a cluster 

of ten remotely distributed personal computers. Leite and Topping (1998) 

experimented with various network configurations to maximise computing power. 

Chen and Su (2002) used SA to optimise the designs a stepped cantilever and cantilever 

plate and noted that SA required more computational time than other traditional 

mathematical programmmg methods. In these cases, solutions obtained were sub

optimal. With respect to the amount of computations required for sizing optimisation, 

the efficiency of SA is questionable, particularly in generalised layout design problems. 

In context to this theSIS, the size of the optimisation models is considerably larger than 
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the layout optlmisation problems presented by Shalaby and Saitou (2004). Therefore, 

the use of SA may not be appropriate. 

3.4.7 Particle Swarm Optimisation (PSO) 

Particle Swarm optimisation (PSO) is a recent addition to a growing collectIOn of 

population based probabilistic search algorithms. Many search algorithms are based on 

some natural phenomena and PSO is no exceptIOn. It IS developed based on the 

simplified concept of the social behaviour reflected in flock of birds, bees, and fish that 

adjust to their physical movements to aVOId predators, and seek the best food sources 

(Kennedy and Eberhart, 1995; Eberhart and Kennedy, 1995). A physical analogy might 

be a shoal of fish adapting to ItS environment. In this analogy, each fish makes use of 

its own memory, as well as the knowledge gained by the shoal to adapt effiCIently. The 

method is based on the premise that social shanng of information among members of a 

specIes offers an evolutionary advantage or 'collective intelligence'. Every swarm 

agent of PSO explores a possible solution. It adjusts its movement according to its own 

and its companion's movement experience. The individual's best pOSItion is the best 

solution found by one partIcle in the course of a movement. Conversely, the best 

position of the whole swarm is a global best solution. Every swarm continuously 

updates itself through the above mentIOned best solutions. Therefore, a new generation 

of community would come into being, which has moved closer towards a better 

solution, ultimately converging onto the optimal solution. 

Over the years, applications of PSO in the area of structural optimlsatlOn have started to 

gain attention. Fourie and Groenwold (2002) applied the PSO algorithm in size and 

shape optimisation. The authors tested the method on optimisation problems such as 

bar truss layouts, plane and space frame layouts, and a torque arm. A similar study was 

presented by Schutte and Groenwold (2003). Venter and Sobieszczanski-Sobleski 

(2004) presented a multldisciplinary optimisation of a transport aircraft wmg. The 

authors investigated the basic PSO algorithm and applied it to the minimum weight 

design of a wing structure. Bochenek and Forys (2006) developed an optimisation 

algorithm based on the PSO concept and applied it in the structural optimisation 

problem to solve post-buckling behaviour of a Koiter frame. Kitayama et at. (2006) 

suggested a penalty function approach for nuxed discrete nonlinear problems by PSO. 
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The authors presented a design optimisation study to find the optimal length and 

thickness of a pressure vessel. Perez and Behdinan (2007) presented the background 

and implementatIOn of a PSO algorithm for constraint structural optlmisation tasks for 

truss and frame structures. Omkar et al. (2008) presented a vector evaluated PSO 

method for the design optimisation of composite structures. The authors considered the 

minimisation of weight of the composite components and the minimisation of cost, by 

varying the number of layers, lamina thickness and stacking sequence. Good examples 

in the design optimisation of composite box-beams are given by Kathiravan and 

Ganguli (2007) and Rao et al. (2007). Li et al. (2007) presented a heuristic PSO for 

optimum design of a pin connected structure. Jarmai et al. (2006) investigated the 

optimal design of a cylindrical orthogonally stiffened shell member using the PSO. 

Since its development, PSO have found many applications in engineering design 

problems. Publications on PSO are voluminous ranging from operational scheduling, 

forecasting, process flow, control systems to the development of artificial intelligence 

systems. On the contrary, applications in the field of structural optimisation are largely 

focused on investigations of design studies which involved configuration and siZing. 

The nature of the goals of these investigations was somewhat similar to those addressed 

by GA's and SA methods. In all, the application of PSO in the field of generalised 

layout design optlmisation problems of structures is not as common as the other 

methods. As previously covered, the approach winch stochastic methods handle 

generalised layout design problems would require large number of function evaluations. 

This contrasts the generalised layout methods where the optimisation is focused on the 

development and refinement of one model. Despite its simplicity and robustness, 

computatIOnal cost is always a concern when using stochastic based search algorithms. 

As an example, Venter and Sobieszczanski-Sobieski (2004) highlighted that an average 

optimisation run would require an average of 9660 analyses to converge, for that of a 

three discrete design variable design problem. In contrast, the discrete combination of 

some layout optimisation problems may be several orders of magnitudes more, hence 

making the method computationally expensive In dealing with discrete FE variables. 
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3.5 Summary of layout optimisation methods 

The review shows stark contrast between the FE-based and stochastic methods. 

Although the latter are generally known to be more flexible, it could be seen that 

generalised layout problems solved using stochastic methods are greatly hmlted by size. 

The use of such methods for complex deSign problems is scarce, in comparison to FE

based methods. The cited barriers are often due to the amount of deSign variables they 

could efficiently handle. In contrast to FE-based methods, stochastic methods are 

computationally intensive and the search for an optimal solution is often limited by the 

size of the model. For this research, in terms of practicablhty, FE-based methods hold 

the advantage when it comes to the overall efficiency in obtaining a layout solution. 

3.6 Methods for thermal design problems 

The methods reviewed are concerned with the optimisation of structures under 

mechanical loads only. A review of the design methods for optimal thermal 

performance of structures is given in this section. The amount of published literature in 

this field is voluminous. The hterature survey revealed that most of the work 

concentrated on techniques to enhance heat transfer. Good examples include heat sinks 

(Ledezma and Bejan, 1996), arrangement of staggered plates (Fowler et ai, 1997), disc

shaped cooling structures (Rocha et al., 2002), dendritic heat exchangers (Bejan, 2002), 

dendritic disc structures (Wechsatol et al., 2003) and multi-scale structures for maximal 

heat transfer (da Sllva et al., 2006). In contrast, research on the optimal thermal design 

aimed at suppressing heat transfer has received little attention, in spite of their 

significance in many engineering apphcations. 

In this thesis, methods for optimal thermal designs are classified into two groups: 

i) Layout and shape optimisation 

ii) Partitioning or discretisation method 

In view of the interests of this research, more attention wiII be given to the background 

of existing techniques which focus on the use of single material and the control of 

geometry to optimise structures for maximum thermal resistance. 
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3.7 Layout methods 

Researches in shape and layout optimisation are mostly focussed on elasticity problems. 

In spite of Its significance, layout optimisation of heat transfer of solids has received 

less attention. One of the most common thennal design problems is the search of an 

optimum shape or size to achieve specific heat transfer objectives (Lan et al., 2001). 

Cooling fins, thennal diffusers, moulding dies are some examples of shape and layout 

optimisation (Lee, 1993). Kwak (1994) suggested that early research is concentrated on 

the shape design sensitivity analysis (SDSA) method. Haftka (1981) presented a FE

based technique for computing the sensitivity of temperature changes with respect to 

the changes in design variables. Park and Yoo (1988) developed a boundary element

based algorithm for shape optimisatlon of various heat transfer problems of 20 

continuum structures. Tortorelli et al. (1989) derived the sensitivity fonnulations for 

thennal systems by the Lagrangian multiplier technique. Meric (1988) presented the 

SDSA expressions for optimisation of heat conducting solid bodies. Cheng and Wu 

(2000) computational method for shape design of heat conduction problems with the 

use of a combined body-fitted grid generation scheme and conjugate gradient 

optimisation method. Lan et al. (200 I) presented design problems of shape profiles of 

a conductive medIUm to achieve a unifonn temperature distribution. 

In the above approaches, the shapes of structures were optimised by varying the nodal 

coordinates. SDSA-based methods attempt to represent the geometry of a complex 

model in an efficient manner. However, the shapes of boundaries are restricted by 

design variables and boundary functions. Sophisticated remeshing process is often 

reqUired for each iterative design. Although SOSA are of great theoretical significance, 

several limitations exist when it comes to practical applications. The mathematical 

compleXity of SOSA results in high computational cost, which could become 

prohibitive in practical deSign problems. Also, optimal designs are restncted by the 

chosen initial shape, and there is less probability to find alternative solutions. 

Sigmficant progress in optimal design methods for structural problems which avoids 

remeshing and change of nodal positions had been extended to heat transfer problems 

of continuum solids. The idea of this approach IS to systematically locate unnecessary 

or inefficient material in a structure which do not contribute to heat transfer, and 
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ehminate them from the FEA model. For layout-based heat transfer design problems, a 

region IS expected to seek 'as-cIose-to-an-even' distribution of temperature or heat flux 

as possible, within the design domain. To extend the well-established topology 

algorithm from elastic to thermal problems, Li et al. (1999; 2000) presented a 

generahsed non-gradient procedure to both shape and layout optimlsation for heat 

conduction problems, in which a uniform efficiency of material usage in terms of local 

heat flux was achieved. An example of the optimisation procedure is illustrated in Fig. 

3.10. 

(a) (b) (c) (d) 

FIg 310 Evolunon hIStory of shape opurmsatton by ESO (a) lruttal FEA model for a hollow solid. (h) IteratlOn-S, (c) 

IteratlOn-lO. (c) nerauon-12 (LI et ai, 1999) 

Such flux-based topology optimisation procedures are later extended to other physical 

situations to cover a range of practical examples in torsional, conductive, electrical and 

magnetic field problems (Steven, 2000). Recently, Li et al. (2004) extended ESO to 

material layout design of thermal conduction problems to mimmise the temperature at 

specific nodes, by both layout (conducting solid or void) and bi-material deSigns 

(conductor and insulator). An example of the deSign is shown in Fig_ 3.11. 

a 
(a) (b) 

FIg 3 11 OptImal desIgn of a heat conductIVe field by ESO (a) Imttal PEA model, (h) optImum topology (LI et ai, 

2004) 
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In a different study, Zhuang et al. (2007) presented a level set method for topology 

optimlsation of heat conduction problems under multlple thermal load cases. Examples 

of topology optimisatlon of heat conduction problems for single and multiple thermal 

load cases were given. 

Despite the use of layout methods III some design problems, several potential 

drawbacks were highlighted. Due to the nature of approach, they could not be readily 

extended to solve thermal optimisation problems which involve multiple modes of heat 

transfer. The reason belllg, the meshing strategy for field quantities in stress analysis IS 

not readily extendable to that of a thermal analysis. More importantly, for plane 

problems, optimisation models for both structural and conductive thermal problems 

could be approximated using a uniform mesh, Without the accuracy of the solutions 

being compromised. However, in many in practical situation, especially those 

concerned with the design of thermal insulation, the effects of multiple modes of heat 

transfer, which lead to conjugate problems, cannot be neglected. Although certain FEA 

packages could be used to compute the velocity potential function of a flow system in 

an enclosed airspace with the use of a 'coupled field' analYSIS (ANSYS, 2004), 

differences in meshing requirements for solid and fluid regions pose a challenge. For 

fluid analysis, it is common that a finer mesh is used to discretise the boundary layers of 

fluid regions, and courser mesh for expected freestream regions. The presence of a 

non-umform mesh could pose a challenge to current layout methods. Another mesh 

related drawback was that the use of uniform size quadrilateral elements alone would 

result III jagged boundaries and a loss in the fluid flow detail for structures with 

curvilinear profiles. At present, layout-based approaches can only be applied to design 

optimisation of conductive thermal problems. Although optlmisation for reduced heat 

conducting fields, by means of varying topology has been proposed (Li et al., 2004), the 

design approach III which thermal conductivity of a solid structure is taken as the design 

variable is of little significance to practlcal applications. 

This drawback suggests that the design optimisation of structures subjected to 

conjugate heat transfer in solids and fluid regIOns requires a different strategy. In the 

next sectIOn, a review on the optimal design methodologies which considers the effects 
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conjugate problems is presented. This research is focussed on the optimal design of 

structures to increase thermal resistance. Emphasis is given to the design of fluid-filled 

enclosures, which are found to be more effective. The revIew covers how thermal 

insulation of enclosures could be improved when bounded airspaces are 'discretised' or 

'partitioned' to form partitioned solid-fluid composItes. 

3.8 Classification of discretisation/partitioning methods 

Over the last two decades, research on heat transfer in enclosures is a topic of 

considerable engmeering interest. Due to ItS inherent reliability and simplicIty, 

applications range from thermal designs of buildings to cryogenic storage, and cooling 

of electronic components. Reviews are presented by Bisemi et al. (2004), Augusto et 

at. (2006) and Ledezma and Bejan (1996). In the 1980's, interest was given to 

problems which consider natural convection-conduction in partially and fully divided 

enclosures, due to its fundamental Importance in connectIOn with various technological 

applications. A review on the classification of discretisatJon or partitioning methods, in 

existing literatures, suggest that most of the work in this particular field was primarily 

focussed on three types of enclosures, classified as; 

i) undivided 

ii) partially divided 

iii) fully divided 
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3.8.1 Undivided cavities 

Fig. 3. 12 depicts the schematic diagram of a nu id-filled undi vided cav ity. Bej an ( 1985) 

analysed the now and temperature concentrations fields in the boundary layer now and 

determined the heat and mass transport characteri sti cs of a verti ca lly ori entated 

rectangle cav ity. Chang and Tsai ( 1997) analysed natural convection in a quare cav ity 

with a co ld source. Corc ione (2003) in vestigated the natural convect ion in rectangular 

cavities imultaneously heated from below and cooled from above. Cianfrini er al . 

(2005) analysed the behaviour of tilted square cav ity with differentially heated opposite 

walls, for Rayleigh (Ra) number 10· :5 Ra :5 106 In the aforementioned studies, shapes 

and sizes o f cavities were fixed , thus neglecting the relationship of nalll ral convection 

with cav ity aspect rati os, in which is an important aspect in the design optimisat ion for 

pure thermal problems. 
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Fig. 3. 12 Schematic diagram of a" unbounded undi\ idcd ca\ ity 

Studies presented by Ganzarolli and Milanez ( 1995) and Frederick ( 1999) considered 

the height and length (or width) aspec t ratio (S) of differentially heated shallow and tall 

cav ities as des ign variabl es. From these sllldie , it was observed that the average 

Nusseh number (Nu) is a function of cav ity the aspect ratios (see Fig. 3. 13). With 

reference to Fig. 3. 13(b), thermal performance could be gained significantly when 

cavity aspect ratio is increa ed. Conversely, thi s was not the case for shallow cavities 

(see Fig. 3. 13a). A lthough oplimisation was not implemented in these studies, the 

au thors presented the nOlion and proved the concept that heat transfer in cavi ti es could 

be controlled by varying geometry. 
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Fig. 3. 13 Average Nussch number (Nu) as a function of cavity aspect ratio: (a) Shallow cavity (S = U H) (Gunzarolli and 

Milanez. 1995): (b) tall cavily (Frcdcrick. 1999). 

The studies dea lt only with heat trans fer in cav itie modelled as fictiti ous enclosed fluid 

regions where the presence of conducting medi um was neglected. However, many 

practical situations, especially those concerned with the design of thermal insulat ion, 

condllction in solids cou ld have important effects on the natural convection fl ow in the 

enclosure, leading to conjugate problems, shown in Fig. 3. 14. 
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Fig. 3. 14 Schematic diagram of a conjugate problem of a single paJ1ial ly bounded cavity. 

A cav ity adjacent to a conducting sol id wa ll is a w idely studied des ign problem. 

K aminskin and Prakash ( 1986) numerically analysed the conjugate natural convection 

in a square cavity considering the effects of conduction on a verti ca l wal l. Du and 

Bilgen ( 1992) studied the coupl ing of wall conduction with natural convection in a 

rectangular cav ity. Misra and Sarkar ( 1997) used FEA to analyse the conjugate natural 

convection in a square cav ity with a conduction vertica l wall. These studies showed 

that conduction of so lids adjacent to fluid is important and its effects could not be 
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neglected. In order for these studies to have any significant applications in practical 

design problems, fluid- filled cav it ics had to be full y bounded by so lid wa ll , hence the 

term 'encl osures ' or 'enclosed structures ' , as depicted in Fig. 3.15. Such a study was 

conducted by Liaqat and Baytas (200 I ). re. ults showed a significant change in the 

thenno buoyant flow parameters, compared to non-conj ugate type investi gations. 
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Fig. 3.15 Schcmntic diagram of an undi\ idcd enclosure wi th conducting wa lls (grey region) of finite thickness and 

thermal conducti vity (Liaqat and Bnytas. 2(0 1). 

Although researches on undi vided single enclosures have found many thermal 

engineering applicat ions, their efficiency a thermal in ulator que ti oned. 

particularly if they were to be used as a primary form of thermal insulator. The heat 

flow rate which could be suppressed by single enclosure does not produce an effect 

which is significant enough. In the next section, a review on the suppression of heat 

transfer by partially divided enclosures is given. Emphasis is given to design methods 

on how dividers and baffles fitted to fluid-filled enclosures could provide any further 

suppress ion of heat transfer across fluid fill ed enclosures. 
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3.8.2 Partially divided cavities 

Fig. 3. 16 shows a schematic diagram of a partiall y di vided enclosure with protruding 

so lid baffl es. Lin and Bejan (1983) presented an experimental study of buoyancy 

driven convection in a rectangul ar enclosure filled with a vertical adiabatic partition. 

ansteel and Greif ( 1984) studied the natural convection in enclo. ures wi th 20 and 30 

partiti ons. In these stud ies, the end wal ls and part it ions were assumed to be ad iabatic. 

Chang et al. ( 1982) and Bajorek and Lloyd ( 1982) noted that experimentally 

determined usselt numbers were significantly higher than va lues pred icted from 

enclosures with adi abatic wa lls. To obtain rea listic predictions, the end walls are 

assumed to be perfect ly conducting and the partitions were assumed to have finite 

thermal conductivity. Z immerman and Acharya ( 1987) numerically studied the natura l 

convection in an enc losure with perfectl y conducting horizontal walls with conducting 

baffl es of finite conductivity. Archarya and Jetli ( 1990) presented a numerical study on 

the heat transfer and fl ow pallerns in a partially divided square box w ith different baFfle 

locations and geomel ries. Chen and Ko ( 1991 ) presented a numeri cal study on the 

natural convection in a 20 parti all y divided rectangular enclosure with different baffle 

open ing ratios. Archarya and Mehrotra ( 199 1) experimentally stud ied the natural 

convection of smooth and ribbed vertica l channels. Viswatmula and Amin ( 1995) 

numerically studied the effects of mul tiple obstruct ions on natural convect ion in 

vertical channels. Sun and Emery ( 1997) examined the natural convection in a 20 

enclosure wi th discrete internal heat sources and an internal baffle. Oagtckin and 

Oztop (200 I ) numerically analysed the natural convection of two heated partitions 

within an enclosure. 

L 
A(Jwb(ltlc 

Fluid region T 
Conducting 

" 
,-, 

solid baffle t-
T, +g -. 

" 
v 

T, ,,~ 

J' - 11 
T, 

h, , 
X Admha/fc 

Fig. 3. 16 Schematic diagmm ora !<Iinglc part i.llly divided cavity 
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The above studies highlighted the innuence of heat transfer due to the presence of 

dividers and bafnes. The Nu for parti ally obstructed enclosures was less than those of 

smooth enclosures. For enclosures with single di vider, the geometry of di vider was 

found to have greater effect than its posit ion. The decrease in Nu nUlllber was observed 

when the number of di viders was increased. These findin gs suggested that heat transfer 

could be modifi ed when dividers and bafn es are introduced. The effects of di viders on 

heat transfer were found to be Illost significant at higher Ra, with a maxi mum reduction 

of approx imately 3 1 % being reported (Viswatmula and Amin, 1995). 

Although nOl expl icitly highlighted, these findings presented the notion of a des ign 

approach which could be use to sol ve design problellls of structures with therlllal 

requirements. In terms of insulation, enclosures with undi vided airspaces offer the least 

thermal resistance, despite the fact that atlllospheri c air is a good thermal insulator. 

Even with the add ition of dividers and baffles, the rate of suppress ion did not produce 

any significant reduction. Further research has shown that the insulation of fully 

divided enclosures, by partit ioning was superior to partiall y di vided ones. 

3.8.3 Fully divided cavities 

Although heat transfer in enclosures with various geollletries and di vider configurations 

had been studied, research on enclosures with full y divided subenclosures is scarce. 

Fig. 3. 17 shows a schematic diagram of a full y divided enclosure with multiple 

impermeable so lid conducting parti ti ons. 
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Fig. 3. 17 Schematic diagram of an enclosure with fully divided sub-enclosures 

A pioneering study was presented by Anderson and Bejan ( 1981), where both 

experimental and numeri cal investi gation was performed on the heat transfer of 
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differentially healed single and double verti ca l wall s at hi gh Ra. Tong and Gerner 

( 1986) studied the effects of a vertica l partiti on on the steady-state natural convection 

of an air Filled rectangular enclosure. Ho and Yih ( 1987) numeri ca lly swdied the 

nawral convection of air-Filled enclosure with diFFerent aspect ratios. Nishimura el al. 

( 1987) presented an ex perimental study o f natu ra l convection in enclosures with an off

centre partiti on. In an extended swdy, ishimura el al. ( 1988) conducted an 

ex perimental and numeri ca l swdy on the natural convection in rectangular enclosures 

divided by multiple vertical partitions. ishimura et al. ( 1989) presented an 

experiment slUdy of the natural convection In hori zontal enclosures with multiple 

partiti ons at a wide range of Raleigh numbers. Kangni et al. ( 1991 ) demonstrated a 

theoretical slUdy on laminar natural convection and conduction in enclosures with 

multiple partiti ons of Finite thi kness and conductivity. Karayiannis et al. ( 1992) 

numerically investi gated the natural convection in a single and two zone rectangular 

enclosures with varying aspect rati os. Ho and Chang ( 1993) presented a numeri ca l 

slUdyon the conjugate heat transfer across a vertical rectangular fluid-Filled enclosure 

di vided by multiple hori zontal partiti ons. 

These studies indicated that the net heat transFer in differemiall y heated Full y divided 

enclosures decrease as more partitions are inserted, or when the structure is discreti sed 

into more cells (or subenclosures). The placement of partiti ons at certain locations 

could lead to substamial reductions in Nu, where a certain optimal threshold limit 

ex ists. In comrast, heat transFer in enclosure could be significantl y suppressed with 

multiple dividers, compared with partially di vided ones. The studies also indicated that 

the increase in height to width ratio of subenclosures could lead to a decrease in Nu . 

The reduction was found 10 be more significant with increased Ra. 

For subenclosures with aspect ratios between S = 5 and S = I S, heat transfer was 

estimated to be reduced by over 50%, when a single partiti on is placed midway between 

the heated walls (Tong and Gerner, 1986). An approximated reduction of 61% could 

be rea lised at with S = 10 (Ho and Yih, 1987). Nishimura et al. ( 1988) reporledlhal 

partitions have the eFfect to reduce net heat transfer by 55% at high Ra. Fig. 3.1 8 

shows the relation for the reductions of heat transfer with respec t to the number of 

partitions by ishimura et a!. ( 1988) and Kangni et al. ( 1991 ). The efficiency (IJ ) 
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increases with the number of N-panitions. Both these studies reponed the same trend, 

where the rate of increase is not propon ional, and was observed to decrease gradually 

with the increase of number of panitions. 
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Fig. 3. 18 Ertlcicncy of partitions as a function of panition numbers: (a) Hcallransfcr reduction (Nishimura et al .. 1998): 

(b) cflicicncy of partitions at variolls conductivity r<Jlios and Rayleigh numbers (Kangni el al .. 1991 ) 

[n contrast to undi vided and partiall y di vided enclosures, full y divided enclosures with 

multiple pani tions could be seen as the more viable so lution as an alternati ve form of 

thermal insu lators. However, the discretisation of enclosures, using partiti ons is not 

analogous to the filling enclosures with insulation materials (i.e. mineral wool, glass 

fi bres, etc.). In fact, discreti sation can be viewed as a form of optimi sation while filling 

cavit ies and voids with insulat ion material is not. While convection is suppressed by 

the res istance of the solid matri x, fluid fl ow is suppressed when the aspect ratio of a 

subenclosure is increased (Tong and Gerner, 1986). A lthough it has not been 

determined, a certain optimal threshold exists for thermally discreti sed structures. Tong 

and Gerner ( 1986) noted that filling up a cav ity with insulation material , or discreti sing 

the ai rspace beyond a threshold point wou ld not result in further suppress ion. In the 

light of thi s, an optimum threshold [0 which heat transfer is optimall y suppressed could 

be attained through discreti sation by parti ti oning. Performance wise, discretised 

structures were found to be comparable to conventional designs, if not, superior when 

the discreti sed layout is optimised. 
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3.9 Research in combined structural-thermal optimisation 

In the aforementioned methods, design optimisations of structural and thermal 

problems were considered separately. However, in practical applications, structures are 

rarely subjected to loads of a single fie ld quantity. For instance, structures may operate 

under simultaneous mechanical and themlal loads. Hence, it is evident that such design 

problems be considered as multiobjective or multidiscipl inary, often with confl icting 

and non-measurable cri teria which single fie ld approaches can not address. Although 

design optimisation of structural and thermal problems has been extensively researched, 

focus is limited to their respective fie lds. Many researchers addressed structural and 

thermal optimisation independently, but not as a global problem. A review of existing 

literature suggests that few improvements have been made to current methodologies for 

optimal structural and thermal designs, to form a combined approach. 

Research on methodologies for combined structural-thermal optimisation is relatively 

unknown, in spite of the significance in engineering problems. Three relevant studies 

have been identified. Gu et al. (2001) presented a ' two-stage' design optimisation 

method for a sandwiched 2D cellular structure for combined heat diss ipation and 

structural load capacity. The author attempted to uncover the nature of heat transfer in 

lightweight cellular structures of varying cell arrangements. The objective of their 

study was to discover cell shapes and arrangements simultaneously optimised for 

structural and thermal performance with minimum weight. A range of different 

honeycomb structures were analysed. The findings show that 'six-connected ' triangular 

cells provided the best overall structural and thermal performance, as Fig. 3. 19 shows. 
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Fig. 3. 19 Optimisation [or combined heat dissipation and struculral load capacity: (a) Design of sandwiched ce llular 

structure for cool ing a heated module; (b) types of two dimensional honeycombs analysed (Gu et al., 2001). 
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Importantly, the work presented the notion of a new field of design optimisation for a 

two-field quantity problems not considered by traditional approaches. 

In a related study, Lorente and Bejan (2002) presented a combined ' flow and strength' 

geometric opti misation of an internal structure in a vertical insulated wall with multiple 

air cavities, as Fig. 3.20 shows. 
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Fig. 3.20 Combined 'flow and strength' geometric optimisation of a vertical insulating wall with alternating layers of 

sol id and air (Lorente and Bejan, 2002). 

The study addresses the fundamental problem of optimising an internal structure Witll a 

vertical wall tllat must meet two requirements, tllermal insulation and structural 

integri ty. The objective of the optimisation was to seek optimal internal wall geometry 

where both thermal resistance and strength are max imised witl1 the use of a sizing 

optimisation approach. This was one of the pioneering studies which highlighted the 

issues of conflicting objective functions fo r a two-field optimisation problem. It was 

also one of the earliest studies which dealt witl1 optimisation to maximise thermal 

resistance and structural integrity. The combination of two functions, structural and 

tl1ermal, was a new optimisation approach at a simple fundanlental level. Importantly, 

the author drew attention to a new class of thermal design problems, in which tlle 

system architecture was derived from a combination of heat transfer and mechanical 

strength considerations. 
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Recently, Gosselin et al. (2004) presented a study on the combined heat flow and 

strength optimisation for geometry of mechanical structures to resist thermal attack. 

Unlike the two previous studies, heat dissipation and insulation was not the focus. 

Instead, it outlined a multidisciplinary approach in the conceptual design of structures 

that have two functions, structural integrity and resistance to sudden thermal attack. 

These two functions are considered simultaneously, from the start of the conceptual 

design. The proposed approach was demonstrated on the design optimisation of a beam 

structure. The author highlighted that the optimal architecture of a mUltiobjective 

system was a consequence of the competition between objective functions. Although 

the work was exploratory, its principal objective was to show that the combined heat 

flow and strength could be applied to a wide domain of design problems. Other design 

models could be combined with the proposed method in the pursuit of optimal 

structures which serve more than one objective. The author also noted that structures of 

greater complexity, such as buildings, could potentially benefit from the 

multidisciplinary optimisation approach. 

3.10 Evaluation of methods for combined optimisation 

In terms of structural optimisation, it can be seen that most recent developments are 

focussed on 'layout methods'. Topology optimisation has matured as a technique for 

conceptual designs to an efficient and versatile design tool for irmovative solutions. 

Although methods for optimal thermal designs have found many applications, studies 

relating to design optimisation are scarce, particularly for load bearing insulating 

structures. Despite the advancements ofIayout methods in structural optimisation, they 

could not be readily extended to solve pure thermal design optimisation problems. This 

was mainly due to the complex nature of heat transfer analyses which require different 

meshing strategies. Previous studies have shown the discretisation method to be a more 

viable approach for conjugate thermal problems. Several studies highlight discretised 

structures, in the form of ordered closed cells, could potentially offer thermal 

performance superior to those produced by conventional methods (Wong and Gerner, 

1986; Ho and Yih, 1987; Nishimura et al., 1988). Although methodologies for both 

structural and thermal design problems had been progressively studied, research on 
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optimisation for combined structural-thermal considerations are relatively unknown, in 

spite of their significance in engineering applications. However few, the cited studies 

highlighted the importance and presented the notion of a combined optimisation 

approach for multidisciplinary problems (Gu et al., 2001; Lorente and Bejan, 2002; 

Gosselin et al., 2004). Such an approach is an attractive optimisation method for 

structural and thermal problems, despite these few shortcomings; 

i) Structures are optimised for mechanical strength alone, or for thermal 

requirements alone. 

ii) More emphasis is placed on the development of theoretical framework 

rather than on aspects of practical applications. 

iii) Little success has been achieved in topology optimisation, in particular, 

problems with combined strength and heat transfer considerations. 

iv) Previous studies ouly focus on optimal design solution; manufacturing 

consideration of such designs was neglected. 

To achieve a more practical solution for combined structural-thermal optimisation 

problems requires large numbers of design variables and must contain elastic, 

thermoelastic and flux objectives. Traditional mathematical programming approaches 

fall short in several aspects (Li et al., 2000). 

i) Structural topologies are usually represented in terms of discrete design 

variables, where structural material is indicated as either solid or void. 

ii) Various objective functions for different disciplinary are often inconsistent 

and may even conflict each other (Hajela, 1999). 

iii) Engineering design optimisation favours methods requiring minimum 

preparation and little interference. 

These conditions prompt the need for non-traditional optimisation approaches. In this 

research, a 'two-stage' optimisation approach is proposed. The method consists of a 

combination of the MD method and the Discretisation by Partitioning Method (DbPM) 

to solve design problems with mechanical strength and insulation considerations. 

Theoretically, MD could accommodate the above restrictions and form a basis of 

structural optimisation tool. MD is characterised as a discrete variable approach, 

requiring little work in implementing optimisation problems, and does not rely on the 
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features of the design space, commonly required by mathematical programming 

algorithms (Liu et al., 2000). Alternatively, other layout methods could be used. With 

respect to the thesis objectives, Table 3.1 compares the attributes of the MD method 

against the other optirnisation methods. 

Table3.1 

Comparison of various methods used in the generahsed layout optimisation problems. 

Stochastic Search/optimisation Methods 

- Search is population based and not limited to one model. 

- Multiple optimal solutions could be obtained. 

- Design not lunited to local optimal. 

- Application is not limited to structural optimisation. 

- May be computationally expensIve for large models. 

Other Layout/topology Opbmisation Methods 

- Optumsation is focused on the development of one model. 

- In most cases, only one design solution is given 

- Designs are often local optima. 

- Limited to structural optimisation only. Require less computing resources 

The Metamorphic Development Method 

- Optimisation is focused on the development of one model. 

- Depending on design problem multiple optimal solutions could be obtained 

- For certain problems, designs not lnnited to local optima. 

- Linuted to structural optunisation only. 

- Computationally inexpensive. 

On the other hand, the DbPM forms the basis of the design optirnisation for pure 

thermal design problems. The DbPM can be seen as an effective discretisation design 

technique for heat insulating structures, by discretisation of internal viods. Previous 

approaches for combined structural-thermal optimisation were based on shape and 

sizing techniques. The proposed 'two-stage' optimisation approach attempts to 

incorporate the generalised layout method with configuration layout design methods to 

solve the design problem of a granular-solid structure with structural integrity and 

thermal insulation requirements. 
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4 
Theory of the Mechanics of Granular Materials 

4.1 Introduction 

For this research, a granular RP material was chosen to reflect how common 

construction materials behave as a granular material. Current RP systems do not offer 

layer by layer manufacturing of concrete-based material structures. SLS (Selective 

Laser Sintering) Nylon-l 2 falls into the category of a granular material, in the same way 

plain concrete does, with the intention that the research findings could be correlated to 

Freeforrn Construction (FC) applications. This particular manufacturing process is seen 

as the best substitute for a scaled down FC process. As will be shown, the behaviour of 

existing construction materials (Le. concrete, sand, rock, etc.) do not differ significantly 

from SLS Nylon-12, or other granular AMT-based components. SLS with Nylon-12 is 

one of the few processes which offer layer by layer manufacturing of non-metallic 

granular structures, where the mechanics of the manufactured structures closely 

resembles those of conunon construction materials, namely plain concretes. Hence, the 

basic understanding of the mechanics of granular materials in crucial, in which is the 

focus of this chapter. 

4.2 General characteristics 

Granular materials exhibit properties of both solids and fluids. In a cohesionless state, 

they take up the shape of a vessel containing them, exhibiting fluidlike characteristics. 

In a cohesive state, they can be heaped, behaving like solids (Feda, 1982). Some 

examples of granular materials are rock filled structures and compacted submicronic 

powders. In principle, these materials are different from each other. However, they 

have common features due to their granular structure, in which their mechanical 
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properties are greatly dependant on the mean or hydrostatic stress (Richer, 1998). 

Under low mean stresses, shear stress is low and a granular material can flow, almost 

like a liquid. Conversely, when subjected to high mean stresses, granular materials are 

able to bear high loads, such as the case of civil engineering structures (Richer, 1998). 

In this research, emphasis is given to the fundamental concepts which dealt with the 

quasi-static behaviour of granular materials, in which inertial effects have little or no 

effects. Rapid flow of granular materials, in which inertial effects are imminent (Le. 

flow of granular materials), do not fall into the scope of this research and will not be 

covered. 

The characteristics of the solid particles that constitute a bulk solid granular material 

are of major importance in influencing mechanical behaviour. The concept of a 

granular structure is characterised by four components; nature, arrangement, bonds and 

internal stress (Feda, 1982). Some of the primary properties which could result in very 

different behaviour are particulate size, shape, hardness, density and surface roughness. 

Secondary factors include moisture, degree of compaction and ambient temperature 

(Massoudi, 2004). The shape, size and the constituents of the grains can be very 

diverse, and the range of grain sizes can be very large, from !!ID'S to rn's (Hicher, 

1998). However, the constituents of a granular material must be large enough, such 

that they are not subjected to thermal motion fluctuations. Thus, the lower size of the 

constituents in a granular material is approximately 1 Ilm. Granular materials cover a 

combined range of granular powders and granular solids with structural units ranging 

from 10 !1ffi to 3 mm. A powder is composed of particles up to 100 !!ID (diameter), 

while granular solids consist of particles ranging from about 100 to 3000 !!ID 

(Massoudi,2004). Brown and Richards (1970) defme a bulk solid as "an assembly of 

discrete solid components dIspersed in a fluid such that the constituents are 

substantially in contact with near neighbours." 

Fig. 4.1 depicts a two-phase granular material with a skeleton formed by structural 

units, and pores filled with liquid or gaseous phases. Granular materials can be defined 

phenomenologically or structurally (Feda, 1982). From a phenomenological viewpoint, 

they are materials which exhibit dilatancy, contractancy, and sensitivity to hydrostatic 
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stress. From a structural viewpoint, they are substances composing of mutually 

contacting solid particles, or structural units, within a liquid and/or gaseous phase. 

Structural 
Units 

Pores 

(a) (b) 

Structural 
Units 

FIg. 4. I <a) Schematic representation of ao Idealised graouJar material consIstIng of ao assembly of structuraJ units in 

mutual contact aod gaseousIJiquld filled pores (Feda, 1982); (b) Micrograph of sparsely packed graoular powder 

particles ofunsintered Nylon-12 (TontoWl aod Clulds, 2001). 

The existence of mutual contacts restricts the freedom of motion of the individual 

structural units, and thus conditions strength and rigidity. Mechanical behaviour is a 

complex reflection of their structure, characterised by the freedom of motion of their 

structural units. One significant behaviour is defonnation by mutual sliding of the 

structural units (intergranular defonnations), in contrast to defonnation of the 

individual structural units (intragranular defonnation), typical of a continuous medJum. 

Depending on the type of bonds the contacting solid particles are held, they can be 

classified as cohesiouless and cohesive media. 

4.3 Structural characteristics 

The structural characteristic of granular materials is closely associated with the contact 

bonds between and inside the structural units (Feda, 1982). Generally, two types of 

bonds can be distinguished. Bonds produced by the effects of external loads are tenned 

as 'friction bonds'. Bonds produced by the action of internal forces known as 'cohesive 

bonds'. Friction bonds are typical of all cohesiouless granular materials, while 

cohesive bonds are found in granular materials whose structure is a result of 

compaction or consolidation (Feda, 1982). 
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4.3.1 Cohesionless and cohesive types 

A slope produced by granular particulates would remain in place due to shearing 

stresses. Conversely, if a hole is dug, materials at the sides of the hole would slide 

towards the bottom. This behaviour indicates a complete absence of a bond between 

individual sliding particles. Sliding is continued until the angle of inclination of the 

slopes become equal to a certain angle, known as the angle of repose (l') or angle of 

internal friction (qI). According to the theory of friction, the slope of a pile of 

particulates cannot be steeper than qI (where qI :s l'). qI is also related to the amount of 

cohesion present in a granular material (Massoudi, 2004). In simple terms, the bond 

between particulates, known as cohesion, is influenced by a variety of forces, which 

include Van der Walls', Coulomb, and capillary forces. For a granular material with 

cohesion, a definite angle of repose cannot be assigned, since the steepest angle at 

which such a material can stand decreases with increasing height of the slope. When 

cohesion is absent, the granular material is termed as cohesionless. One which internal 

friction is absent is termed as an ideally cohesive medium. 

4.3.2 Friction bonds 

Granular materials are an assemblage of discrete particles, where interparticle forces are 

transmitted through contact points. With the absence of friction at contact points, a 

material cannot sustain applied shear forces. Friction at contact points plays the 

dominant role which governs the macro-deformation and strength behaviours (Tobita 

and Oda, 1999). A simple friction bond between two structural units is produced by the 

effect of contact stress and the angle of intergranular friction (qll') (Feda, 1982). The 

strength of a friction contact is equal to the shear (adhesive) strength on the area of a 

real contact, which is the sum of the strength of the contact junctions. The size of these 

areas is a function of the contact stress and the coefficient of friction (tan qll')' which is 

equal to the ratio between the shear resistance and the compressive strength of the 

contact junctions. When the normal contact stress is zero, a friction bond losses its 

strength. If contact stresses are other than zero, friction bonding is effective for any 

amount of sliding of the surfaces in contact and originates immediately at any newly 

created contacts. Friction bonds are commonly found in all cohesion materials (i.e. dry 

sand, dry unsintered Nylon-12, etc.). 
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4.3.3 Cohesive bonds 

Cohesive bonds are produced by the action of internal forces. They continue to exist 

even when a granular material is in an unloaded state. Two types of cohesive bonds 

can be distinguished, brittle and ductile bonds (Feda, 1982). In this research, only the 

characteristics of brittle bonds are covered. Ductile bonds will not be covered because 

it does not resemble the behaviour of the candidate material used in this research. 

Brittle cohesive bonds are analogous to a joint between the structural units of 

crystalline 'cement' produced essentially be means of interaction forces between atoms 

(Le. the ions or molecules of crysta1lattices of continuous solids). Unlike friction 

bonds, the resisting area of the cement is independent of the magnitude of the contact or 

externally applied stress. The contact cement between two particles can be either of 

foreign material, or of the material of the solid particles, as in the case of sintering of 

compact powders, in precipitation of a material dissolved in the vicinity of high stresses 

contacts (Feda, 1982). A contact between two particles produced in this way is 

essentially similar to the lattice bonds of atoms, ions, molecules inside a structural unit. 

Consolidation of two particles makes the geometric area of their contacts identical with 

the effective contact area (A I "" A2). Fig. 4.2 depicts the failure of a brittle bond 

between particles I and 2. 

Identical 
conlaet area 

between 
particles 1 and 

2 (A,"A,) 

(a) (b) 

Failure of a 
bnttle bond 
between 
particles 1 and 2 
(A, t A,) 

Pig 42 Change of a brittle bond mlbaled by failure to a frictIon bond, (a) Bnttle bond m 'undisturbed' state, (b) 

failure iruhated broken bnttle bond 10 a frIctIon bond (Feda, 1982) 

In failure, the actual area of contact becomes smaller (A 1 i A2), the brittle bond changes 

to a weaker friction bond. The change from a brittle to a friction bond causes the solid 

particles to move apart, whereby the volume of substance under failure grows larger. 

This behaviour is known as 'dilatancy', an increase of volume produced by the effect to 
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shear stress, which is an attendant phenomenon of brittle behaviour. Once a brittle 

cohesive bond has failed, it is incapable of restoring itself, during the comparatively 

short deformation process, hence it is irreversible. Due to the effects of cohesive 

bonds, granular materials exhibit shear strength even under zero normal load. For this 

reason, materials having such bonds are termed cohesive. 

4.3.4 Consolidated (enhanced adhesion forces) 

Fig. 4.3 shows a schematic diagram of the binding mechanism of enhanced cohesion 

joining two grains together. 

- Slntsr bndges 
- Partial melting 
- Crystallization of 
soluble substances 

- Chemical reaction 
- Hardening blndelS 
- Highly ViSCOUS binders 
- Absorpbon layelS «3nm 
thick) 

- Chemical reacllon 
- Hardening blndelS 
- Crystalllzabon of dissolved 
substances In liqUid 
- DepOSition of suspended particles 
- LiqUid bndges 

Fig. 4 3 (a) SolId bndge and partlcles are composed of same matenal, (b) partlcles and bndge have different 

composition; (e) agglomerallon of particles by the fonnallon ofbmder bridges (Simons and Paghai, 2004). , 

Granular materials can also be classed as consolidated materials, with solid substances 

produced by joining (bonding, consolidation, etc.) of the structural units (Feda, 1982). 

The term consolidation covers various kinds of processing methods (Le. compacting, 

pressing, sintering, etc.) at elevated temperatures. Under these conditions, particles of 

cohesionless materials are bonded by mechanisms of adhesion and cohesion. The term 

adhesion refers to the force with which particles are held together, which exhibit 

cohesive behaviour (Simons and Pagliai, 2004). Adhesion forces between particles 

depend on the existence of a material bridge between them. Forces from bonds 

developed without material bridges (Le. Van der Walls or electrostatic effects) are 

much lower in magnitude than the enhanced adhesion forces provided by material 

bridges that bond the particles together. These bridges are formed either by the addition 
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of a liquid binder, which dries to fonn solid bridges or by structural or chemical 

changes at particle surfaces through sintering, crystallisation or plastic defonnation. 

4.4 Correlation of granular materials 

Granular materials exhibit both properties of solids and fluids due to their; 

i) two-phase mixtures of solid and fluid 

ii) discontinuous body at the microscopic scale 

iii) inhomogeneous and exhibit geometrical and mechanical anisotropy 

Hence, relevant theories are required to analyse their behaviour. Cambou (1999) and 

Feda (1982) proposed two approaches on how the mechanical behaviour of a granular 

medium can be theoretically treated. The first is a macroscopic approach, based on the 

application of continuum mechanics, to a supposedly continuous granular sample, 

whose dimensions greatly exceed those of their constitutive structural units. The 

second involves a microscopic approach, where a complete discrete structure based on 

the assembly of grains of a continuous media is considered. TIlls approach is known as 

the discrete element method (DEM). The applications of the two types of approach are 

complementary and have their own role in the modelling of granular behaviour. To 

date, research has developed empirical correlations that offer some links between 

physical parameters of discontinuous media and numerical parameters of simple 

constitutive equations to model the behaviour of an equivalent continuous medium 

(Hicher, 1998). The mechanical properties of real granular materials are complex, in 

which rigorous mathematical analysis of their behaviour seems impossible. Therefore, 

many branches of applied mechanics have to deal exclusively with the behaviour of 

idealised granular materials ranging from cohesionless to cohesive materials 

(Massoudi, 2004). However, it is fair to say that no unified theory has been proposed 

and that the framework of the mechanics of granular materials had not been flnnly 

established (Feda, 1982; Oda and Iwashita, 1999; Massoudi, 2004). 

4.4.1 Continuum theory 

Continuum theories such as elasticity and plasticity have been extended and applied to 

analyse the behaviour of soils in the engineering length scale (Oka and Tamura, 1999). 
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The main components of continuum mechanics are the governing equilibrium 

equationsi
, the boundary conditions2

, and the constitutive equations3
• Over the last two 

decades, this approach had been successfully implemented to the FE method to solve 

structural problems. One of the major assumptions of continuum mechanics is that the 

material properties can be scaled from small laboratory samples to large material 

masses using constitutive relations (Bardet, 1998). 

The macroscopic properties of granular materials are related to the basic structure and 

properties of their constituents, as well as their interactions. In order to model the 

macro behaviour of granular solids, constitutive equations of a material are derived 

from the knowledge of the local behaviour of structural units. In continuum analysis, 

the determination of a constitutive model\ where material constants are involved, is 

often the most difficult process. Material constants are determined through physical 

experiments which depend on the assembly of grains of a granular medium. 

Researchers have produced a myriad of constitutive relations for various types of 

engineering materials where many of the constitutive models are clever fittings based 

on laboratory experimental results (Bardet, 1998). However, the application of the 

continuum approach alone was found to exhibit problems. Especially of those 

associated with the loss of uniqueness, mainly resulting from local material instability 

and the limitations of the constitutive equations (Bardet, 1998). These findings point to 

the need to seek a fundamental understanding towards the behaviour of granular 

materials. 

4.4.2 Discrete Element Method (DEM) 

As a complementary approach, DEM can be seen as an aid to continuum mechanics for 

not only the development of constitutive models based on physics, but also for 

understanding the physical origins of material instability and the limitations of 

continuum mechanics (Bardet, 1998). With DEM, the analysis of granular material can 

be done in a more realistic way, where the particle arrangements could be modelled 

explicitly (Kishino and Thomton, 1999). Difficulties lie in the process of simulating 

1 PartIal dIfferenttal equatIons translatmg basiC phYSical balances, such as stress eqw1ibnum 
2 Prescribed values of unknown quantmes. or denvanves on external surfaces 
3 GeneralIZed relation between stress and stram or therr respective rates 
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real granular materials, where a theorectically infinite number of particles with various 

shapes are assembled. It is inevitable that granular materials are modelled as idealised 

assembly of particles, since the degree of freedom (OOF) of contact forces and 

moments at grain level is tremendously large. Even with idealised models, the sheer 

numbers of individual particles, especially for smaller particles (i.e. powders) prohibit 

the simulation of their overall response, even with the most advanced computers 

(Bardet, 1998). For example, 1 cm3 of SLS grade Nylon-12 may be consisted of as 

many as 5 x 106 powder particles (assuming the particles are well graded, having near 

spherical shape, with average diameter of 58 x 10 !JlIl). Even with the most powerful 

computers of today, handling the computations of 1 cm3 of Nylon-12, which 

corresponds to 5 x 106 particles, and their number of contacts is not computationally 

feasible. In view of this, it is more feasible that the attributes of DEM and continuum 

mechanics are combined. Hence, DEM and continuum mechanics should be perceived 

as complementary, not adversarial towards the understanding of the mechanics and 

physics of granular materials (Bardet, 1998). 

4.4.3 Approximation of discontinuous to continuous media 

Feda (1982), Hicher (1998), Oka and Tamura (1999) and Massoudi (2004) suggested 

that the mechanical behaviour of a supposedly discontinuous granular material can be 

modelled with reasonable accuracy, using continuum mechanics based on a constituent 

model. This approach is known as the phenomenological approach where real 

substances are replaced by mathematical models of 'structureless' continua. The 

application of methods of continuum theory depends on the size of the granular 

medium, with respect to the size of the constituent particles. Further consideration of 

the limits and assumptions are required, presuming that the granular material under 

consideration is to be modelled as a continuous medium. For force and displacement 

samples, the granular medium should be of sufficient size compared with the particles. 

This is to ensure that the actual forces and displacements can be related with reasonable 

accuracy, to the stress and strain of fictitious continuum medium, as Fig. 4.4 shows. 

4 Constltutlve. or stress-stram laws, represent mathematical models that descnbe the macroscopIc behaViour that results from the 
mternal constrtutIon of a matenal 
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Fig 44 Discontinuous 10 contInuous medlUm (a) 'Real' dlscontmuous medIUID, (b) idealisatIon of contmuous 

medIUm (HIcher, 1998) 

Hicher (1998) noted a lower limit of the size of grains, compared with the size of the 

granular medium. From a resultant force measurement experiment it was found out 

that in practice, the sample dimensions of a granular solid in a test apparatus had to be 

at least ten times larger than the largest particles (Hicher, 1998). For samples in which 

strength and compressibility are measured, the size of the samples had to be ten to 

fifteen times larger than the maximum diameter of grains (Feda, 1982). In a continuum 

approach, mathematical models are limited by a macro volume limit which usually has, 

for instance, continuous solids, a minimum characteristic dimension of lcm in every 

direction. For fme grain cohesionless materials, this dimension may be 1 cm, for rock 

debris 10 m, and ten times more for rock massives (Feda, 1982). Displacement should 

be measured over a length that is large compared with the size of the structural units 

(Hicher, 1998). When particle size is relatively large compared to the sample size of 

the bulk solid, the notion of classic continua in no longer adequate to represent the 

granular system (Oda and Iwashita, 1999). In addition, pneumatic effects are neglected. 

Substances contained in voids are fluids that do not interact with the structural units 

(Massoudi, 2004). 
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4.5 Frictional behaviour 

Granular material consists of an assemblage of discrete particles, in which interparticle 

forces are transmitted through mutual contact points. If friction is absent at contact 

points, the material cannot sustain applied shear forces. Some overall resistance to the 

applied force is generated by the interlocking effects of particles (Scott, 1963). 

However, this structurally induced resistance occurs only if friction is effective at 

contact points. Thus, friction at contact points plays a dominant role which governs the 

macro-deformation and strength behaviours of granular materials. In order to model 

the macro behaviour of granular materials, they are sometimes idealised as an assembly 

of rigid particles. The relative movement of rigid particles, which lead to macro

deformation, takes place as a result of sliding and rolling at contact points. TIlls 

idealisation is accepted here and formed simplicity to review the development of a 

friction based deformation and strength behaviour model (Tobita and Oda, 1999). 

4.5.1 Frictional-based deformation and strength characteristics 

The mechanics of friction bonds can be described using the Coulomb's friction law. 

The relation between the frictional force (FT) and the normal force (Fu) is given by 

F, = JlFu = Fu tanrp. (1) 

where Jl (friction coefficient) and rpp (interparticle friction angle) are physical constants, 

respectively. Equation (1) can be rewritten in the form of 

(2) 

where 'Cf= F,IA (shear stress) and (1n = FJA (effective normal stress) respectively, acting 

on a sliding plane with a contact areaA. With reference to an idealised model shown in 

Fig. 4.5, the maximum shear resistance 7:/ for shearing a granular material can also be 

expressed by substituting rp (angle of internal friction) for rp. in (2). 

(3) 
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In spite of the similarity of (2) and (3), their physical meanings are quite different. qJ is 

not a physical constant, but strongly depends on void ratio and stress state. This 

suggests that a granular assembly is more than just a frictional material. 

FIg. 4 5 Sche1l1l1lIC dIagram of an IdealIsed sheanng model of. grnnular matenal (ToM. and Oda, 1999) 

As stated, dilatancy and contractancy are dominant features of the mechanical 

behaviour of granular materials, which is the ability to undergo volume changes under 

the action of shear stresses (Feda, 1982). The concept of dilatancy is generally taken to 

be the expansion of the voids which occurred in tightly packed granular arrangement, 

when it is subjected to deformation (Massoudi, 2004). The angle of dilatancy (a) is a 

parameter which characterised the strain of a medium that is no longer regarded as 

incompressible (Feda, 1982). A dense granular material dilates during shear, while a 

loose material compresses (contractancy or negative dilatancy). This meant that the 

mobilisation of qJ consists of various components and not just the frictional component 

(Le. qJp). Taylor (1948) and Bishop (1954) separated the shear resistance of granular 

soils into two components: 

i) The internal frictional components between particles, which is a 

combination of rolling and sliding friction, and 

ii) Components arising from shearing against interlocked particles. 

In order to evaluate quantitatively the second component, Taylor (1948) considered that 

the part of the Tt is used to provide the energy required to expand the assembly against 

the normal (confining) effective stress (un). By assuming that the total energy applied 

to overcome shear resistance is given by Tt dj'. The dissipated energy, on the other 
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hand, is considered to be the sum of two terms, the frictionally dissipated work 

(7:effdy=un tanrp~dy) and the work done against the normal stress during volume 

change ( - U nde,). Equating the applied energy to the dissipated energy gives 

Rearranging (4) gives 

7: f = un (tanrp~ + tan v) 

(4) 

(5) 

where the notation of tan v = -dejdy is used. The term rp p is a physical angle related to 

both rolling and slidmg angles. The dilatancy coefficient is denoted by v, which is the 

rate of dilatancy associated with shear deformation. 

The model shown in Fig. 4.5 basically relies on the assumption that shearing of 

granular materials is analogous frictional sliding between two rigid bodies. The only 

difference was that sliding takes place on many contact surfaces. The sliding direction 

(£I) changes from contact to contact, from the general sliding direction X-X'. 

Fig. 4.6(a) shows an idealised friction model based on that of Fig. 4.5 . 

. . 

Vll)Jv 
(a) 

M' 
I' 

(b) 

FIg. 4 6 (a) IdealIsed slIdmg model based on the contact pomts of FIg. 45 (b) slIdmg surface ofl-th contact (TObIta 

and Odo, 1999) 

By taking a single sliding surface denoted by i, shown in Fig. 4.6(b), the force 

components parallel and normal to the i-th surface in terms of shear (7:f) and normal 

stresses (Un), acting on the X-X' shear place can be written as 
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1" L1A' cosB' -0' L1A'sinB' 1 n (6) 
1" L1A' sine' + 0' L1A' cose' 1 n 

where M' is the contact area of the i-th sliding surfaces projected on the general shear 

plane 

(~M' =A) 
(,) 

So that O'nM' is equal to the forces acting on the i-th surface in the vertical direction. 

Rearranging (6) gives 

1" - O'n(tanqJp +tane') O'n tan(qJ" +e') 
1 - 1+ tanqJp tane' r 

(7) 

As denoted in Fig. 4.5 and Fig. 4.6, rJ changes from contact to contact. For simplicity, 

all contacts are idealised to slide at a mean sliding angle (B). Hence, in Equation (7) B 

can be substituted for £I. 

O'n{tanqJp +tanO} =0' tan{ +0) 
I + tan tanB n qJp qJp 

(8) 

Considering the kinematics at i-th sliding surface, the horizontal displacement dx takes 

place along with the volumetric expansion dy. Noting that dxlt = dy and -dylt = de., 

with reference to (5) for the definition of v, we have 

The term de. is defined as the angle of dilatancy (a), by means of the relation 
d)' 

. de. 
sma=-

d)' 

Finally, (8) can be rewritten as 

1"1 =O'n tan(qJp +v) 

(9) 

(10) 
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It should be noted that equation (10) differs from equation (3), which was derived from 

the energy consideration. According to Rowe et al. (1964), the additional term v in 

equation (10) represents two resistance sources, the external work required to make the 

mass expand against the normal stress IJn plus the addition energy absorbed in friction 

when mass dilated. 

Equation (2) can be written in terms of the major and minor effective principal stresses, 

IJI and IJ3, under the assumption that the general shear place accords with the maximum 

obliquity plane on which stress ratio (T/IJn) is maximum. 

(IJ1 -IJ3), (IJ1 +IJ3)/ • 
~---'-'-'-- = sm 9' (11) 

2 2 

where subscript! denotes failure or yield. 

4.6 Failure criterion 

The elastic limit of a material under combined state of stress is defined by its yield 

criterion. Failure of a material is usually defmed by its load carrying capacity, where 

yielding itself implies failure. Hence, the yield stress is also the limit of stress. 

Yielding of most ductile metals is hydrostatic pressure independent. However, the 

behaviour of many non-metallic materials (Le. geomaterials, etc.) are characterised by 

their hydrostatic dependence. Therefore, the stress invariant I1 and .;, which 

characterised this dependence should not be omitted. In the next section, two failure 

criteria are reviewed; the Mohr-Coulomb and the Drucker-Prager criterion, commonly 

used to describe the failure of hydrostatic pressure dependent materials. 

4.6.1 Mohr-Coulomb criteria 

The Mohr-Coulomb (M-C) criterion is a generalised version of the Tresca criterion 

which considered the limiting shear stress (Tt) in a plane to be a function of the normal 

stress (IJn), in the same plane at a point (Chen and Han, 1988). In contrast to the Tresca 

criterion, the M-C criterion allows for the effects of mean stress or hydrostatic stress. 

The simplest form of the Mohr envelope is a straight line, as Fig. 4.7 shows. The 

equation for the straight line envelope is known as the Coulomb's equation. 
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t 

Fig 47 Failure envelope of Mo hr· Coulomb cnterion (Chen and Han, 1988) 

For more general cases, in particular under high normal stress, equation (2) must be 

replaced by a non-linear relationship, such as a curved envelope (Tobita and Oda, 

1999). For most stability analyses in soil mechanics, such a curved envelope is 

linearised piecewise as 

'f = c-u. tan 91 (12) 

where c is known as the cohesion constant. Equation (12) is known as the M-C failure 

criterion. The term c in equation (12) is not a representation of the true cohesion 

stemming from a physico-chemical process, but rather a consequence of linear 

approximation (Oda and Iwashita, 1999). In the case of a frictionless material (91 = 0), 

equation (12) is reduced to the Tresca criterion (,/= c), and cohesion becomes equal to 

the yield stress in pure shear (c = k), where k is also known as yield stress (uy) written as 

k = U = 6ccosqJ 
y .J3(3-sinqJ) 

(13) 

For dry, coarse materials (Le. non powders), c can be neglected. However, c is usually 

much higher where a material undergoes physico-chemical process, due to enhanced 

cohesion, in contrast to cohesive cohesionless materials (Feda, 1988). Both c and 91 are 

material constants which can be calibrated from a uniaxial tension and uniaxial 

compression test. The yield stress in a uniaxial tension (Ut) and uniaxial compression 

(ue), in relation to both c and 91 is written as 
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2ccosqJ 
Ut = . , 

1 +smqJ 

2ccosqJ 
11 =---', 1 . -smqJ 

The ratio of cr, and cr, is defmed as 

m = _11_, = .::.l_+.::.sin::::..!:..qJ 
11, l-sinqJ 

The relationship between 11., C and m can be written as 

11, 
c=--

2..Jm 

In tenns ofm and qJ, we have 

. m-I 
sm9'=--, 

m+l 

2..Jm 
cos9'=-

m+l 

The general expression or the 3D failure surface of the M-C criterion is 

(14) 

(15) 

(16) 

(17) 

f(Il,J2,O)=~Il sinqJ+J,J; sin(o+; )+~~2 co{o+; )sinqJ-CCOSqJ = 0 (18) 

Identically, equation (18) can be written in tenns of variables ~, p and 0 as 

fk,p, 0) = .J2~SinqJ+JjpSin(o +;)+ pco{o+; )sinqJ-.J6ccoSqJ = 0 (19) 

with 0 ~ 0 ~ ;. The graphical representation of the M-C criterion is shown in Fig. 4.8. 
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Fig.4.8 Graphical representatIon ofMohr-Cculomb cntenoo' (.) DevlOtonc ,,·plane; (b) meriruan planes, (c) 0'1 - 0', 

space, (d) yield surface (Chen andZbang, 1991) 

On the deviatoric (n') plane, the cross-section of the surface is an irregular hexagon (Fig. 

4.8a). The meridians of the surface are straight lines which intersect with the .; axis at 

the point '0 = 2.f3c/tanrp (Fig.4.8b). The two characteristics lengths of the surface on 

the deviatoric and meridian planes are 

P, 
2.J6c cos rp - 2J2, sin rp 

3 + sinrp 

from which, we have 

P, 3-sinrp 
-=--.!... 
Pc 3+sinrp 

2.J6c cos rp - 2J2, sin rp 
Pc = 3' -smrp 

(20) 

(21) 

On the 0'1 - 0'2 plane, with 0'1 = 0, the surface is an irregular hexagon (Fig. 4.8c). In the 

quarter plane (0'1 ~ 0, 0'2:S 0), the criterion, in the slope-intercept form is 

(22) 
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In the principal stress space, the yield surface resembled an irregular hexagonal pyramid 

(Fig.4.8d). For granular materials which Ut = O'c, (or equivalently, when rp = 0, or m = 

I), it should be noted that the irregular hexagonal surface become a regular hexagon, in 

which the M-C failure criterion is reduced to the Tresca criterion. 

4.6.2 Drucker-Prager criteria 

The Drucker-Prager (D-P) criterion is a modification of the von-Mises criterion, where 

the influence of hydrostatic stress component on failure is introduced by inclusion of an 

additional term (It) in the von-Mises expression to give 

In terms of variables ~ and p, equation (23) can be written as 

f(~p)= .J6a' + p-.J2k = ° 

(23) 

(24) 

where a and k are D-P material constants. When a = 0, equation (23) is reduced to the 

von-Mises criterion. From a uniaxial tension and uniaxial compression test, we obtain 

.J3k 
Ut 

I +.J3a ' 
.J3k 

1-.J3a 

With the use of the ratio m = O'efO'" parameters a and k is expressed as 

m-I k 2CJc 

.J3(m + I) a .J3(m+l)' 

(25) 

(26) 

On the 1t plane, the cross-section of the failure surface is a circle with a radius p (Fig. 

4.9a). On the meridian planes, the surfaces are straight lines which intersect with the , 

axis at point '0 = k/.J3a (Fig.4.9b). In the 0'1 - 112 plane, with 0'3 = 0, the criterion is 

an ellipse (Fig. 4.9c), with 

x+
1
6!r; ,2 +' ill ]2 =1 

.J6k .J1-12a2 

1-12a2
, , 
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where 

In the principal stress space, the failure surface is a right-circular cone (Fig. 4.9d). 

(a) (b) p 

'. -.[" 

cf, 

(c) (d) 

y 
x 

-----:r---:if7--I-- a, 

FIg 49 Graphical representatIon of the Drucker-Prager criterion' (a) Deviatoric "-plane; (b) merichan planes. (c) "1-
'" plane. (d) yield surface (Chen and Zbang, 1991). 

The M-C hexagonal failure surface is mathematically convenient only in problems 

where one of the six sides is to be used. If this information is not known in advance, 

the corners of the hexagon can cause considerable difficulty and give rise to 

complications in obtaining a numerical solution (Chen and Han, 1988). The D-P 

criterion is a smooth approximation of the M-C criterion, which can be made to match 

the latter by adjusting the size of the cone. For instance, if the D-P circle in Fig. 4.10 is 

made to agree with the outer apices of the M-C hexagon (in this case, the two surfaces 

are made to coincide along the compression meridian pc, where () = 60'), then constants 

a and k are related to constants c and rp in equation (14) by 

2sinrp 
a = -;='7""--''--"7 

.J3(3 -sinrp)' 
k = 6ccosrp 

.J3(3-sinrp) 
(27) 
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The cone corresponding to the constants in equation (27) circumscribed the hexagonal 

pyramid and represent the outer bound on the M-C failure surface. Conversely, the 

inner cone passed through the tension meridian p" where 8 = 0', et and k are written as 

- IT, 

k= 6ccos~ 
.J3(3+sin~) 

'" 

(a) 

Drucker-Prager 
Mohr-Coulomb 

0', 

0'1 

(b) 

Drucker-Prager 

Mohr-Coulomb 

0', 

(28) 

Fig 4 10 Drucker-Prager and Mohr-Coulomb criteria matched along the compresSlve meridian' Ca) Frulure surface 

m pnnclpal stress space, (b) in deviatonc plane CChen and Ran, 1988) 

4.7 SLS Nylon-12 as a concrete substitute material 

From the foregoing topics, it can be deduced that laser sintered SLS Nylon-12 is classed 

as a consolidated 'granular-solid', with enhanced adhesion forces attributed by sinter 

bridges developed through partial melting and the recrystallisation of the material. In 

the process of sintering, high temperature adhesion forces arise from the formation of 

material bridges, usually through phase change of particle surfaces due to chemical 

reaction or melting (Simons and Pagliai, 2004). Thin layers of viscous material are 

developed between the contacts of particles. Upon collision between particles, bonds 

are formed between them. Solid bridges are formed when particles come into contact, 

resulting in mutual molecular diffusion at the points of contact to form sintered bridges 

(see Fig. 4.3a). 

In view of the highlighted granular characteristics and the type of structures to be 

investigated in the upcoming structural layout optimisation chapters, the Drucker

Prager (D-P) yield criterion was determined to be the more appropriate model. In 

general, The D-P criterion is a pressure-dependent model for determining whether a 
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material has failed or undergone plastic yielding. Although, the criterion was 

introduced to model the plastic deformation of soils, it has been widely applied to rock, 

concrete, polymers, foams and other pressure dependent materials (Tobita and Oda, 

1999). 

In contrast, the Mohr-Coulomb (M-C) theory is a criterion widely used to model the 

response of materials such as rubble piles or concrete to shear stress as well as normal 

stress. In structural engineering, it is used to determine the failure load as well as the 

displacement fracture (or angle of fracture) of granular materials. The Coulomb's 

friction hypothesis is applied to determine the combination of shear and normal stress 

that will cause fracture of the material. For a material failing according to Coulomb's 

friction hypothesis, the displacement introduced at failure forms an angle to the line of 

fracture equal to the angle of friction. The strength of the material in this case is 

determined by comparing the external mechanical work introduced by the displacement 

and the external load with the internal mechanical work introduced by the strain and 

stress at the line of failure. Hence, these suggest that the M-C is more suited for 

pressure-dependent granular materials of brittle nature or under loads that would lead to 

brittle fracture. 
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4.8 Research aims and objectives 

The principle aim of this thesis was to support the application of a two-stage layout 

optimisation and thermal discretisation method in the design of a non-convective 

'structured insulator'. The fIrst aim was to present a design approach framework where 

layout optimisation, through use of a growth and degenerative approach, is employed to 

fmd an optimal cross-sectional layout for granular-solid structures. The focus was on 

engineering applications using numerical modelling and experimental investigations to 

predict the structural responses of scale model structures produced by AMT's. 

The second aim was to investigate experimentally the trend of the reduction of heat 

transfer across a single-material enclosed rectangular structure without the use of 

secondary insulation materials. This was to be achieved by means of a 'geometry 

approach', by varying and 'discretising' the internal airspace layout through use of solid 

conducting partitions. The focus was on whether a geometry layout with limited space 

would benefIt from discretisation or partitioning, to enable the design approach to be 

extended to cover enclosures with arbitrarily shaped openings or cavities. 

The third and fInal aim was to extend the use of the structural layout optimisation and 

the thermal discretisation approach to optimally discretise a unit cell structure to satisfY 

both structural integrity and insulation requirements. The focus was the development 

of a structurally and thermally optimisedldiscretised layout, for a modular unit cell non

convective 'structured insulator' with fIxed external geometry. 

No matter how good the tools employed to aid the design optimisation process, the 

proposed two-stage optimisation and discretisation process itself had to be managed 

well and required engineering judgement in selecting the optimal design solutions. 

Therefore, a further aim is to provide means of a procedure to validate the consistencies 

of the discretisation method. Within this thesis, a design optimisation approach is 

presented whereby numerical modelling is employed to predict the performance of the 

insulator enclosure in the design process. 
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5 
Methodology for Layout Optimisation of 

Consolidated Granular-solid Structures 

5.1 Material and process selection 

The selection of SLS Nylon-12 was attributed to the features of the SLS process in 

producing geometrically and dimensionally accurate structures, with strength that is 

ideally suited for the load spectrum used in this investigation. Concretes were not 

favoured, primarily due to the lack of AMT -based processes of comparative features of 

current additive processes. The focus of this study on SLS Nylon-12 was driven by the 

requirements to identifY an additive manufacturing process which is readily accessible, 

to produce consolidated granular-solid structures. The selection was attributed to 

SLS's tight dimensional build tolerances of finished parts (± 0.2 mm), where strength is 

ideally suited for the load spectrum used in this investigation. Concretes and other 

mineral based AMT processes (i.e. Z Corp. 3D printing) were not favoured, primarily 

due to comparably lower build tolerances. In addition, finished parts are not as durable 

and need to undergo infiltration in which is undesirable for thermal analyses and testing 

purposes. 

5.1.1 Generalities of SLS Nylon-12 

Unsintered SLS Nylon-12 is classed as a granular powder, with an average particle size 

of - 58 J.lltl. Consolidated SLS Nylon-12 granular-solids are produced by sintering of 

Nylon-12 powders at high temperatures (-184°C). Solid bridges arise when particles 

come into contact at temperatures high enough to cause the surfaces to melt. This 

results in mutual molecular diffusion at contact points to form sintered 'bridges'. Two 

types of bonds can be distinguished; friction and cohesive bonds. Fig. 5.1 shows the 
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scanning electro microscope (SEM) and micrograph images, distinguishing the physical 

characteristics in unsintered and sintered form. 

100 ~un 
~I 

(a) (b) 

Fig 51 Structure of SLS Ny10n-12: (a) SEM of unsmtered powder Nylon-12, (b) micrograph of sintered or 

consolidated SLS Nylon-12 gnmular-sohd (unages curtesey of MM Savatmi and H. Zaringhatam, Loughborough 

Uruversity, U K.) 

From a phenomenological viewpoint, SLS Nylon-l 2 (powder and sintered) is a material 

which exhibit dilatancy and sensitivity to hydrostatic stresses. From a structural 

viewpoint, it is composed of mutually contacting solid particles, within a liquid and/or 

gaseous phase. In general, it is considered as a two-phase, porous system. Deformation 

is brought about by mutual sliding of structural units, in contrast to deformation of 

individual structural units. Hence, its mechanical behaviour is a complex reflection of 

its structure, which is essentially of the autonomy of motion of the structural units and 

differs from the mechanical behaviour of a continuum (Feda, 1982). 

5.1.2 Mechanical properties of consolidated SLS Nylon-12 

Studies on the compressive and tensile behaviours of consolidated SLS Nylon-12 have 

been reported by Ajoku et al., 2006, Zarringhalam et al., 2006 and Hague et al., 2004. 

However, these studies have separated compressive and tensile analysis. An 

investigation on the combined behaviour was presented by Ajoku et al. (2006). In all, 

such investigations are scarce, despite their significance in the design of load bearing 

structures under combined stress states. A comparative analysis of the experimental 

results, obtained in accordance to ISO 604 and ISO 527 standards by the above authors, 
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was perfonned. Accordingly, a combined stress/strain plot which illustrates the 

differences in elastic modulus was produced, as Fig. 5.2 shows. 

60,-------------------------------.------------------, 
40 Uy(t) 

20 

'it' 
~ o~~~~~~~~~~~~~~~--~~ 
'-' 
~ 

-20 

+ 
I 

Ec'" 0.46Et + uy(c) u"c) '" 1.23u,,~ 

-40 

-60L:::~::~~~::~------~----~~~------~~~~~ 
-16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 

8(%) 

FIg. 5 2 Uniaxial nominal stress/strain curves of consolIdated SLS Nylon-12 m compression and tensIOn. 

Optimally sintered SLS Nylon-12 granular-solids with p = 0.97 glcm3
, in this instance 

have a tensile yield strength uy(t) = 44 MPa, which is about 81 % of the compressive 

yield strength uy(c) = 54 MPa. The observed responses are in qualitative agreement with 

the behaviour nonnally displayed by concretes and other geomaterials (Tobita and Oda, 

1999). The graph shows different elastic stiffuess in tension and in compression, 

indicating the bimodulus characteristics of the material (see Fig. 5.2). The compression 

Young's modulus Ec = 741 MPa is about 46% of that in tension Et = 1600 MPa. 

Compressive behaviour is ductile, with a softening post-peak branch, which tends to 

stabilise on a horizontal plateau at residual strength. The response under tension 

exhibits subtle strain hardening. In post-yield, failure of the brittle cohesive bonds 

fonned during particle sintering was initiated. This is typically associated with the 

failure of a crystalline cement or material bridge fonned by the interaction forces 

between atoms, ions and molecules of crystal lattices of continuous solids. Failure of 

the brittle bonds ultimately leads to the fonnation of friction bonds. At the onset of 

yield, consolidated SLS Nylon-12 exhibits granular characteristics. The average values 

of the mechanical properties, reported by reported by Ajoku et al. (2006) and Hague et 

al. (2004) are given in Table 5.1. 
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Table 5.1 

Mechanical properties ofSLS Nylon-12 granular-solid (uniaxial compression and tension tests) 

Properties Compression Tension 

Young's modulus (E) £,-741 MPa £,-1600 MPa 

POlsson's ratio (D) 0=0.3 0=0.3 

Yield strength (0',) O'}(,) = 54 MPa O'}(O =44 MPa 

Peak strain (ep ) "P(')= 15% "P(O = 9% 

5.2 Calibration and modelling of granular material properties 

The differences in compressive/tensile responses show that the qualitative features of 

SLS Nylon-12 are typical of 'frictional' pressure-dependent geomaterials. Hence, the 

failure criterion chosen must account for yield as a function of hydrostatic pressure. In 

this study, the Drucker-Prager (D-P) e1astoplastic model was calibrated on the basis of 

the combined experimental data from Ajoku et al. (2006) and Hague et al. (2004). 

To characterise the failure domain in the biaxial stress space (u(, U2), the yield locus at 

peak stress contain points (-ay(c), 0) and (uy(t), 0) was obtained from the uniaxial 

tension/compression tests. Constants a and k are determined from the two 

characteristic strength values. Here, the compression failure strength (-ay(c» and tensile 

failure stress (uy(t) are available. Substitution of stress states (UI = U2 = 0, U3 = -ay(c» 

and (UI = uy(t), U2 = U3 = 0) into (23) gives 

(29) 

Noting that uy(c) '" 1.23uy(t) and ratio m = uy(c/uy(t), solving (29) leads to 

k _ 20",(C) 792.J3 
- (m+l)J3 49' 

(m-I) 5 
a= =--

(m + 1)J3 49.J3 
(30) 

By substituting (30) into (27) and solving for r/J and c gives 

J. • -1 9a (. -1 IS ) 'I'=sm sm -
2.J3 +3a 103 ' 

c=ksecr/J(sinr/J-3) 54 {IT 
2.J3 V"S9 

(31) 
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From the uniaxial tests, 11y(1J = 44 MPa and l1y(c) = -54 MPa corresponds to failure points 

Al and ~, defined by 

(32) 

Assuming that the failure surface has twofold symmetry along a - a', points A2 and A3 

also lie on the yield locus using (30). Points Cl and C2 are approximated as 

40.271, () 
jjk 

C2 eTI = = = 60.923 
1-'\f12a 

(33) 

Failure points B2 and B4 are approximated by substitution of 113 = 0 into (23) and 

rearranging leads to 

(eTI - 6ka + 6eTl a
2)± jj~4k - eT: -12keTl a + 12eT1

2a 2) eT -~~ ______ ~~-L~ __ ~~ ____ ~ ____ ~~ 
2 - 21-3a2 

Finding the derivative of 112 with respect to III from (34) gives 

(1 + 6a2)± jj(24eTla
2 

- 2eTI -12ka) 

deT2 2~12eT12a2 - eTl
2 + 4e -12keTl a 

deTI = 2(1- 3a2 ) 

and solving for the maxima and minima of the yield function leads to 

B.(eTI ,eT2 ) = (-40.303, -68.445), B2 (eTI ,eT2 )=(19.651,47.793) 

(34) 

(35) 

(36) 

Finally, points B4 and B2, like points Al and~, can generate points B3 and Bh lying on 

the yield locus. A total of ten yield points have been generated on the III - 112 plane 

from two test points. For the numerical analysis, estimates (30) and (31) have been 

adopted. Once the failure locus is known, it is possible to locate the failure points 

along the untested radial paths. The failure locus of the material, characterised by 

failure points Al to~, BI to B4, and Cl and C2, is plotted in Fig. 5.3. 
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Fig. 5 3 Drucker-Prager (D-P) yield locus of consolIdated SLS Nylon-12 in the biaxial stress space (u" u,). 

The D-P model in ANSYS FEA requires three material constants as inputs; cohesion 

(where c > 0), angle of internal friction (rp), and the dilatancy angle (a), as previously 

calculated. It should be noted that the cohesion constant c in (27) is not a 

representation of the true cohesion stemming from a 'physico-chemical' process, but 
, 
rather a consequence of linear approximation. The amount of dilatancy is controlled by 

a. If a = rp, flow rule is assumed to be associative. When a = 0 (or a < rp), there is no 

or less of an increase in material volume when yielding. In this case, the flow rule is 

assumed to be nonassociated. 

5.3 Validation analysis of optimised structure 

5.3.1 Design considerations 

In the design of beams with transverse openings, an accurate assessment of the ultimate 

strength is necessary, to ensure that it does not fail under working loads (Mansur and 

Tan, 1999). Moreover, deflections produced under working loads should fall within 

acceptable limits. This is often a sUbjective judgement that is difficult to quantify and 

often a perception of application requirements. In this research, the focus is on large 
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displacement design problems. To design a simply-supported beam to deflect to certain 

amount is relatively straightforward. For beams with constant cross-section with small 

openings, the deflections can be approximated by classical beam theory. Due to the 

provisions of large openings, the indirect way of satisfying the requirements of 

maximum deflection by ensuring a minimum span to effective depth ratio is not 

applicable. For statically determinate beams, the bending moment and shear force 

distributions can be uniquely defined. For statically indeterminate beams with large 

openings, the distribution of internal forces and moments depend on the relative 

stiffness of each continuum 'member'. Currently, there are no design standards that 

apply to non-reinforced consolidated granular-solid beams with openings. The design 

optirnisation implemented here is largely based on the results of the FEA and 

experience in the application of the MD method. 

5.3.2 Design problem 

The design of a beam is usually influenced by the maximum absolute bending moment 

IMJm .. and shear IVlm ... For slender beams, this is controlled by the normal stresses (Un) 

at the sections of IMlrn... The layout must be selected such that Un at any cross-sections 

do not exceed Urn... Since M and V varies along the span, material which undergo 

stresses relatively lower than Umax can thus be removed. Theoretically, the design of a 

beam is optimum if the section modulus S at each arbitrary cross-section satisfies 

S~ ~IMI~ (I) 
C7~ 

where Urn .. is the maximum allowable stress and Srnm is the minimum section modulus. 

The design task was to fmd an optimal transverse cross-sectional layout for an elastic 

beam. This was done using a layout optirnisation approach to minimise structural 

compliance and mass, subj ect to stress and deflection constraints. A horizontal 

prismatic beam, under simply-supported bending was considered. The beam was 

optimised to carry a maximum transverse load of Fy = 500 N, with a targeted vertical 

deflection of oy(max) ~ 12 mm at midspan, satisfy a strength criterion of Urn .. ~ 44 MPa 

and built using a single material. The optimisation problem to be solved is written as 
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------------------------------------------------------------------------------ -

Minimise m 

Subject to Urnax:S Uy 

where m is mass of a beam, uy is the yield stress of the material and ~y is the vertical 

deflection at midspan. Due to the bimodulus nature of the material, Urn", was based on 

the lower failure stress, which is the yield stress of the material in uniaxial tension uy(l). 

5.3.3 Design domain and constraints, load and boundary conditions 

The design domain is the search space where the transverse cross-sectional layout is to 

be 'metamorphically' developed, by element (or material) growth and degeneration. 

The schematic diagram in Fig. 5.4 shows the design domains, geometric constraints, 

load and boundary conditions of the design problem. In this study, the beam is 

modelled as simply-supported at points A and B, under a concentrated load Fy at 

midspanC. 

I' U2 
F{ 
y"-Y 

Non-<leSlg~ ~ hllO l~ 
domain hll 

y Cl DeSign domam lh Br ... A I 

~~x L..y' ~ ~ I. f 
L 

where, 
L·h(14:1).f=69LI70, h=4H/5 

Flg.5.4 Design domams (II). sbape constraInt, loadmg and boundary conditions of the opturusatlOn model 

All elements within the non-design domain are kept 'frozen', where the removal of 

material was restricted. Growth and degeneration was guided to occur only within the 

confmed rectangular design domain. Hence, only the inner topology was optimised, 

where a prismatic external geometry with planar surfaces was retained. 

5.3.4 FE model of simply-supported beam 

The static nonlinear structural response of the beam was modelled using ANSYS 

Multiphysics™, the FEA package which was used in conjunction with the MD method. 

In this study, layout optimisation was performed on the x-y plane, where the variation 
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of stresses is produced predominantly by bending. A 3D model was not required as 

stresses along the z-axis are symmetrical about the x-y plane. The 'extruded' thickness 

b (see Fig. 5.4) was defmed using a 'real constant' input. To ensure that the mesh 

density is sufficient, a displacement convergence check was performed by hand using 

the equation of elastic curve derived from the classical beam bending theory. 

Fig. 5.5 shows the discretisation of the initial beam. The FE model consisted of 1400 

quadrilateral elements with uniform mesh size of 1 mm2
• The 2D plane stress element 

PLANE42 used is defined by four corner nodes (i,j, k, 1), with displacement lix and liyat 

each node, as Fig. 5.6(a) shows. Both the 4-noded and 3-noded types were used in the 

optimisation model. Although the 'tri' option was generally not recommended, the 

combinatorial use of both gives a better approximation stresses for curved geometries. 

Fy 

~-------------------L=140mm------------------~1 

Flg.5.5 FE dlscretisation, load and boundary condItions ofiruttal solid beam 

(a) PLANE42 (b) PLANE82 0 k I 0 k 

.6 y 0rEI~menl ·0.4 0 
0 

p 
coordinate n0 
system I • 

i I . i ........ m m J 
Y
L 

x 
CD 

J Y
L j (TO-option) CD (Tn.optJon) 

X X 

FIg. 5 6 2D solid plane stress elements· (a) PLANE42 quadnlateral element, (b) PLANE82 higher order element WIth 

mId-Side nodes 

PLANE82 element, a higher order version of PLANE42, generated by the addition of 

mid-side nodes was used to model the optimised beam under large deflection (Fig. 

5.6b). Although PLANE42 has large strain/deflection capabilities, PLANE82 provides 

more accurate results for mixed quadrilateral-triangular meshes. Importantly, it can 

tolerate irregular shapes without as much loss of accuracy. The element has compatible 

displacement shapes and is well suited to model the curved boundaries. 
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5.4 Optimisation methodology - Metamorphic Development 

5.4.1 Formulation of optimisation problem 

Within the scope of this study, prismatic beam with optimal transverse cross-sectional 

layout was determined using the MD method. The design problem to minimise 

structural compliance fi(T,} and/or weight fi(T,}, subject to geometric response 

constraints, can be formally defined as 

mjn {t;(r,),.t;(r,) Ir, = Y,: $ Y,~ ... $ Y,~ $ Y,; $ ... $ Y~ $ Y,; $ ... ,r, ECg nIT, Y: En.} (37) 

and constraint set Cg in (37), is defined as 

h,(r,)SO, j=I,2, ... ,n, 

k = 1,2, ... ,C, (41) 

(38) 

(39) 

(40) 

wherefi(T,} : D n n ..... R andfi(T,} : D nIT ..... R are real-valued objective functions 

associated with each topology structure Tt with 

.t;(r,)= fF,· Ut dII + ft,. Ut df't , (42) 
IT f, 

being the mean structural compliance, which is a positive quantity equal to twice the 

strain energy of the structure at equilibrium, andfi(T,} being the structural weight. The 

above constraints require that the structure to be generated within a specified series of 

two or three-dimensional design domains (38), which satisfy structural response 

constraints (39), meet structural stability equilibrium conditions (40), and are built from 

specified components (41). The following notations used are 

Tt 

Yu' 
Il. 

hj(T,):S 0 

K,U,=P, 

I-th topology structure 

l-th element in i-th topology structure and an element ofIl, 

k-th subdomain 

structural response constraints 

equilibrium condition 
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utI{, U,>O immobility condition 

I{, stiffuess matrix of T, 

U, displacement vector of T, 

P, load vector if T, 

F, force vector of T, 

t, applied traction on boundary " 

Sk geometry of TIk 

5.4.2 Optimisation methodology 

The optimisation problem as previously defined was solved using MD, which is a 

shape/topology optimisation by material distribution approach with mechanisms for 

both structural growth and degeneration. Growth is guided to occur at selective 

locations known as 'growth cones', or a local region of a structural surface with high 

strain energy, high compliance, and/or high stress (Liu et al., 2000). Growth 

implemented by the growth cones are based on the following conditions: 

• The addition of elements creates new paths for load distributions; 

• The addition of elements to these areas can disperse high strain energy and 

reduce high compliance; 

• High stress can be decentralized by addition of elements. 

Conversely, elements which carry little or no load are considered to be redundant, and 

thus removed. The growth cones of MD may be described in terms of the various 

network topologies, as shown in Fig. 5.7. 

(a) r------____ (b) (c) 

Bus topology Tree topology Bus topology Star topology 

O Existing 
structure 

Growth cone D Added 
(high strain energy) elements 

Fig 5 7 Types of growth cone topologies used in the MD method. 
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Growth and degeneration is controlled by a dynamic growth factor (DGF). A general 

example of the DGF is shown in Fig. 5.8. The values ofmax(z)+, min(/)+, min(z)-, and 

max(z)- vary throughout the optimisation procedure and depend on factors such as the 

scale of the structure, size of structural surface, and symmetry in one or more 

directions. The values and factors which determine the DGF may vary in the recurring 

iterations. Hence, the DGF is an adaptive function, changing from one structural 

topology to another. The rate of structural growth and degeneration is dynamically 

regulated by the DGF and is a function of structural performance, response constraints, 

and the calculated stress. 

DGF 

Limit of evolution control 
max (I) + 1------_-----. 

",,,,,,/" 

mm (/)+ " 

,,..-" 
,.;""""" 

Dynamic growth factor 

-----s-----
---r--7I""'''-------A+------G (T/) 

I 
I 

I 

I 

I 
I 

I 

min (/)-

I - - - - - ..1:...---1 max (I) -

Limit of degenerabon control 

FIg. 5 8 Structural dynamic growth factorlhybnd constraInt functIon 

Here, G(Tt) represents a hybrid constraints function and is determined by comparing 

structural responses within the specified limits defmed by 

(43) 

where R/Tt) is the j-th structural response, n is the number of the response constraints, 

R/ is a user specified target for the j-th response, and Wj is a weighting function. The 

values of G(T,) at points A and B are specified as 

A B=--
2 

(44) 
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Thus, the DGF, the value of which depends through simple averaging on the values of 

the limits max(i)+, min(i)+, etc., is a piecewise linear function of G(Tt). The adaptive 

nature of the DGF improves the algorithm's speed of convergence, making MD 

computationally efficient (Liu et al., 2000). 

Reduce structural mass /+--c 
(-ve growth factor) 

No Reduce compliance/stress 
(+ve growth factor) 

Fig. 5 9 Geneml process flow of the MD optmnSOUon method (Liu et ai, 2000) 

Fig. 5.9 shows the process flow of the MD procedure. The MD algorithm employs a 

hierarchical optimisation approach. If optimisation is started from an under designed 

model, initially, the objective function/I(T,) for structural compliance is minimised. At 

this stage, the objective function h(Tt) for structural mass was ignored until all 

structural response constraints are satisfied. In the initial stages, a positive growth 

factor is employed, where more elements are added than removed. In the later stages, a 

negative growth factor is employed. Elements which carry no load or undergo 

relatively Iow stress are removed. Conversely if the optimisation was started from an 

over designed model, the opposite design route will be taken, as opposed to the one as 

mentioned. Convergence is deemed to have occurred when all design criteria and 

constraints are satisfied, and when structural mass cannot be further reduced. 
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5.5 Results and discussion 

5.5.1 MD layout optimisation 

The layout optimisation of the prismatic beam took n, = 27 recurring iterations to 

converge, as Fig. 5.10 shows. The von-Mises equivalent stress (ueqv) contours of both 

the initial and optimised beams are shown in Fig. 5.11. 

Initial design 

(a) 

'L - ~' 
(b) 

(c) 
n -15 

'A.... ~ .. - - - -.. - - - .. ~ .... ' 
(d) 

Optimlsed design 

'~"""4· - - - - -.. - - - - .• -...,~, 
~ - . . -- ~ 

(e) 

Fig. 5 10 MD optimisation history of consolidate Nylon-12 granular solid polymer pnsmatic beam usmg the 

MD method' (a) Initial solid beam, (b) n, = 5; (c) n, = 10; (d) n, =15; (e) optmused desIgn n, = 27. 

Under simply-supported bending, the development of the tension and compression 

zones was symmetric about the neutral axis. Removal of material was concentrated at 

the vicinity of the supports and along the neutral axis, where the opening segments 

were created. This is expected because the level of stress is lower than the compression 

and tensile faces at the vicinity of the midspan (see Fig. 5.11a). Openings were created 

in such a way as to not 'cut' material from the compression zones. To maintain an 

externally flush fInish, both 'corner frames' were retained, despite being structurally 

insignifIcant (see Fig. 5.11b). The support ends of the optimised layout resembled a 

continuum 'Vierendeel' truss. 

102 



(a) 
(Compression Zone) 

0.029 10.549 21.068 31.586 42.105 
5.289 15.808 26.327 36.846 47.365 MP. 

(b) Corner frames (Compression Zone) 

.,- ..... 
(Tension Zone) 

0 9.778 19.556 29.333 39.1 11 
4.889 14.667 24.444 34.222 44 MP. 

Fig. 5.1 1 Equivalent stress contours plots of 3PB specimen: (a) initial design; (b) optimised design. Grey regions 

indicate plastic yield. 

5.5.2 MD optimisation history 

The convergence and history plot in Fig. 5.12 shows the number of iterations required 

for the targeted deflection limit under the given transverse load. 
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Fig. 5.12 Optimisation convergence and history plol prismatic beam under simply slIpponcd bending: (a) deflection 

convergence plot; (b) U and O'max histoT)1 plot. 

The structure under development shows high sensitivity to the change in layout at nj = 

12, as exhibited by the sudden increase in Oy indicated by the red markers, as Fig. 

5.12(a) shows. With the removal ofthe relatively unstressed material, Oy was increased 

from approximately 11.l4 mm to 11.94 mm, hence satisfying the targeted defl ection 
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value. Conversely, m was reduced from approximately 27.16 x 10-3 kg to 20.46 x 10-3 

kg., where 25% savings in build material was achieved. Accordingly, strain energy (U) 

was increased from approximately 14.98 J to 18.85 J. The maximum stress (umax) was 

maintained constant, at a value close to the imposed strength criteria of Uy(t) = 44 MPa 

throughout the optimisation procedure (Fig. 5.12b). Despite the removal of material, 

strength was not compromised, under the current loading case. The optimised design 

satisfies all imposed design constraints and criteria. The design attributes are given in 

Table 5.2. 

Table 5.2 

Attributes oftbe optimised 3PB test specimen 

Design attributes 

Mass (m) 

Deflection (0,) 

Maximum stress (t1m.J 

Mean strain energy (U) 

5.5.3 Stress and shear distributions 

Initial 

27_16 x 10-3 kg 

11.14 mm 

44.21 MPa 

14.98 J 

Optimised 

20.46 x 10-3 kg 

11.94 mm 

44.25MPa 

18.65 J 

Fig. 5.1,3 shows the variation of stresses (Ueqv) and shear (l"xy) on the transverse plane, 

over length L of the upper planar surfaces of the initial and optimised beams. Material 

located directly under the load undergoes maximum stress, as Fig. 5. 13 (a) shows. The 

variation of Ueqv over L on the initial beam resembled a 'south-opening' hyperbola 

curve, with a 'vertex' point of ueqv = 45.88 MPa. Along L = 0 to Y. L, and % L to L, Ueqv 

was initially represented by a steep gradient, which then fluctuates along the upper 

surfaces of the 'truss-supported' horizontal sections, adjacent to the corner frames. 

Variation of ueqv over the middle portion, from Y. L through to % L, where material is 

removed along the neutral axis, resembled a parabola curve identical to that of the 

initial beam. Shear (l"xy) is equal to zero under the point load, as Fig. 5.13(b) shows. 

Here, the variation of l"xy along L on the initial beam is relatively uniform. On the 

optimised beam, the fluctuations of l"xy somewhat resembled a 'dampened oscillation', 

with varying 'shear amplitude', found to be most significant at L = 0 to y. L and % L to 

L. 
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Investigations of plane stress and shear variation was made on the upper planar 

surfaces, because stress concentrations caused by the applied load are comparatively 

larger than deeper regions in the beam. Ideally, such investigations should be made on 

the neutral axis. In this case, material along sections on the neutral axis of the 

optimised beam had been removed, resulting in discontinuous stresses, which in effect, 

do not provide the basis for any useful comparative analysis. 

o 35 70 
L(mm) 

(a) 

0-0-0 Imtlal 

105 140 

<HHJ 
2 l'-=--=-=---""=r------' 

35 70 
L(mm) 

(b) 

105 140 

FIg. 5.13 Stress vanations of the initial and optimised 3PB test specimens: (a) Variation of plane stress (u"",), (b) 

variatIon of plane shear stress (t",) 
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5.6 Physical experiments 

5.6.1 Design of 3PB test specimens 

The dimensions of the tests specimen was selected based on the lengthlheight (llh) and 

span/height (Llh) ratios, recommended by the ISO 178 standard, where Ilh = 20 ± 1 was 

used. Ratio Llh was selected such that the deflection at rupture oY(max) do not exceed the 

height of the supports (see Fig. 5.17). From several3PB trials, distance L between the 

supports was adjusted until a desirable rupture deflection was found at Llh = 14 ± 1. 

Accordingly, the external dimensions selected for the test specimens was 200 mm x 10 

mm x 20 mm, with an effective span L = 140 mm. Fig. 5.14 shows the schematic 

diagram of the dimensions and test configuration of the 3PB test specimens. For the 

optirnised beams, similar external dimensions were used (Fig. 5.14b). 

(a) Inlllal/solld beam 

1+------ U2 -----\01 

1 
h 

~---------------------l----------------------~ 

(b) Beam with optlmlsed layout 

1---1' --- U2 -------+I 

------------~~--------~--Opt/mlsed layout 

1 
h 

I+------------l----------~ 

Fig S 14 Schematic diagrams of the posillon of the test speclIIlen on the expenmentai test ng. (a> inItial solId beam, 

(b> beam WIth effective span layout optlIIl1sed uSlOg the MD method. 

5.6.2 Manufacturing and post-processing of test specimens 

Post-processing was required prior to the production of the test specimens. The FE 

model of the optimised prismatic beam obtained from MD was converted to .STL file, a 

standard file format in which a structure is described as faceted triangulated surfaces, 

used widely in AMT's. In this study, post-processing was done manually and involved 

the following steps as depicted in Fig. 5.15(a) to (f); 
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(a) (b) 

......... .... . .. .... . .. .. . 

. .. . .. . . ..... Yh···:·:· .. 
1-1 z_' __ V2 ................ 'j 

1-1 _z ___ V2 -----11 

(c) 

Y~CCQCS} 
1 z V2 1 

(e) (I) 

I 
r • 

FIg. 5 15 Post-processing of optimised beam' (a) FE nodes; (b) outlIrung mternal and external geometry; (c) subtracllOn 

of VOId geometry to create a 2D cross-section, (d) extruSIon of2D cross-section using CAD, <e) mirror-copy to create 

effectIve span; (I) extrusIon of edges to create support ends and conversIOn to .SlL. 

i) The FE nodes of the optimised layout are read into ANSYS and are 

converted to 'key points'. Due to symmetry, only a half model was 

required. 

ii) The transverse opening on the beam was highlighted (i.e. AI. A2, ... , AN). 

Hi) A 2D cross-section of the layout was created using Boolean operation. 

iv) A solid model was produced by 'extruding' the 2D cross-section created in 

Step Hi). This was saved as an .IGES file and read by a CAD system. 

v) A full model of the effective span was created by 'mirror copy' operation. 

vi) Both ends of the beam were extruded to create the support length. The 

completed solid model was converted to .STL file, ready for manufacturing. 

Test specimens were built on a 3D Systems Vanguard-SI SLS machine. The material 

used was powder Duraform PA TM (Nylon-12), consisting of a manually refreshed 

standard mix of approximately 70% used and 30% 'virgin' powder. The machine 

process parameters used to manufacture the test specimens are given in Table 5.3. The 
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build takes into consideration the orthotropic properties of the parts, based on the 

isotropy tests by Hague et al. (2004). The adopted build configuration is shown in Fig. 

5.16. 

Table 5.3 

Process parameters used for SLS of3PB test specunens 

SLS Manufacturing Parameters 

Feed powder 

Laser power (fill) 

Laser power (outline) 

Laser scan spacing 

Layer thickness 

Laser scan speed 

Laser scan direction 

Temperature ofmacbine room 

Heated to > 100°C 

11 W 

5W 

0.15mm 

0.10 mm 

5000mmls 

x-direction only 

23°C 

Fig 516 BUild configmatlOn ofSLS Nylon-12 beams for 3PB test ill accordance to 8XlS of OrthOtrOPIC properties 

(a) Imtlal solId beam specunen; (b) optmused beam specunen. 
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5.7 3PB test configurations and procedures 

The performance assessments of the initial and optimised beams were performed using 

3PB tests on a computer controlled Lloyd loading machine (model LRX) with 

maximum bearing capacity of 1 kN. 10 mm diameter supports and loading edges were 

used. Load was applied at midspan using a cylindrical loading edge, positioned 

perpendicular to the longitudinal axis. The speed of the vertical displacement load cell 

used was a t a rate of 25 mm/min for all specimens. The chosen specimen dimensions 

were a compromise between the optimum specimen size fo r the test r ig, and small 

enough to fail at loads not exceeding the loading limits of the machine. The test 

configuration and the 3PB apparatus used are shown in Fig. 5.17. 

1 
" 

Fig. 5. 17 Test configuration of beam specimens on the Lloyd loading machine 3PB rig. 

A total of ten specimens, as opposed to five, recommended by the ISO 178 standard 

were tested for each beam type. With a preload of - 1 N, the load/displacement was 

increased, until the specimens ruptured. The test temunation criterion was set to ± 80 

% of the peak load. To improve consistency, all specimens were tested within 72 hours 

of production. The tests were conducted under ambient lab temperature of 20 QC with 

40% relative humidity. For each completed test, the FJoy cwves recorded was 

exported to a spreadsheet. The test data was plotted where the gradient of the linear 

region was used to determine the flexural stiffness. 
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5.7.1 Load/deflection plot from experiments and FE models 

Fig. 5.18 compares the load/di splacement (F/oy) curves of the 3PB experiments and 

numerical analys is of the initial and optimised beams. The tests were performed using 

a quasi -static, vertical displacement control load cell at a rate of25 mmlmin. From Fig. 

5. 18(a), the initial elastic/linear portions of the F/ oy curves of the initial beams are 

represented by straight lines with near identical slopes. The beams exhibit strain 

hardening after yielding, eventually attaining load max imum (Fy "" 700 N), at the onset 

of plastic deformation. When Fy is increased beyond the load maximum, considerable 

plastic deformation was observed, prior to rupture at midspan. Specimens were found 

to give an average rupture load of Fy "" 680 N (at Oy "" 35 mm). Importantly, the initial 

elastic slopes of the F / Oy curves by the bimodulus constitutive approach are in good 

agreement wi th the experimental results. The analyses converged smoothly where the 

qualitative and quantitative features of the responses were reproduced. Load 

max imum, deflection at rupture and the anlount of energy di ssipated, were also in good 

agreement with the experiments . 

800r---------------------------, 
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~400 ,,'-. 
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FEA model 

F, 

t 
(Initial design) 

1--- FEA model 
Experiments 

0-0-0 Exact solution 
Mean Ou-____________________ ~~~ 

o 5 10 15 20 25 30 35 40 

~J' (mm) 

(a) 

600r---------------------------, 

SOO 
F,. 
I 

FEAmOdel~ 

Mean ~ 

:..-.: .... --------.-:.w''' 
o .. 

4 0 (Optimised design) 

200 

10 

(b) 

12 

Fig. 5. 18 Load/displacement (FJBy) curves for ultimate strength of 3PB test specimens: (a) F;JBy curves of initial solid 

beams; Cb) F;IB)' curves of oplimised beams. 

The average work done to load max imum and rupulre was 13.83 J and 18.59 J, 

respectively. The F/ '6y curves, as computed numcrically, revealed that strain hardening 

is followed by discrete ' load fluctuat ions' , upon load maximum to rupture. Discrete 
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load fluctuations at the onset of strain hardening to load maximum was caused by the 

progressive fai lure of cohesive bonds and formation of friction bonds. This observation 

was consistent with the experimental findings of Zarringhalam and Hopkinson (2006). 

This feature, not recorded by the experiments of this current study, was primarily due to 

the lack of sensitivity of the load ing machine load cell used. 

For the optimised beams, the initial elastic slopes of the F/ o)' curves by the bimodulus 

approach were in good agreement with the experimental results. From the 3PB test, it 

was seen that beam-type behaviour of the optimised design was slightly affected, as 

indicated by the slight differences of the gradients F)\ I'/O){2) '" F;{2yo)(2). From the test, 

only qualitative features of the responses were reproduced, and quantitative features 

were not fully reached. The dissimilar gradients and variations in rupture loads 

recorded could also suggest that mechanical properties anlong test specimens were 

somewhat inconsistent. This has been shown by the uneven heat distribution in the 

build volume, inadequate heat supply from the laser and insufficient process 

temperatw·es (Ajoku et aI. , 2006), and the melt and crystalli sation temperature of the 

material (Zarringhalanl and Hopkinson, 2006), by the SLS process, which results in test 

specimens not achieving optimal mechanical properties. To ensure that optimal 

mechanical properties are achieved, specimens are to be positioned in the centre of the 

cubic build volume, where process parameters are near optimal (Hague et al., 2004) . 

The results of the continuum truss topologies was characterised by load transfer 

mechanism, which depend on the span to height ratio . Beams with Llh 2: 3 generally 

require inclined tensile ties connecting the horizontal ' compressive struts' to form truss 

topologies, and shear reinforcements to resist the inclined tensile stresses (Kwak and 

Noh, 2006). Similar beanl-end topologies were obtained in studies conducted on the 

basis of other optimisation methods (Rozvany and Zhou, 1991; Zhou and Rozvany, 

1991 ; Chu et al. , 1996; Kim et al., 2000) . 
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5.7.2 Failure assessment 

Yield zone assessment of the FE models confirmed that plastic deformation, as a result 

of bending, were found on both the compression and tensile faces at the midspan 

vicirtity, as shown in the true scale deformation plot in Fig. 5.19. As expected, stresses 

at p011ions between the supports and load point remained elastic, while regions adjacent 

to the ends and along the neutral bending axis remained relatively unstressed. 

Fig. 5.19 Elastic and yield zone assessment of the initial solid beam under simply-supported bending by 3PB 

tests and FEA. Units in MPa. 

The FJ 6y curves of the optimised beanls are represented by straight lines of dissimilar 

gradients (see Fig. 5.18b). In this case, the variation in elastic portion, onset of yielding 

to load maximum and rupture, do not show marked differences. Specimens were 

observed to attain an average load maximum Fy'" 490 N (at 6y '" 11.9 mm). Plastic 

deformation was not recorded and the beams were observed to flex elastically. When 

Fy was increased beyond the load maximum, rupture was observed to be catastroph.ic. 

The average work done to load maximum and rupture was recorded as 1.89 J and 2.02 J 

respectively. The variations in rupture loads among test specimens showed marked 

differences where most did not achieve the predicted qualitative responses (± 2 mm). 
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The slight face buckling found experimentally was associated with elastic buckling of 

the compression 'struts' , denoted by F and G, as Fig. 5.20 shows. This response could 

not be predicted using the current continuum model without incorporating new features. 

Specimens were observed to fai l catastrophically at points D and E, indicated by the 

superimposed Txy plot from the FEA. The numerical analysis indicated that Txy peaked 

at a pair of continuum trusses at D and E. Failure was associated with brittle shearing 

at 'l'xy = 20.74 MPa. 

Fig. 5.20 Comparative failure/rupture assessment of optimised 3PB test specimen by plane shear (r..,.) under 

simply-supported bending by 3PB tests and FEA. Units in MPa. 

From the yield zone assessments, the initial beams underwent considerable plastic 

deformation prior to rupture, while the optirnised beams do not. The response under 

bending was ductile. This is due to the presence of an approx imately equal amount of 

material under compression/tension. However, the removal of material from the 

compression zone affected the ductile behaviour of the optimised beanls. TillS had lead 

to fa ilure by shear, a feature typical of geomaterials. Failure/rupture was catastroplllc, 

where 'fail-safe' failure and 'ultimate' failure was somewhat indistinctive. In this 

study, the consideration of safety factor was not implemented. The fa il-safe failure 

mode was taken to be the ultimate fa ilure criteria and in this case, the optimised 

structure was considered to have fai led, once the elastic IiUllt was exceeded. 
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5.8 Conclusions and remarks 

A design procedure to characterise the optimal structural performance of a granular

solid prismatic beam from an additive manufacturing process has been presented. 

Savings in build material of 24.7% was achieved, with slight compromise in structural 

performance. The design procedure comprised of topology (or layout) optimisation, 

calibration of material parameters, and finite element (FE) modelling. The 

metamorphic development (MD) method formed the basis of the generalised layout 

optimisation used. A Drucker-Prager (D-P) model was calibrated on the basis of 

experimental failure points obtained by Ajoku et al. (2006) and Hague et al. (2004). 

The validity of initial and optirnised beam FE models was assessed by simply

supported three-point bending (3PB) experiments. Quantitative and qualitative features 

of the structural responses of beams investigated experimentally and numerically were 

reproduced with reasonable error. For the optirnised beams, quantitative features of the 

predicted responses were not fully reproduced by the experiments. 3PB test revealed 

marked differences in rupture loads and deflections, due to inconsistent mechanical 

properties among test specimens. In terms of manufacturing considerations, the 

placement of test specimens within the SLS machine build-volume where process 

parameters are near optimal, should improve the consistency of mechanical properties 

of beams produced. 

The findings suggested that tensile stresses should ideally be avoided in the design of 

load bearing granular-solid structures. Although it has been demonstrated that a slight 

amount of tensile stresses could be accommodated, the material is most durable under 

compression. Hence, SLS Nylon-12 or plain granular-solid structures alike are ideally 

suited for structures under compression, which forms the next stage of this research. 
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6 
Investigation of Heat Transfer across Fully Divided 

Granular-solid Enclosures 

6.1 Introduction 

The work presented in this chapter attempts to uncover the heat transfer in enclosures 

fully divided by thin partitions. The types of structures considered were basic 

rectangular enclosures with fixed external dimensions with shallow rectangular 

'subenclosures' of varying width to height (wlh) aspect ratios. Four experimental 

models were constructed for the purposes of the thennal resistance (R-value) tests 

perfonned using the EN 12667 standard. The type of apparatus used was the single 

specimen guided hot plate method. The overall drop in heat fluxes (q) and increase in 

R-values were obtained for each layout with varying wlh ratio, due to the increase in N 

partitions. In addition to the R-value tests, an additional experiment was conducted to 

detennine the effective thennal conductivity (keff) of the material used. The outcome of 

the investigation fonns the basis of the Discretisation by Partitioning Method (DbPM). 

6.2 Correlation of effective thermal conductivity 

Due to the physical properties of SLS Nylon-12, additional steps were required to 

obtain its keffo As previously noted, SLS Nylon-12 is essentially a solid-fluid composite, 

with the solid particle phase distributed as the skeleton and the fluid phase filling the 

remaining space, as Fig. 6.1 shows. If the temperature variation across each solid 

particle Ta is negligibly small, compared to that across many particles, it could be 

assumed that the particles and the adjacent fluid temperature Tt are in local thennal 

equilibrium (Tt = Ta = 1). Hence, keffcan be used to describe the heat transfer across a 

115 



granular-solid medium. If the thennal conductivity (ks) of the solid matrix and fluid 

filler medium (kj) is known, keffcan be obtained empirically (Kaviany, 1999). 

'Alhere, 
T,.l> T.r,2 

Granular sohd 

T" 

Enlarged view 
V,+ V, 

Fluid (air) }.o<:O~", 
Solid mau~"A~':;,'-/.";;" 

1j~T,~T 

(Local thennal eqUilibrium) 

FIg. 6.1 EffectlVe thenna! conductIVIty of I1IIIdomly arranged gI1IIIular constltuents-arr composIte shOWIng local 

temperatures for fluid and solid phase (Kav18ny. 2002) 

In a porous granular-solid material, besides conduction and convection, heat is also 

transferred by radiation. However, in this research, due to the low operating 

temperatures and flow assumed within building structures, radiation is not expected to 

be significant and neglected significant without loss in accuracy. This assumption is 

valid, since solid surfaces emit noticeable radiation in excess of 800 K (<;engel, 1998). 

In granular materials, keffmay be affected by the arrangements of particles. For granular 

materials with random solid particles, the keff may be assumed to be the same in all 

directions (Le. isotropic). If particles are not randomly arranged, keff will be direction 

dependent (Le. anisotropic). An example of the kef! of a granular material consisting of 

randomly packed monosize spherical particles with fluid filled interstitial spaces is 

shown in Fig. 6.1. Here, the porosity (rpp) or void ratio is defined as 

VI 
rpp '" V +V 

, I 
(45) 

where V denotes volume, and subscripts f and s denotes fluid and solid respectively. 

keff is correlated using various related parameters and properties. According to Kaviany 

(1999), for granular materials with randomly arranged solid particles in fluid phase, the 

correlation for keffas a function of rpp and ks and kjis 
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k, 
(46) 

where 0.2 < 'Pp < 0.6. For compacted dense granular solids which 'Pp < 0.2, the material 

can be treated as a solid substance and kg is taken to be the thermal conductivity. 

Alternatively, the value of keffcould be determined by means of physical experiments in 

which the apparatus and procedures are presented in the following sections. Due to the 

low porosity of consolidated Nylon-12 ('Pp'" 13%) based on the maximum density of p 

'" 1100 kg/m3 (Lombera et al., 1999), keff should ideally be determined from 

experiments. 

6.3 Experiment apparatus and procedures 

The aim was to determine experimentally the value of keff of consolidated granular-solid 

SLS Nylon-12, and to establish the trend in the decrease in heat transfer in enclosures 

due to the presence of parallel partitions. Both these experiments could be performed 

using the same apparatus. Two sets of experimental apparatus were identified; (i) the 

hot box (HB) and (ii) guarded hot plate (GHP) method. Due to strict calibration 

standards and accuracy required, the experiments were outsourced. The details of the 

test methods are given in Table 6.1. 

Table 6.1 

Details oftest methods ofth. hotbox (HB) and guarded hot plate (GHP) apparatus 

Test method Hot box (HB) Guarded hot plate (GHP) 

Apparatus standard BSEN 1934 BSEN 12667 

Specimen (orientation) Vertical (I) Honzontal (-) 

Direction of heat flow Horizontally left to nght (-+) VertIcally downwards (!) 

Laboratory National Physics Laboratory 11lennal~easurement 

(Location) (NPL, ~lddlesex) Laboratory (UnIversity of 

Salford, Salford) 

Cost per test specimen (£) £2820' £460· 

S Cost per test specImen per expenment ofNattonal PhYSICS Laboratory, Middlesex, U K. 
6 Cost per test specunen per expenment of Thermal Measurement Laboratory, UmvefSlty of Sal ford. Salford, U K 
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In vIew of the configuration of enclosures, the HB method would be the obvious 

choice. Due to cost constraints, the method was not feasible. Instead, the experiments 

were performed using the GHP method. Despite the di fferences in configuration of the 

thermal boundary conditions, the predicted outcome of the increasing trend of Nu with 

the increase in Ra is expected to be similar (Nishimura et al. , 1989). Hence, the GHP 

apparatus was seen as a good substitute method. At this stage, optimisation of the 

partitioning di screti sation layout was not performed. Ideally, the test should cover a 

complete set of enclosure models. Due to the cost of manufacturing and experiments 

per specimens, test on selective was seen to be sufficient to determine the threshold 

point of the reduction ofthe density of heat flow rate. 

6.3.1 Guarded hot plate apparatus 

Fig. 6.2 shows the schematic diagram of the single specimen GHP apparatus. The main 

components are the heating unit, metering area, edge insulation, auxiliary guards and 

cooling unit. 

,i Heating unit Heating unit 
N / I (guard section) ! (central metering section) 

Q 

l~: 
c V/?i?Z(A~W/77//1 c 
:IF ' --- ' § "~ 3" " 1/-1 I D 

)((~:~::>:?~~:t:i#~i#~W?~(::?:::~; :?l K 

~~~"%~"W§%\~~ E 
I , • IV ~ 

Key 
A Metering section heater K Test specimen 
IJ Metering section surface plates Q Guard plate 
C Guard section heater P Edge insulation 
D Guard section surface plates M Guard plate insulation 
E Cooing unit N Guard plate differential thermocouples 
F Differential thermocouples 11' Specimen width 
G Heating unit surface thermocouples /-I Specimen height 
J Cooling unit surface thermocouples I, Insulation thickness 

Fig. 6.2 Schematic diagram of the single specimen guide hot plate (GHP) experimental apparatus 

The heating unit consists of a separate central metering section (A), where 

unidirectional constant and uniform density of heat flow rate (Q) is established, which 
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is surrounded by a guard section. The test specimen is sandwiched in between the 

heating and cooling units. The temperature sensors used are chromel/alumel (K-type) 

thermocouples mowlted in the grooves of the heating and cooling plates. In order to 

minimise heat loss, the experimental apparatus was covered with edge insulation. 

Fig. 6.3(a) shows the experimental test rig used. The edge insulation of 125 mm 

thickness and auxi liary guards provide additional insulation when operating above or 

below room temperature. Dots 'F' and 'G' indicate the approximate location of the 

thermocouples on the heating unit. The approximate position on the opposite surface is 

indicated by the circle. The cooling unit below the test specimen is an aluminium plate 

which is maintained at a uniform temperature by a liquid circulation duct. The 

apparatus was contained in an ambient control box which internal air temperature is 

maintained within ± 2.5 QC. An additional mass weight was used to press the apparatus 

units against each other to improve the specimen-apparatus contact (Fig. 6.3b). 

Fig. 6.3 Single specimen guarded hot plate apparatus: (a) Components of the test rig; (b) edge insulation and ambient 

control box aftest rig. 

The apparatus was used to establish within specimens with flat parallel edges, in the 

form of slabs, a unidirectional constant and uniform density of Q at the central metering 

section. Measurements of q are determined from Q and the metering area (A), 

perpendicular to the direction of heat flow. The temperature difference (6.1) across the 

specimens was measured by the thermocouples. R was calculated from the knowledge 

of Q, A and 6.T using 

R=T\ -T2 A 
Q 

(47) 
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From the additional knowledge of the thiclmess (H), the specimen thermal conductivity 

(k) or the apparent thermal conductivity (ka) and resistance ( l /k) could be calculated 

using 

(48) 

6.3.2 Test specimens 

The test specimens had contact areas large enough to cover the surfaces of heating and 

cooling plates. The test specimens were designed to operate in the range of low Nu. 

They were in the shape of rectangular slabs with external dimensions of 30S nun x SO 

mm x 30S mm. The specimens consisted of a main rectangular enclosure with uniform 

section thicknesses (I) supported by two vertical 'columns', which in this case 

coincidentally act as thermal bridges. These separated the enclosure into three 

subenclosures of equidistant width (w). In each subenclosure, the number of partitions 

(N) was varied from of N = 0 to N = S. The thickness of the partitions (Ip) was kept 

fixed and equidistantly spaced (hN) parallel to each other. In actual applications, direct 

thermal bridging should be avoided. Here, the vertical columns provide additional 

reinforcements and minimise the deflections of the top face shell members, under the 

loads exerted by the apparatus to less than ± O.S% of the specimen thickness, such that 

the good contact specimens/apparatus is achieved. For the case of the experiment to 

determine the k eif, a solid slab was used. Fig. 6.4 shows the front cross-sectional 

geometry of the test specimens with dimensions given in Table 6.2. 

Table 6.2 

Geometric parameters of test specimens 

Width (W,8) 305 mm 

Height (H) 50mm 

Part ition length (w) 92 mm 

Enclosure thickness (/) 7 nun 

Partition thickness (tp) 2mm 

Subenclosure height (ho) 36.8 nun 

Subenclosure height (h,) 17.42 mm 

Subenclosure height (h,) 7.72 mm 

Subenclosure height (h5) 4.48 mm 
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Fig. 6.4 Schematic diagrams of guarded hot plate apparatus test specimens: Ca) Solid slab; Cb) N ~ 0; Cc) N ~ 1; Cd) N ~ 

3;Ce)N ~ 5 . 
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6.3.3 Manufacturing of test specimens 

The test specimens, including the solid specimen, were built on a 3D Systems 

Vanguard-SI LS machine. The material used was powder Duraform PA™ Nylon-12, 

consisting of a standard refreshed mix of approximately 70% used and 30% virgin 

powder. The machine process parameters used are given in Section 5.6.2. An example 

of the SLS build orientation of the test specimens is depicted Fig. 6.5. 

1.100111111 .1 

Fig. 6.5 SLS build configuration of partitioned enclosure test specimens (isometric view) 

To accommodate for shrinkage during cooling, the specimens were designed and bui lt 

oversized by 2 mm on the external faces and machined to the recommended 

dimensions. Due to the large bulk sizes of the specimens, only two could be 

manufactured in each build. The estimated build time for two specimens per build was 

approximately 48 hours. Upon the completion of each build, the specimens were 

allowed to cool at room temperature for approximately 48 hours prior to removal of the 

unsintered powder. 
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6.3.4 Post-processing and preparation of test specimens 

Face machining was performed using a hardened-steel fly cutter. Due to the low 

melting point of the material, a low machine spindle speed of 2000 RPM, with a feed 

rate of 150 mm/m in, and depth of cut of 0.5 mmJpass. The use of an end mill was not 

recommended because heat generated by the tool rotation would cause the sintered 

layers to delaminate. Due to the high machining times required fo r each specimen, two 

milling machines were used. Each was setup to hold the specimens in a horizontal and 

vertical orientation respectively, so that the contact surfaces and edges could be 

machined in an alternating fashion, as Fig. 6.6(a) and (b) shows. 

Fig. 6.6 Post-processing and preparation of test specimens: (a) Contact surface machin ing; Cb) opening edge surface 

machining; Cc) surface Oatness inspection; (d) specimen conditioning. 

All specimens were machined to final dimension of305 mm x 305 mm x 50 mm, with 

a minimum flatness tolerance of ± 0.08 mm to minimise contact resistance. Surface 

flatness was measured using a ' straight-edge' held against the specimen surface (Fig. 

6.6c). Surface deviations were determined using ' fee ler gauges ' along a straight lines 

of four edges on the contact surface, two diagonal and a centre cross. Prior to the 

experiments, the specimens were conditioned to a constant mass by drying in a vapour

tight envelope to prevent moisture migration to or from the test specimens during the 
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tests (see Fig. 6.6d). TIlls is an important procedure because the accuracy may be 

affected due to the presence of moisture in the specimens. The relative change in mass 

(i1m) was calculated from the mass determined before and after drying. 

i1m = (TIlt - ~)jm,. (49) 

where m. and m2 are the mass before and after specimen drying, respectively. 

6.3.5 Experimental procedures 

Before the specimens were mounted in the apparatus, their mass was determined such 

that the change in mass, due to moisture absorption prior to the tests, was ± 0.5%. 

TIllckness measurements were taken at gauging points at the outer four corners and the 

centre of the contact surfaces. The thickness was determined from the average 

difference in the distance between the gauging points, when the specimens were placed 

in the apparatus, with the force exerted by the auxiliary weight pressed against the 

apparatus unit. From the measured thickness and the mass determined from the 

conditioned specimen, the density (Po) prior to testing can be calculated as 

Po =~/V (50) 

where Po and V are the density and volume of the conditioned specimen as tested. 

The temperature drop IlT across the specimens, corrected for the thermocouple 

penetration at the contact surfaces of the heating and cooling unit, was set to 10°C. 

The average electrical power supplied to the metering area was measured to within 

0.1 %. Fluctuations or changes in the temperatures of the heating unit surfaces during 

the test, due to fluctuations or changes in the input power was maintained within 0.3% 

of the temperature difference between the heating and cooling units. The power input 

of the guard section was maintained by automatic control, to obtain the degree of 

temperature balance between the metering and guard suction that is required to keep the 

sum of imbalance and edge heat loss errors within 0.5%. The average elapsed and 

settling time for each test was 135 hours, until the values of the thermal resistance of 

each specimen do not differ by more than 1 %. 
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-----------------------------------------------------------------------------1 

6.4 Numerical modelling procedures 

The computational grids constructed in Gambit1M (see Fig. 6.7) were exported to 

Fluent1M CFD code, where the steady-state heat transfer and fluid velocity profiles in 

the partitioned enclosures. 2D steady-state conjugate natural-convection-conduction 

was considered. The heat transfer in the divided air filled cavities was modelled as 2D 

steady-state laminar convection. The working fluid was assumed to be incompressible 

with constant thermal physical properties, except for density which was assumed to be 

temperature independent, adhering to the Boussinesq approximation. The buoyancy 

effects on momentum transfer were taken into account through the Boussinesq 

approximation. Fluid viscous dissipation and compressibility were neglected. In the 

solid medium, 2D conduction heat transfer was considered. The dimensionless 

governing assumptions for the conjugate heat transfer problem can be written in terms 

of vorticity, stream function, and temperature is as follow (Ho and Chang, 1993). In 

the fluid region; 

olf! am _ Olf! am = pr(02m + o2m)+ Pr Ra aB 
Ox ay ay Ox ay2 Ox2 ay 

In the solid partitions/regions; 

02() 02() 
-+-=0 ay2 Ox2 

The boundary conditions of the enclosures (see Fig. 6.7), in dimensionless form is 

y=o; If! = 0, ()=o 

y =1; If! = 0, () =1 

x=o; If! = 0, OB =0 
Ox 

(51) 

(52) 

(53) 

(54) 
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x = 1; vr = 0, aB = 0 ex (55) 

The continuity of the tempemture fields and conservation of the energy at the surfaces 

of the solid partitions/regions exposed to fluid require that 

(56) 

The average heat tmnsfer coefficient of the fluid-wetted partitions/regions of the 

enclosure is presented as an average Nusse1t number in the form of 

Nu (57) 

where q is the average heat flux at the fluid-wetted hot wall surfaces. Subscript N 

denotes the number of number of partitions. In this study, all cases were evaluated for 

Rayleigh number in the range of Ra "" 2000. The working fluids in the sub-enclosures 

were air with Prandtl number of 0.71. Table 6.3 shows the thermal physical properties 

and the initial conditions used in the CFD models. 

Table 6.3 

Thermal physical properties used in numerical models of enclosures 

Thermal conductivity (solid) (k,) 0.25W/m' 

Thermal conductivity (fluid) at T= 300 K (kt) 0.0263 W/m' 

Density of (solid) p, 970 kg/m' 

Density of (fluid) PI 1.1614 kg/m' 

Specific heat capacity (solid) cp 1007 Jlkg'K 

Specific heat capacity (fluid) cp 2350 Jlkg K 

Dynamic fluid Viscosity Jl 1.846 x 10" kg/m s 

Coefficient of thermal expansIOn p 0.00344 (1/1) 

GravitatIOnal acceleration g 981 mls' 
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6.4.1 Computational procedures 

The equations (51) to (54) with the respective boundary conditions (55) and initial 

conditions as previously stated defined were solved through a control-volume 

fonnulation of the finite difference method. The pressure-velocity coupling was 

handled through the SIMPLE algorithm by Patankar and Spalding (1972). The power

law discretisation scheme recommended by Patankar (1980) was used for the 

evaluation of the interface convection fluxes. A second order backward scheme was 

used for time stepping. Starting from the assigned values of the dependent variables 

(Le. assigned initial temperature and velocity fields through the enclosure); at each time 

step the discretised governing equations were solved iteratively through a line-by-line 

application of the Thomas algorithm. Under relaxation was used to ensure the 

convergence of the iterative procedure. Time discretisation was chosen to be unifonn. 

Within each time step, the spatial solution was considered to be fully converged when 

the maximum absolute values of both the mass source and the percent changes of the 

dependent variables at any grid node from iteration to iteration are smaller than the 

prescribed values of 10-6 and 10·' respectively. 

6.5 Results and discussion 

6.5.1 Heat and fluid flow fields 

The heat transfer rate across the enclosures was measured electronically. The results 

from the experiments revealed the rate of heat transfer but not their characteristics. 

This was detennined by plotting the steady-state isothenn contours obtained from 

numerical analyses, as Fig. 6.8 and Fig. 6.9 shows. In all, the isothenns remain almost 

parallel to the upper and lower walls and the dividing partitions. The isothenns were 

not affected by the increase in the number of partitions and vary linearly across the 

solid and fluid regions. The horizontal partitions remained isothennal, indicating a 

unifonn heat flux and that heat transfer is conduction dominated. With the current 

enclosure configuration, the density of the working fluid does not decrease in the 

direction of the gravitational force. Therefore, the conditions in the fluid are stable. 

Only a minute trace of fluid motion at the vicinity of the vertical columns could be 

observed. The heat transfer of horizontal enclosures has no effect on subenclosure 
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aspect ratios. The fmdings were consistent with those found by Nishimura et al. 

(1989). 
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(a) N = 0, wlho = 2.50 (b) N= 1, wlh1 = 5.28 

(c) N= 3, wlh3 = 11.91 (d)N= 5, wlhs = 20.52 

Fig. 6 8 Steady.state isotherms oflest specunens from guarded hot plate apparatus: (a)N= 0, (»)N= 1; (c)N= 3; (d) 

N = S DunenslOn ID Kelvm (K) 

The stream functions (\I') in the fluid regions are represented by pairs of diagonally 

synunetric counter-rotating cells at the vicinity of the conducting bridges, where minute 

traces of fluid motion are present, as Fig. 6.9 shows. The size of the cells and the value 

of the If/max are observed to decrease with increasing N. The If/max decreases by 

approximately two orders of magnitude. Given that thermal boundary layers are not 

present and that the fluid remained relatively stagnant, the effects of convection may be 

negligible. In contrast, the fluid regions in between the middle of the cells remained 

stagnant and heat is expected to be transferred predominantly by means of conduction. 

~,~, ) ~( .. ~!" 
-:-"'-, 

-- '~ .~':;, 
/ ." l " ~,-"'~ 

~ - -,,.11. 

(a) N= 0, If/m .. = 1.15 x 10.5 

o 

Fig. 6 9 Stream function (1") of test specimens from guarded hot plate apparatus (a) N= 0, (b)N= 1; (c)N= 3; (d) 

N = S. Dimension in m'ls 
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6.5.2 Heat transfer results 

The heat transfer rate across the enclosures was measured electronically, from the 

power dissipated by the heating unit (see page 118). The heat transfer quantities of 

interest, the ka and R-value, were calculated using equations (47) and (48). Fig. 6.10 

conveys the results of ka and R-value, for N = 0 to N = 5. 
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FIg. 6 10 Apparent thennal conductlVlty (k,,) and thennal reSistance (R-value) vs. N -I partItIon 

The R-value of the specimens increases due to the increase in the number of partitions. 

Despite the orientation of the thermal boundary conditions, the dependence of ka and R

value on N not proportional and tended to diminish with increasing N. From the 

experiments, q and R-value was found to vary by approximately 56%, when N number 

of partitions is increased from 1 to 5. 

For the case of the solid slab specimen, the value keJf was found to be approximately 

0.25 W/m·K. In contrast, this figure was higher than the thermal conductivity of an 

equivalent material, sintered P A2200 Nylon-12 (k = 0.144 W/m· K measured using DIN 

52616 standard), obtained from the m~terial data sheet. In this case, the experimentally 

measured keJf and data sheet given k differ by approximately 42%. The thermal material 

properties of solids, particularly those build using AMT's, should ideally be determined 

through experiments. Parts built on the same machine using different machine settings 

may have different properties. 
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Table 6.4 summarises the heat transfer results of the horizontal enclosure obtained from 

the GHP apparatus. 

Table 6.4 

Summary of result from guarded hot plate GHP experiments of enclosures with N = 0 to N = 5 

Partitions wlh ratio V,!Jjratio (91) Heat flux, q (W Im') R-value (m'·KIW) 

N=O 2.5 0.328 40.17 0.272±4.1% 

N=1 5.28 0364 30.76 0.421 ±4.5% 

N=3 11.91 0.437 19.85 o 565±4.5% 

N=5 2052 0.509 17.86 0.635±45% 

To further quantify the effects of the heat transfer of the horizontal partitions, Nu and q 

is plotted against N (see Fig. 6.11a). The correlation used for the horizontal enclosures 

is based on the correlation recommended by Nishimura et al. (1989). 

(58) 

The results show that Nu for no the enclosure with no partitions (N = 0) was in good 

agreement with heat transfer characteristics expected from the configuration of test 

specimens. This confirmed that heat transfer across the undivided airspace was 

conduction dominated. Conversely, the decease in Nu and q with increasing N is not 

proportional. However, the presence of partitions did not produce a proportional 

reduction in heat transfer rate. Fig. 6.11 (b) shows the effect of the wlhN ratio of 

subenclosures on decreasing Nu. Given that conduction is the dominant mode, the 

reduction of Nu was observed to be most profound for the first two partitions. 

Accordingly, heat was transferred by means of pure conduction. In all, Nu and q 
\ 

decreases by 85% and 56% respectively, as a result of the increase in N and 

subenclosure aspect ratio. 
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Fig. 6.12(a) shows the relationship of Nu and q in tenns of rp. The increase in rp yielded 

a non-proportional reduction in both Nu and q, but diminishes with increasing N. This 

is expected as the increase in volume of the solid medium with higher conductivity 

would lead to increased conduction. Fig. 6.12(b) presents the relationship of the rp and 

h,/h in tenns of N. 
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As expected, the introduction of partitions with unifonn thicknesses yielded a 

proportional increase in rp (or mass) and a non-proportional decrease in the 
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subenclosure hJ/h aspect ratios. In tenns of engineering application, the efficiency (,,) 

of the partitions decreases with increasing N. The increase in " was not proportional 

and decreases with increasing N, as Fig. 6.13 shows. 
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Fig 6 13 Insulation efficIency (If) of vertICal parallel parl!!lons as a fimenon ofN'partitions 

6.6 Conclusions and remarks 

From the results, it was deduced that an optimal threshold limit exists, in which the R

value of an enclosure could be maximised by minimising q. This meant that the heat 

flow rate across enclosures could be controlled and optimally suppressed through use of 

partitions to discretise the internal airspaces. Theoretically, an optintal thennal solution 

is one where convection is effectively suppressed. So far, the work focussed on the 

analysis of heat transfer for a fully divided partitioned enclosure. In Chapter 8, a 

Discretisation by Partitioning Method (DbPM) is devised and applied to optimise the 

thennal insulation of a load bearing structure by minimising the heat flow rate across. 

The trend of the reduction of heat transfer and thennal properties has now been 

established through the heat transfer experintents, the analyses of the subsequent 

investigations could be perfonned using numerical modeIling. The upcoming work in 

Chapter 8 is envisaged to fonn Stage-2 of the 'two-stage' layout optimisation and 

discretisation approach for a non-convective structured insulator. The results show a 

nonproportional reduction in heat transfer. This reduction resembles a polynomial 

function which suggests that the minima of the curve could give an optimal 

discretisation, in which fonned the basis for the upcoming investigation. 
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7 
Layout Optimisation of Structured Insulator 

Enclosure 

7.1 Introduction 

The initial investigation of beam structures demonstrated good correlation between the 

FEA and physical experiments. The findings fonned a basis which paved the way for 

an investigation on design optimisation of the structural layout of an insulator 

enclosure. The current study fonns Stage-l of the proposed 'two-stage' design 

optimisationldiscretisation approach for a non-convective 'structured insulator'. 

Layout optimisation of the insulator enclosures was perfonned using the MD method. 

The objective was to find a continuum structural layout with maximum possible 

stiffuess and minimal volume. The granular material properties calibrated for 

consolidated SLS Nylon-12 have been used for the FEA of the optimisation models. 

The type of structure and load cases to be considered was intended to take advantage of 

the attributes of the material in compression where they are most durable. Accordingly, 

the optimum structural layout to be sought should ideally produce a 'compressive 

structure' . 

In the 'two-stage' approach, structural integrity was considered as the primary 

requirement. This had to be addressed before a thennal solution could be detennined. 

The structural layout optimisation covers two loading cases. In this chapter, the basic 

design considerations are highlighted, along with the design optimisation problems, 

meshing strategy and post-processing procedures. Results of the layout optimisation of 
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both the investigated loading cases and the post-processed layout are evaluated. The 

optimised layout would therefore form the basis of the initial design for the thermal 

discretisation/optimisation problem, to be addressed in the upcoming chapter. 

7.2 Key design considerations 

7.2.1 Build/Construction material 

A notable characteristic of consolidated SLS Nylon-12 is its apparent brittleness in 

direct tension. In layout optimisation, the use of the material for structural members 

subjected to this type ofloading should be avoided. From the salient features observed 

in the initial investigations covered in Chapter 5, SLS Nylon-12 parts share similar 

characteristics to that of plain concretes, which are best suited for structures under 

compression with light transverse loads. In addition, tensile failures could be 

compensated if members are preloaded in compression. The layout to be determined 

from the optimisation should ideally produce members in direct compression. 

7.2.2 Modular construction 

The optimisation study of Stage-l considers a 'modular structure'. A good example is 

the concrete masonry units (CMU's) used widely in construction, as Fig. 7.1 shows. In 

application, the units could be bonded to form a wide variety of 'bulk' assemblies (e.g. 

walls, etc.). In the case of building walls, these are predominantly subject to downward 

and horizontal loads. This specific case was chosen, as it demonstrates the design 

problem of a structure with strength and insulation requirements, in its most basic 

configuration. The problem considered here is a generic one, in the sense that the 

optimisation approach is applicable in many cases, even for complex loading 

conditions. 
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Fig. 7.1 Typical example of modular ooncrete masoruy urn! (CMU) load beanng wall' (a) Rectangular 'split-oore' 

CMU wall structure, (b) enlarged VIew ofspht-oore modularCMU. (P denotes pressure loads) 

7.2.3 Design and application versatility 

CMU's are one of the most versatile building materials used in both structural and non

structural components. Current load bearing versions come under the ASTM C90 

Grades 'N' and'S' (Spence, 1998). Their designs are emphasised on application 

flexibility, aimed at covering a wide range of generic building applications. As a result, 

the layout tended to be conservative where the basic design had remained relatively 

unchanged. Current load bearing CMU's were seen to lack the flexibility in terms of 

addressing specific building needs. This creates the provision for the design 

optimisation of such structures. 

7.2.4 Integration of functionality 

Standard CMU's emphasise on strength requirements and application versatility. As a 

result, the degree of 'primary insulation' which could potentially be gained from 

geometric features was often overlooked. In construction, the common approach to 

increase thermal resistance was to fill up the cores with insulation material. In contrast 

to a 'multiple material' construction, structural and thermal functionality could 

alternatively be achieved by means of geometric features. Currently, there are no 

design standards that apply to the design of modular structures with strength and 

insulation requirements. The current design approach is largely based on experience 

and expetirnental data from the initial investigations. 
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7.2.5 Design for AMT's 

The drawback of layout optirnisation is that the design solutions tended to be 

'geometrically' complex. This inhibits conventional means of manufacture. Given the 

gradual 'shift' of AMI's, from lab and shop floor-based manufacturing towards 

construction application, the onloffsite fabrication of large scale structures could be 

made possible though FC in the near future. Using the layer by layer build approach, 

metre-scale building structures consisting of arrays of optirnised modular units could be 

'printed', negating the need for secondary bonding material. Some of the potential 

advantages of this approach include reduced material construction, integration of 

geometric form and function, savings in build material and freedom of build geometry. 

7.2.6 Modular configuration 

The layout optimisation focussed on a modular unit structure with width to height 

aspect ratio of 1:1 (see Fig. 7.2). The split-core configuration with open cores on faces 

'j' and '1' of the standard CMU was not adopted. This was because desirable insulation 

could not be gained. Instead, a cubic structure with open cores on faces 'rn' and 'n' was 

used. In contrast, this particular configuration is expected to give better insulation 

against the internal convective flows. Although lateral stiffuess is generally higher with 

a webbed layout, thermal insulation is severely hampered. To address the structural 

design problem, an alternative layout was determined using the MD method. 

(b) 

(a) 

Interior 

1 
1 

y x~, X'l--. 

FIg 72 IdealIsed urnt cell CMU wall structure. (a) Wall structure conslstmg of an assembly of dIScrete cubic 

structores, (b) enlarged Vlew of a urnt cell cube. (P denotes pressure loads) 
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7.2.7 Design constraints 

In most design problem, there are bound to be design constraints in order for the design 

to be feasible. For building structures, such as the case of the walls and floors, the 

external surfaces were often maintained 'planar'. In most cases, it would be of no 

useful purpose if a wall or floor were to have non-planer surfaces. In this case, the 

design constraints 'indirectly' provide means as an 'interface' for other structural 

members, which may come in contact to form an assembly or as load transfer 

mechanism. In most building structures however, such geometric design constraints are 

seldom required by internal layout, in which forms the design domains of the structural 

layout optimisation. 

7.3 Design optimisation problem 

The design task is to optimise the cross-sectional layout of an insulator enclosure. The 

aim was to find a maximum static stiffuess design of least weight by minimising 

compliance, subject to stress and deflection constraints. Fig. 7.3 depicts the schematic 

diagram of the optimisation problem. In cross-sectional view, the enclosure resembles 

a 'box' structure with WIH ratio of S = I, void wlh ratio of s = 1 and uniform section 

thicknesses t. The top and bottom face shells are assumed to be bonded to form a wall 

structure, under loads F acting vertically downwards on face-j, and surface loads P 

acting horizontally on face-k. In addition, the inner and outer surfaces are subjected to 

a temperature drop of lOoe across the cross·sectional width, as Fig. 7.3(a) shows. 
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FIg 7.3 SchemalJ.c dJ.gram of deSIgn optimisation problem (a) applied loads on the bulk assembly, (b) Free body 

diagram denobng the force and moment reachons (P denotes pressure loads) 
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The free body diagram depicting the force and moment reactions, which forms the basis 

of the current design problem, is shown in Fig. 7.3(b). The investigated loading 

condition is a generic one, analogous to the loads exerted by a 'floor joist' or beam 

resting on top of a load bearing wall, as Fig. 7.4 shows. If the total deflection is 

assumed to be small and that the stresses would remain planar. Hence, only a plane 

strain model was considered. The effects of stresses in the third dimension are 

negligible. The extruded length b could be defied using a 'real constant' thickness. 

T~I) 

(Wind load) 
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L 
x 

(eMU wall In compression) 

(Floor load) 

Soli 

Footing reaction load 

Roof 

Floor 

FIg. 7 4 Typlcalloadmg conrutIon of a load beanng eMU wall (cross·sechonal VIew) 

In this current investigation, the design optimisation covers two loading cases; 'static 

mechanical load' only and 'coupled-field static mechanical and steady state thermal' 

loads. The static mechanical load case serves as a basis for results comparison, as well 

as to demonstrate the significance of the thermal loads on the design outcome. 

The design optimisation problem to be solved may be formally stated as 

Minimise 

Subject to 

m 

O"max ::s O"y 
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where m is the structural mass. In this study, the modular units were designed to 

support loads F><l) = F><3) = 600 N and F><2) = 1200 N, at points C, D and E respectively, 

on the top face shell. The comer vertices A and B, at the bottom face shell, were fixed 

in the x andy-direction (see Fig. 7.3b). Due to the bimodulus nature of the material, the 

strength limit O'rn", for members under bending and tension was 0'><1) = 44 MPa. For 

members under compression, O'><c) = 54 MPa was used. In the initial investigation, a 

value was given to drnax. In this particular study however, to fmd a layout with 

maximum stiffness using MD, dmax has to be set to zero. 

7.3.1 Design optimisation model 

Fig. 7.5 shows the schematic diagram of the MD optimisation model. The dimensions 

of the enclosure are W = H = 150 mm, w = h = 130 mm, and thickness t = 10 mm. 
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FIg. 7 5 Design domains, shape constrain~ Ioadmg and boundary conrullons of the opl!misallon model. 

The third dimension was not modelled. A thickness constant of b = 150 mm was given 

to account for the extruded length in the z-axis. Growth and degeneration was guided 

to occur within the 2D rectangular design domain on the x-y plane. A shape constraint 

was defined, whereby the removal and addition of elements in the non-design domain 

was restricted. This was to ensure that the external surfaces of the face shells remained 

planar. Within the design domain, additional elements were used to horizontally and 

vertically 'tie' the face shells. These elements provide means for initial growth to form 

initial load paths, but not as additional supports structures. Design constraints was not 

applied to the 'ties' and 'stirmps'. During the optimisation, these may be removed if 
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they do not contribute to the static stiffness. For the generali sed layout methods, the 

definition of explicit optimisation parameters was not required; the material distribution 

function over the design domain serves as the optimisation parameter. 

7.3.2 FE modelling of optimisation model 

Fig. 7.6 shows the FE discretisation, loads and boundary conditions of the optimisation 

model. The main enclosure, 'stirrups' and cross ' ties' consists of 5620 and 1028 

quadrilateral elements respectively, with element size of I mm by I mm. 

T .o( I) 

fJ 

-.. Force mm Pressure ~ Insulation 

-- Surface temperature _ Enclosure (stirrups and lies) 

Fig. 7.6 FE discretisation, load and boundary conditions optimisation model. 

The MD optimisation model of the structured insulator enclosure was constructed 

manually using the ' input file ' text input approach in ANSYS . First, the FE nodes of 

the cross-sectional layout of the enclosure were generated. Tllis was fo llowed by the 

defmition of the sequence order of the nodal positions, to form the quadrilateral 

elements. In the MD method, only the FE model is required but not the geometric 

features. These procedures were done using the ANSYS commands, instead of the 

graphical user interface (GUT) method. The ' input fi le' contains the information of the 

optimisation model, to be read by the FE code prior to the layout optimisation. 
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7.3.3 Coupled field analysis 

In tills current investigation, both the PLANE42 and PLA E55 (the equivalent 

elements for thermal analysis) elements were used in the optimisation model. To 

account for the effects of thermal stress, the ' indirect ' sequential 'coupled-field ' 

thermal-structural analysis was performed . This involved a combination of analysis 

from a structural and thermal physics field which interact to solve a global analysis 

problem. In this method, different databases and results fi les are maintained, as Fig. 7.7 

shows. 

Database Results 
................................................. 

Analysis No. 1 Results file 
(thermal analysis) No. 1 

n LDREAD I 
~ 

Analysis No. 2 
-~ 

Results file 
(structural analysis) No. 2 

j 
---_ .. __ .. _----_._-_ ............... ................ 

Fig. 7.7 Data flow diagram of indirect sequential coupled-field thennal-structural analysis. 

The thermal (A nalysis No. 1) and structural analyses (Analysis No. 2) databases contain 

the appropriate solid models, nodes, elements, applied loads and boundary conditions . 

Initially, the model was meshed using the PLANE55 elements and thermal analysis was 

performed. 'Coupling' was then performed llsing the 'LDREAD' ANSYS command. 

The model was tllen re-meshed the using PLANE42 elements to be structurally 

analysed. Following that, the results file of the thermal analysis was then transferred, to 

be applied as body loads in the structural analysis. In thi s approach, the nodes and 

elements of the FE models must be consistent between both the analyses databases. 
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7.3.4 FE discretisation of optimisation model 

Within the MD method, two meshing strategies apply in the discreti sation of the MD 

optimisation models. As a standard practice, a finer mesh should be used in the design 

domains, but not for the whole model. SI. Venant's Principle implies that local stresses 

in one region of a structure do not affect the stresses elsewhere. Hence, a considerably 

courser mesh can used be in the region of the structure which lie in the non-design 

domains, subject to permitting a reasonable quality of transition while minimising the 

number of 'badly shaped' elements. In a FE-based layout optimisation, the 

discretisation scheme greatly influences the results. As the optimisation could start 

from either an under-designed or over-designed layout, the ideal discretisation is one in 

which the final optimised design could achieve mesh convergence. Alternatively, a 

reasonably finer mesh could be used for regions in the design and non-design domains, 

the only drawback being the lengthy solution timel ine. This was a straightforward 

approach since and use of a transition mesh was not required, which may have been 

difficult to construct for large complex models. A good example can be found in Liu et 

al. (2001). 

No strict guidelines apply to the type and size of mesh required for the optimisation 

models. However, the FE discretisation used in each design domain must be consistent 

(i.e. element type, size, etc.). As each optimisation problem may be somewhat unique, 

the suitable discreti sation may have to be determined by performing an initial 

investigative analysis prior to excuting the optimisation run. [n most optimisation 

problems, the second approach would be used due to simplicity. [f the section 

thicknesses of the constrained geometries and design domains vary greatly in the design 

domains, the fU'st approach would be more computation ally efficient. In general, the 

selection of an appropriate or resonable FE discretisation scheme depends on the user's 

experience in the MD method. 
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7.4 Results 

7.4.1 Structural layout optimisation 

Layout optimisation was performed on insulator enclosures under i) static mechanical 

and ii) coupled-field static mechanical and steady state thermal loads. The optimisation 

histories of both design cases are shown in Fig. 7.8 and Fig. 7.9 respectively. 

i) Sialic mechanical loads only 

The optimisation took 160 recurring MD iterations (n;) to converge, as Fig. 7.8 (a) to 

(0) shows. Layout optimisation was initiated from an ' underdesigned ' rectangular 

enclosure with hori zontal and vertical face shells connected by vertical stirrups and 

horizontal ties. From n/ = ° to n; = 10, growth was concentrated at regions of high 

stress, at the vicinity of the intersections of the stirrups and ties. From n; = 10 to n; = 

23, new load paths are created with the relatively ' unstressed' elements removed. From 

n; = 23 to n; = 44, the formation of the primary 'struts' , which resembled an 'A-arm ' , 

began to take place. From n; = 44 to n; = 73, a conceptual layout of the optimised 

design was established. Hereafter, the design ' refinement' was primarily centred on the 

further removal of material , before an optimal solution with externally flush finish was 

found at n; = 160. 

ii) Coupled-field sialic mechanical and steady slate thermal loads 

Layout optimisation of the insulator enclosure under coupled mechanical-thernlal loads 

took n; = ]48 iterations to converge, as Fig. 7.9(a) to (0) shows. The optimisation 

began from an identical initial model used in the optimisation study of case (i). 

Initially, from n; = ° to 11; = 30, growth was concentrated at intersections of the stirrups 

and ties. At n; = 40 to 11; = 70, the formation of the newly created load paths leading a 

conceptual optimised layout began to take place. At this stage, the main strut members 

were ' held' by slender 'shear ties' to the main enclosure. These shear ties were 

gradually removed as the A-arm layout began to take shape. From n; = 70, the 

optimisation was centred on further volume reduction through removal of the relatively 

unstressed material. An optimal solution found at nj = 148. 

144 



(a) 11, = 0, rp = 0.295 

.... ~ '., ,A 
(d) '" = 30, rp = 0.675 

(g) 11, = 48, rp = 0.598 

(j) '" = 100, rp = 0.503 

(m) 11, = 150, rp = 0.461 

(b) 11,= 10, rp = 0.477 (c) 11, = 23 , rp = 0.624 

(e) n, = 40, rp = 0.694 (I) 11, = 44, rp = 0.593 

(h) 11, = 73, rp = 0.528 (i) 11,= 89, rp= 0.515 

(k) '" = 120, rp = 0.472 (I) 11, = 144, rp = 0.458 

(n) 11, = 152, rp = 0.459 (0) 11, = 160, rp = 0.458 

Fig. 7.8 MD optimis8tion history of consol idated Nylon. 12 granular-solid polymer insulator enclosure under static 

mechanical loads: (a) Iteration"l = 0 to (0) iteration IJi = 160. 
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(a) 17, - 0, rp - 0.295 (b) 11, - 10, \0 - 0.477 (c) III - 20, \0 - 0.624 

(d) 17, - 30, rp - 0.675 (e) Il, - 40, If! - 0.694 (I) 11, - 45, \0 - 0.593 

(g) 11, - 50, If! - 0.598 (h) Il, - 60, If! - 0.528 (i) 11,- 70, If! - 0.5 15 

(j) 11,- 90, If! - 0.503 (k) 11,= 10 1, If! = 0.472 ( I) 11, = 119, If! - 0.458 

(m) 11, - 130, If! - 0.46 1 (11) 11, = 140, If! = 0.459 (0) 11, - 148, If! - 0.458 

Fig.7.9 MD optimisation of history of consolidated Nylon-12 granular-so lid polymer insulator enclosure under 

coupled steady state thenna! and slatic mechanical loads: (a) Iterat ion "i = 0 to (0) iteration "I = 148. 
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7.4.2 Stress distributions 

Fig. 7.10 and Fig. 7.11 show the equavalent stress (O'eqv), plane shear stress ('xy), 

maximum (0'(1») and minimlUTI principal stresses (O'(e») contour plots of the optimised 

insulator enclosures, respectively. The FE models of the design solutions given by the 

MD method consisted of 11056 and 11072 nodes, respectively. 
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Fig. 7.10 Stress contour plots of structurally optimised insulator enclosure under static mechanical loads: (a) O"eqv 

equivalent stress; Cb) Tl)' plane shear; (c) direct tensile; (d) direct compression. (in units MPa) 

The results showed that O'eqv of both the optimised enclosures range from 0 to - 2 1.6 

MPa. This indicated that the continuwn truss members remained elastic, as Fig. 7.1 O(a) 

and Fig. 7.1 I (a) show. The ' ry plots in Fig. 7. 10(b) and Fig. 7.11(b) revealed that shear 

stress was in the range of - -5 MPa to - 3 MPa. These figures were below the shear 

limit (k) of the material , in which was determined to be less than the uniaxial yield 

strengths . Although the maximum stresses were observed to be below the strength 

criteria, the computed values were unreliable, given that support and loading points 
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would usually generate stress concentrations. In all, the stresses away from the loading 

points and constraints were below the allowable strength criteria of the material. 

(a) (b) 
SEQV SXY 
SMN -·0.002 SMN ··$.~2S 

SMX· 21.SSS $M)( -2 788 

I I 

/l 
0 ",. ' .596 14 393 19.190 -5325 -3.522 -,719 0.084 1.886 

2.401 7 .198 " "" 16.791 21.588 -4424 -2.621 -0818 0985 2.788 

(c) l (d) 

" " SMN aO SMN a·D 
$M)(·3.1&2 SMX -· 2.f 231 

l o 0.078 0 156 0.234 0.312 
0039 0117 0. 195 0273 0351 

-2.692 -2094 -, 469 -0.897 -0.299 
-2393 ·1 795 ·~ 1 96 ..0 .598 0 

Fig. 7. 11 Stress contour plots of insulator enclosure under coupled-fi eld static mechanical and steady state thermal 

loads: (a) Ueqv equivalent stress; Cb) f l)' plane shear; (c) direct tensile; Cd) direct compression. (in units MPa) 

The stress contours depicting the tensile and compressive stresses are shown in Fig. 

7.10(c and d) and Fig. 7.11(c and d), respectively. Tensile stresses developed on the 

top, bottom and outer face shell s. This was expected because these members lmdergo 

bending due to the transverse loads. The tensile stresses were found to be in the range 

of - 0.32 MPa to - 3. 16 MPa. In contrast, the vertical face shells and A-arm structures 

remained predominantly tmder compression. The compressive stresses range of 

approximate -3 MPa to -24 MPa. Hence, the structure should remain safe under the 

applied loads. 
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7.4.3 Optimisation history and convergence 

Fig. 7.12 and Fig. 7.13 show the variation of the objective functions and optimisation 

histOlY, in terms of 11; recurring iterations. The curve in Fig. 7.12(a) indicates a steady 

increase in mass (ms) objective function , as a result of growth, up to n; = 36. Hereafter, 

the m, objective function shows a steady and gradual decreasing trend, with slight 

fluctuations up to the 11; = 130. Prior to approaching an optimal solution, the objective 

function shows higher sensitivity with respect to the change in layout, due to the 

removal of structurally ' inefficient' material. The total deflection (0.0 •• 1) convergence 

curve shows a steep decreasing trend up to 11; = 12. After which, the 010,,1 objective 

function shows a flat decrease. Strain energy (U) decreases steeply up to 11; = 30, as 

Fig. 7.12(b) shows. Subsequently, a flat increasing trend is observed up to the region of 

optimal solution. Conversely, an opposite trend was observed for the maximum stress. 
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Fig. 7.12 Optimisation convergence and history plOl of insulator enclosure under static mechanical loads: (a) deflection 

convergence plot; Cb) U and Umax hi story plot. 

Fig. 7.13(a) shows the variation of the m and .:5.01• 1 objective functions of the layout 

optimisation of the insulator enclosure under coupled mechanical-thermal loads. The 

rn, convergence curve indicates a steady increase in the objective function value up to l1i 

= 40. After this, the curve shows a decreasing trend up to 11; = 72. This is followed by 

a sharp decrease at 11; = 74 and 11; = 77, due to the higher sensitivity of the layout with 

respect to the change in layout. Hereafter, the rn objective function shows a steady 

increase up to l1 i = 97. The curve decreases gradually before converging to an optimal 

solution at l1i = 148. The O.OInl objective function however, shows a steep decrease up to 
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n; = 12. This is fo llowed by a flat decreasing trend up to n, = 71. The "to181 objective 

function increased rapidly at 11; = 72 and 11; = 77, corresponding to the higher sensitivity 

to the change in layout. After thi s, the curve remains flat before converging to an 

optimal solution at 11; = 148. 
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Fig. 7.13 Optimisation convergence plot for insulator enclosure under coupled-field static mechanical and steady state 

thennalloads: (a) deflection convergence plot; (b) Uand Uma."( history plol. 

In Fig. 7. 13(b), the U curve shows a steep decrease up to 11; = 38. This is fo llowed by a 

gradual increase up to 11; = 76. The U curve shows a steep at n, = 77 con'esponding to 

the higher sensitivity to the change in layout observed in Fig. 7.13(a). On the contrary, 

the inverse is observed for the 0'1118" curve. Despite the fact that O'rn,x < O'y, these values 

were somewhat 'unrelistic' as they were the nodal stresses at the support point vertices. 

Incorporating new features in the FE models would decrease the effects of these 

localised stresses. Importantly, even though the values of stresses showed by the curves 

are ' local ', the values of O'rn.x were found to be significantly less after the optimisation. 

In the optimisation of the insulator encloslU'e under static mechanical loads, a series of 

apparently ' local optimum' so lutions can be observed, as Fig. 7.12(a) shows. Here, it 

was assumed that the minimum of all local optimums gives the ' near global ' optimum 

solution. In this study, at 11; = 160 the m and "tot,1 objective functions attain minimum 

values of 1.487 kg and 0.074 mm respectively. Hence, the layout con'esponding to 11; = 

160 was considered as the near optimal design solution. 
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The convergence curves of insulator enclosure under coupled mechanical-thermal loads 

showed less local optimas. In this case, only one minimum point, where the objective 

functions is least sensitive to layout change could be identified. Accordingly, the layout 

at n; = 148 is considered the near optimal solution, with m and " Iolal attaining values of 

1.464 kg and 0.075 mm, respectively. 

7.5 Post-processing optimised result 

Although both quadrilateral and triangular plane elements were used by the MD method 

to approx imate ' smooth ' surface boundaries, the given optimised layouts may not be 

suitable for manufacturing. This was largely due to the relatively 'jagged' surface 

boundaries of the transition between quadrilateral and triangular elements. In some 

designs, the associated local stress intensity factors may be severely influenced by the 

local stress field induced by these irregular boundaries. In most cases, optimised 

layouts without post-processing are not realisable in practice. Hence, post-processing is 

seen as an essential step in the design procedure to improve the objective functions, as 

well as to yield a practical design fit for manufacturing and application. 

The optimised layout was post-processed manually in two stages. Initially, the nodes of 

the external boundaries were identi fied from the FE models. Spline curves were fitted 

through to approximate a smooth profile, as Fig. 7.14 shows. 

(a) 

(optimised layout) 

S Smoothened boundaries 

g Gaps to be fil led 

Spline curves 

liliiii FE model 

(enlarged view) 

Fig. 7. 14 Post-processing of MD optimised insulator enclosure layout: (a) Optimised cross-sectional layout; (b) 

smoothened optimised internal boundaries. 
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The gaps in between the optimised layout and spline curves were 'fi ll ed' to give a 

smooth fini sh. However, this resulted in a sl ight increase in mass. The alternative 

approach of fitti ng spline curves to create smoothened surfaces that would result in the 

removal of material is not recommended, as doing so would ultimately affect the global 

sti ffness of the optimised structure. In the next step, a cross-sectional layout of the 

smoothened geometry was generated by means of a simple Boolean operation, fo llowed 

by a 3D model. This was converted into a neutral data fOlmat (i.e. IGES, Parasol id, 

etc.) which could be read by a commercial CAD system. 

The abrupt edges of the continuum members were 'rounded' by means of the ' fi llet' 

option through use of a CAD package. This secondary smoothing procedure elim inated 

the geometric features which may potentially cause high stress concentration (i.e. notch 

effect). The model with smoothened edges was converted to a neutral format to be read 

by the FEA code. At this stage, higher order elements, PLANE82, with mid-side nodes 

were used to discretise the post-processed enclosure models, as Fig. 7. 16 shows. The 

post-processed models were then re-analysed using the loading and boundary 

conditions as mentioned in Section 7.3.2. Fig. 7. 15 shows an example of the process 

flow of the post-processing procedures implemented here. 

Oplimised model of 
insulator enclosure from 
MD ('green' mode~ 

Reanalysed smoothened 
model and obtain results 

2 

Identify external boundary 
nodes of the 'green' model 

SmOOlhened model exported to 
FEA package and meshed using 
elements with mid-side nodes 

Smoothing by 'spline' fitting 
and filling up gaps. Export file 
as neutral data format (Le. 
IGES, SAT, XT, etc.) 

Export neutral data format to CAD system. 
Edges smoothened by fillet operatIon. 
Model exported as neutral data format. 

Fig. 7. 15 Process flow of the post-processing of MD optimised insulator enclosure 
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7.5.1 Stress distributions 

Fig. 7.16(a) and (b) shows the FE di scretisation of the post-processed insulator 

enclosures. The FE models were meshed using higher order (2nd degee) quadrilateral 

PLANE82 elements and consisted of 9093 and 9151 nodes, respectively. A mesh size 

of 2 mm was used. The post-processed models were re-analysed and the resultant 

stress fields are presented in Fig. 7.17 and Fig. 7.18, respectively. 

(a) (b) 

Fig. 7. 16 FE Discretisation of post-processed insulator enclosures: (a) enclosure under static mechanical loads with 

9093 nodes; (b) enclosure under coupled mechanical and thennal10ads with 9151 nodes. 

From the stress contour plots, it was observed that post-processing had resulted in a 

more uniform stress distribution, notably along the smoothened boundaries and filleted 

profiles. The 'jagged' boundaries were eliminated by the spline curve smoothened 

boundaries. The O".qv contour plots, in Fig. 7. 17(a) and Fig. 7.18(a), indicated a peak 

stress of 30 MPa at the point supports. Fig. 7.17(b) and Fig. 7.18(b) shows the ' x)' 

contour plots of the post-processed enclosures. The results revealed that shear stress 

peaked at 3 MPa. The magnitude ohX)' was found to be greater at lower portion of the 

'legs ' and 'angular cross ties' of the A-arm structure. 

Fig. 7.17(c and d) and Fig. 7.18(c and d) depict the O"(t) and O"(e) components of the post

processed enclosures. The development of 0"(1) is more pronounced at the top, bottom 

and outer face shell s. This was primarily due to bending of these face shells produced 

by the applied loads. The results indicated that 0"(1) was in the range of 0 to 6 MPa. 

Conversely, the vertical inner face shells and the A-arm layouts were largely under 
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-------------------------------------------------------------------------------

compression. Here, the compressive stresses range from 0 to 30 MPa. As a general 

observation, the magnitudes of 0"(1) were found to be higher in the continuum inclined 

members of the A-arm and inclines cross ties. 

It can be seen that the O"eqv along the surfaces of the post-processed layouts have a near 

constant stress distribution. This means that the current design layout will have 

considerably increased fatigue endurance. The level of stresses at the point supports 

was considerably greater than the stresses at other locations. Stresses at these regions 

are unrealistic due to stress concentration at a single node. A similar trend was 

observed for the loading points on the top horizontal face shell. In all, the stresses in 

the continuum members were below the allowable limits . This indicates that the 

structure would remain elastic under the appl ied loads. 
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Fig. 7.17 Stress contour plots of post-processed insulator enclosure under static mechanical loads only: (a) q~ 

equivalent stress; (b) Tl)' plane shear; (c) (J(t) direct tensile; (d) u (c) direct compression. (in units MPa) 
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Fig.7. 18 Stress contour plots of post-processed insulator enclosure under coupled-field stat ic mechanical and steady 

state (henna! loads: (a) q eqv equivalent stress; Cb) Tl)' plane shear; (c) 0'(1) direct tensile; (d) q(c) direct compression. (in 

units MPa) 
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7.6 Discussions 

7.6.1 Growth cone development 

During the layout optimisation, structural growth was guided to occur at regions of high 

stress in the structure within the defmed design domains. With the introduction of 

material by means of the various growth cones, regions of high stress are 

'decentralised' with the formation of load paths to 'redistribute' the load. Conversely, 

material which carry virtually no load or undergo relatively low stress were identified 

and removed, because they do not contribute to the overall stifihess. In context to other 

generalised methods, MD's approach closely resembles that of the adaptive growth 

employed by load bearing biological structures. The approach employed by MD uses a 

fundamentally different approach compared to SBG methods by Baumgartner et al. 

(1992) and Mattheck and Burkhardt (1990). 

In general, the growth/degenerative optimisation procedures of the MD method could 

be categorised as the initial, intermediate and refinement development stages. Such 

distinctive optimisation stages could also be observed from the convergence plots of 

ESO methods (Querin et al., 1998; Das et al., 2005). The discussions of the optimised 

layouts by the MD method are based on that of Case (ii). 

7.6.2 Initial stages 

At the initial stages, growth was mainly aimed at reducing the level of stresses of the 

chosen under-designed initial structure. Growth at this stage did not produce a layout 

that differs much from the initial layout and occurs primarily by means of the 'bus' and 

'star' topologies, as Fig. 7.19(a) shows. Despite the reduced level of stresses, the 

resultant layout still resembles that of the initial layout. However, the two vertical 

members, at the top quadrants, began to tilt towards the middle, as exemplified by 

angles el and e2 (Fig. 7.19b). If the additional stirrups and ties were not included, 

growth would therefore take the form of the 'ring' topology, towards the development 

of the inclined primary strut members of the 'A-arm' layout. Optimisation had resulted 

an increase in mass (or volume) of 48%. This is a substantial increase for the initial 

development stages alone. In terms of convergence, the structure is highly sensitive to 
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changes in layout. Hence, the current layout was still somewhat 'unstable' and could 

be further improved. 

FIg 719 ImtlQI development stages of Case (11) (a) 100tiallayout of structure, (b) layout at n, = 20. 

7.6.3 Intermediate stages 

At the intermediate stages, the resultant layout differs significantly and bears no 

resemblance to that of the initial structure, as Fig. 7.20(a) shows. 

FIg. 7 20 Intermed,ate development stages of Case (11)' (a) Layout at n, = 30; (b) layout at n, = 70 

In contrast, growth/degeneration was concentrated on the development of new load 

paths to transfer the dominant loads. The initial members, notably those that do not fall 

in the path of the 'force flow', were identified and removed. The horizontal members 

at the lower quadrants were retained, due to the surface loads on the outer face shell. 

The horizontal members gradually 'moved' downwards as the development progressed, 
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as hi and h2 in Fig. 7.19(b) and Fig. 7.20(a) compares. These members would 

eventually develop to form the lower portions of the inclined struts, as angle 83 and 8 4 

decreases (Fig. 7.20b) 

The current layout somewhat violated the basic assumptions required for a continuum 

truss layout, because two load paths should ideally not overlap (Schlaich et al., 1987). 

At this stage, more elements were removed than being added. This had resulted in a 

reduction mass of approximately 18%. At this stage, all the basic continuum members 

were seen to have fully developed. The sensitivity of the objective functions to the 

change in layout was comparably less than that of the initial stages, indicating a more 

stable layout. 

7.6.4 Refinement stage 

At this stage, growth/degeneration was merely centred on the refmement of the load 

carrying members, as Fig. 7.21 shows. 

FIg. 7 21 Refinement development stages. (a) Layout atn,= 90, (b) layout atn,= 148 

Here, the section thicknesses of the continuum members were reduced, while 85, 86 

and 87 remained relatively unchanged. In most design cases, layout development at the 

refinement stages would not result in any significant changes. A similar trend could be 

observed in most optimisation studies demonstrated by FE-based generalised layout 

methods. 
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In general, the compressive members of continuum truss structures with LID :5 3 do not 

require additional inclined tensile ties (Kwak and Noh, 2006). However, this is not the 

case if the applied transverse or bending loads are dominant, as exemplified by studies 

given by Liang et al. (1999; 2003) and Kim et al. (2000; 2003). 

In contrast to the previous development stages, the rate of growth/degeneration at the 

refinement stages was comparably less. In fact, more elements were being removed 

than added. At this stage, the mass of the insulator enclosure was reduced by 

approximately 9%. However, the total net gain was estimated to be 35%. From a 

convergence point of view, the sensitivity of the objective functions with respect to the 

addition and removal of material was also significantly reduced, indicating that an 

optimum solution has been found. 

For most generalised layout methods, the chosen initial layout would not, in anyway, 

affect the outcome of the final solution. However, this is not the case for ground mesh 

methods. In the MD method, this has been proven through the various optimisation 

studies. However, this does not mean that any randomly shaped layout could be used as 

a starting layout. The efficiency of the optimisation run towards convergence may be 

hampered if a severely underdesigned or overdesigned initial structure is to be used. 

Hence, the selection of a starting layout could be seen as an important consideration 

prior to the optimisation, as exemplified by Liu et al. (200 I). 

In the MD method, there are no fixed rules which determine the type of layout to be 

used as the starting design. Each design optimisation problem is unique in certain 

respects. The selection if a layout considered to be appropriate for a particular design 

problem is largely based on the user's experience in the MD method and the 

understanding of the mechanics of the design optimisation problem. In general, for 

continuum problems, the initial layout must be a continuous, with all loading 

points/surfaces connected. Based on the author's experience, the use of 'additional' 

elements in place of the apparent paths of the dominant loads would help improve the 

efficiency of the solution, thereby reducing the number of recurring iterations needed to 

obtain a solution. 
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7.6.5 Stress distributions 

Due to the relatively large differences between the peak and minImum stresses, the 

range of stresses of interest could not be clearly interpreted. Most FEA packages, by 

default, would employ what is known as a 'contour washout' to even out the contour 

bands. The default stress plots, indicating a decievingly uniformly stressed structure, 

does not give a clear picture of the stresses (see Fig. 7.22a). To plot the lTeqv within the 

range of interest, the stress scale was capped at maximum equivalent stress obtained 

from the analysis. The new contour plot in Fig. 7.22(b) shows that lTeqv range from -

0.37 MPa to - 3.33 MPa, indicating that stresses was in fact not uniform. The results 

agree well with design examples given by Mattheck (1998), which al so demonstrated 

that stresses continuum members are unlikely to achieve uniformity, if mass reduction 

is taken into consideration. 
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Fig. 7.22 Differences in the utqv contour plots of oplimised insulator enclosure of Case (il): (a) Default stress contour 

plot with peak stress figure; (b) stress contour plot disregarding peak stress values. (in units MPa) 

From the lTeqv contour plots, it can be seen that no yielding or stress concentrations were 

developed in the continuum members. Values of the peak stresses, at the supports and 

loading points, can be disregarded because loads and supports applied to a node would 

usually produce stress singularity that lead to infinitely high stresses. This can be 

improved through use of surface or pressure loads. Instead of point loads, forces can be 

applied such that they are evenly distributed over an area. Despite the high stress 

concentration, the lTeqv of the optimised layouts still remained below that of the 

constrained value. 
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The fU'st (SI) and third principal stress (S3) plots depicts the tensile and compressive 

stress components. It is evident that the inclined strut and tie members developed by 

MD were predominantly put under compression. In contrast, the horizontal face shell s 

undergo tension as a result of bending. In thi s case, the purpose of the principle stress 

plots was to give a visual comparison of the type of loads each continuum members 

undergo. The maximum principle stress criterion (i.e. Tresca creterion) is rarely 

suitable for design purposes for the type of material used in thi s study. 

7.6 .6 Problematic geometries 

In MD, the procedures of growth/degeneration were executed automatically. In this 

study, manual involvement was required due to 'problematic geometries' . Problematic 

geometries may arise due to the nature of the removal of relatively unstressed elements. 

In MD, tillS was done based on the level of stresses developed over the structure. In 

some cases, portions of the structure may undergo rigid body motion when low stress 

elements are removed at certain regions. This would result in problematic geometries 

and affect the automated process of the optimisation. Although the occurrences of 

problematic geometries may seem to be initially somewhat random, they can be 

predicted and prevented from arising by monitoring the progress of the optimisation 

run. Problematic geometries are usually caused by ' bending' or ' buckling' effects, at 

regions where stresses are expected to be comparably higher at the intermediate lengths 

(Fig. 7.23 and Fig. 7.24), largely due to the removal of relati vely low stress elements 

adjacent to those that undergo comparably high stresses. 

(a) (b) (c) 

Fig. 7.23 'Buckling effect' problematic geometries: (a) buckling of a slender member; (b) removal of relatively low 

stress elements unconstrained elements; (c) deletion ofunconstrnined elements. 
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(a) (b) (c) 

Fig. 7.24 'Bending effect' problematic geometri es; (a) Problematic geometryj (b) unconstrained elements resulted from 

degeneration; (c) repaired model. 

The removal these elements would lead to insufficiently constrained elements. 

Unsupported elements would result in a singular stiffness matrix and the FE code is 

unable to solve tbe stiffness equation for the nodal degrees of freedom. Because of the 

iterative approach of the MD method, where the optimisation cycle forms a closed-loop 

consisting of a layout optimisation and FE analysis, the continuity of this process would 

be interrupted. Until the problematic geometries are eliminated, the optimisation would 

be ' interrupted '. With MD, the optimisation can not be restarted from the stage to 

when it was interrupted, but had to be 'restarted' from the beginning. 

However, the development of problematic geometries could be predicted and 

prevented. From observations, they are most likely to occur on slender geometries, 

palticularly at the initial and intermediate optimisation stages. The development of 

such geometries into problematic geometries may be identified from the 'real time' 

progress layout optimisation run, particularly during the stage where slender members 

start to develop. Slender members with section thicknesses less than - 1110 of the 

thickest primary members were identified and deleted from the input files of the 

optimisation model. This is repeated at the intervals of the iterations by temporarily 

suspending the optimisation. Once this is completed, the optimisation is continued 

using the updated model (see Fig. 7.23c and Fig. 7.24c). In thi s study, the problems 

cause by problematic geometries is a recurring one. The aforementioned process is 

repeated, until the primary load carrying members have been fully developed. 

162 



Although the above solution is a rather straightforward one, the only drawback is that it 

is time consuming. From the optimisation trial runs conducted in thi s study, 

problematic geometries was found to be a recurring problem, notably at initial and 

intermediate stages. This problem could be solved efficiently through use of a 

subroutine which could automatically identify and remove unconstrained elements 

within the optimisation model. However, the limitation of the FEA code used was seen 

as the barrier to realising this. Although ANSYS FEA is capable of identifying 

insufficiently constrained elements, it could only identify the first among the many 

unsupported elements. For instance, if the optimisation model has N unsupported 

elements, A SYS is only capable of identifying the first node based on chronological 

numbering order. Although the manual approach may not be ideal, it is still 

manageable for most 2D layout problems. 

7.6.7 Differences in continuum layout of optimised enclosures 

Fig. 7.25 highlights the differences in layout of the insulator enclosures derived from 

MD. In all, the resultant layouts consisted of four primary continuum members (E, F, 

G, and H) enclosed within a rectangular enclosure. Although the optimised layouts 

appear to be somewhat similar, their configurations differ in some respects. For this 

comparative di scussion, the post-processed optimised layouts would be used. 

1 

H 

o (a) x o (b) 

Fig. 7.25 Differences in continuum layout of optimiscd insulator enclosure: (a) Case (t) under stat ic mechanical loads; 

(b) Case (ii) under coupled static mechanical and steady state thennalloads. 

The angle of inclination of the primary struts E and F (111 and 112) differ by only 1.1 0 and 

1.6°, respectively. However, this is not the case with the inclined slender ties member 
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G, developed across the lower portion of the primary struts. In Case (i), the angle of 

inclination (B)) of the slender tie, from the horizontal axis, was 19.4°. In contrast, B) of 

Case (ii) remained relatively flat at 11.5°. The differences in slope of these members 

differ by 42%. In addition, the locations of the development of these slender ties are 

noticeably different. In Case (i), the height of the left portion where it intersected strut 

member E, denoted by hI, was relatively close to the bottom face shell member D. In 

Case (ii) however, hi was comparably higher. In both layouts, height h2 differs by 

approximately 6 mm. A layout optimisation study conducted by Kwak and Noh (2006) 

demonstrated that the angle of inclination of continuum member is not greatly 

influenced by the FE di screti sation of the optimisation model. 

The differences in angle of the continuum inclined tie members, developed across the 

primary struts, suggested that the layout of Case (ii) undergo an additional horizontal 

force component. This can be explained using the displacement vector sum (,)Total) 

plots shown in Fig. 7.26. To get a better understanding of the deformation, the ,)Total 

plots are rescaled and the outlines of the un-deformed edges are shown. Under vertical 

and horizontal loads, the enclosure compresses and distorts to the left (Fig. 7.26a). 

With thermal loads, the enclosure expands and the 'distorts' to the right (Fig. 7.26b). 
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(a) (b) 

Fig. 7.26 Scaled IOlal deflection (8,-,..,) plot of Case (iI) with undefonned edge: (a) 8,-moJ under static loads only; (b) 8,-"", 

due to thennal loads. (Dimensions in unit mm, (jx(lTIIX) indicates maximum lateral deflection) 

The sum of the lateral fo rces produces a net resultant force acting towards the left, 

hence the slightly lower rise of the slender tie. In contrast, the optimised layout of Case 
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(i) is not subjected to thi s additional lateral force component, resulting in a steeper 

angle. 

Another distinctive difference was the layout of the short inclined tie H, adjacent to the 

vertical face shell B. In Case (ii), thi s is located slightly higher than the inclined slender 

tie member G, with 87 = 29.6°. It forms a load path to transfer the horizontal loads 

from the vertical face shell to G. In Case (i) however, H resembles a rotated 'rampant 

round arch' with radius of - 6 mm, which 'in-posts' are connected to the intermediate 

length of the vertical face shell where G and F intersects. This feature violates the 

basic requirement of a truss layout because it does not form triangulated or rectangular 

openings. In continuum layout design, this feature is acceptable. Table 7.1 compares 

the differences. 

Table 7.1 

Differences in configurat ion of the continuum members of Case (I) and Case (il) 

Angle (0) and height (11) Case (I) Case (it) 

0, 63.6° 64.7° 

0, 57.7° 59.3° 

0, 19.4° 11.5° 

0, 63.90 55 .9° 

0, 67.1 ° 64.0° 

0, 86.8° 87.9° 

h, 10.7 mm 29.3 mm 

h, 40 .5 mm 46.4 mm 

The weight of the optimised enclosures increased slightly due to the amount of material 

being added in the post-optimisation stage. As a result of post-processing, the increase 

in weight was estimated to be - 5. 1 % and - 4.6%, for Case (i) and Case (ii) 

respectively . In Case (i), the gaps to be fill ed in the optimised model obtained from 

MD was comparably more those of Case (ii), hence the slight increase in mass. 

Interesting, in Case (ii), despite the additional thermal loads on the vertical enclosure 

face shells, its weight was found to be less than that of the layout developed in Case (i). 

In layout optimisation, the development of the optimised layout largely depends on the 

magnitude and direction of externall y applied loads. In this case, the total deformation 

due to thermal expansion and the externally applied forces somewhat opposes each 
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other. This produces net resultant total deformation which is comparably less than that 

of the total deformation the enclosLU"e in Case (i) undergo, hence the lighter structure. 

The figLU"es of the increase in mass as a result of post-processing are given in Table 7.2. 

Table 7.2 

Differences in weight of optimised (green model) and post-processed insulator enclosures 

Design optimisation cases Mass (kg) Increase in Weight (%) 

Case (0 post-processed 1.567 
5. 105 

Case (0 green model 1.487 

Case (i0 post-processed 1.535 
4.625 

Case (i0 green model 1.464 

7.7 Conclusions and remarks 

A design solution of least weight and maximum stiffness was determined for a modular 

structLU"ed insulator enclosLU"e through use of the MD method. Of the two design cases 

considered here, it was shown that the addition of thermal loads to the 

analysis/optimisation model resulted a slight change in the configw-ation of the 

developed members. The design solutions obtained by the MD method were simple 

and realistic. A design layout with maximum possible stiffness was achieved with 

savings in build material of 40%. The results from the analysis show that the structural 

members of the optimised layout will remain safe under the appl ied loads. The 

interesting finding was the fact that the members generated by MD were predominantly 

compressive dominant. This type of layout, where members are aligned to the third 

principal axis, favours granular-solid materi al which is comparably more durable in 

compression. The members in tensi le should not be of concerned. In application, 

CMU's are predominantly put lmder compression. It is thi s compression ' preload ' that 

gives the apparent ductile behavioLU" of most granular materials. The optimal structLU"al 

layout would form the basis ofthe starting layout for the optimal discretisation problem 

towards achieving a non-convective structLU"ed insulator. 

Now that a design solution for strength requirements has been found, the upcoming 

chapter focuses on the optimal discretisation of the insulator enclosure towards a des ign 

solution to satisfy both strength and insulation requirements. 
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8 
Optimal Discretisation/Partitioning of Structured 

Insulator Enclosures 

8.1 Introduction 

The dependence of the global heat flux (q) on the number of partitions within an 

enclosed airspace was revealed from the initial investigations of horizontal enclosures. 

This confirmed that the heat flow rate across a structure decreases due to the presence 

of equidistantly spaced parallel partitions. In the initial investigations, the interest was 

to establish a trend of reduction due to the presence of low partition count. The initial 

findings show that the trend of reduction resembles a polynomial curve. This indicates 

that the minimum of the function could potentially give an optimal discretisation. In 

the initial investigations, no attempt was made to optimise the di screti sation layout. 

The current investigation involved devising a modified DbPM to optimally di scretise of 

structures with heated and cooled side walls. In addition, a validation study was 

performed, whereby the effectiveness of the modified DbPM was tested on forty 

rectangular enclosures with randomly selected internal layouts. 

The modified DbPM could be extended to cover 3D structures and non-cubic 

structures. In this study, equidistantly spaced partitions were used and were found to 

yield positive results. However, non-equidistantly spaced partitions may be useful , as 

highlited in the future works in Chapter 9. Based on the di screti sationlpartioning 

analogy, the contours of partitions for non-uniformly shaped airspaces should ideally 

form an ' offset' and 'blend-in ' with the inner faces of a structure. This approach is 
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straightforward and does not differ much from the original concept, of which is the 

focussed of the current study. 

8.2 Optimal discretisation of a 'basic' enclosure 

8.2.1 Analysis model 

The analysis model of the design problem under consideration was a 2D rectangular 

enclosure with external width/height ratio of S = WIH. It was bounded by two vertical 

isothermal walls at temperatures T, and T2, and two horizontal adiabatic walls with 

uniform section thicknesses le. The inner airspace was a rectangular cavity fully 

divided by N vertical partitions of uniform thicknesses Ip. These form a series of 

equidistantly spaced fl uid-fi lled subenclosures (or cells) wi th aspect ratio of SN = h!-wN. 

The enclosure and partitions are modelled as consolidated granular-solid Nylon- 12 with 

a constant thermal conductivity of ks. The working fluid is atmospheric air, with 

constant thermal conductivity of kf Fig. 8.1 shows the schematic diagrams of a basic 

' undivided' and ' fully divided ' enclosure which formed the basis of the investigations 

of the optimal 'discretisation' for suppression of heat transfer of single cell structures. 
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Fig. 8.1 Schematic diagram of 2D single cell rectangular enclosures: (a) Basic enclosure with N = 0 partitions; Cb) 

partitioned or discretised enclosure with N~partit ions. 
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8.2.2 The discretisation by partitioning method (DbPM) 

The requirements for thermally insulating ' single-material ' structures in this study have 

motivated the development of the Discreti sation by Pru1itioning Method (DbPM). This 

design approach is used for finding optimum enclosure pru1itioning layouts by 

discretisation of enclosed airspaces to form a series of fuJly divided closed cells. The 

fundamental question to be addressed was how to select a 'global ' pru1itioning layout, 

such that the thermal resistance of a conjugate natural-convect ion-conduction system is 

optimally maximised. The discretisation was done based on these following reasons; 

i) The degree to which natural convective flow is minimised 

ii) The degree to which the thermal insulator is appropriate 

iii) The amount of solid material enclosing the fluid 

A working hypothesis was drawn, whereby the global heat transfer could be suppressed 

when a closed cavity is di scretised using vertical equidistantly spaced parallel partition, 

as opposed to filling it with insulation material. An optimal threshold discretisation 

could be determined when the effective thermal conductivity keJ! of air is effectively 

maximised, by suppressing convection. By analysing the performance models of 

enclosures with varying pru1ition layouts, the effects of the discretisation on the global 

heat trrulsfer could be drawn. Here, the associated design variables were identified as; 

i) The number of vertical pru1itions (N) 

ii) The equidistance widths (WN) 

iii) The solid/fluid volume ratio (rp) 

iv) The width/height ratio of the subenclosure (SN= hlwN) 

The DbPM is an iterative approach consisting of two key stages; i) design/redesign and 

ii) analysis. The method incorporates the use of a commercial CAD and a CFD 

package. These formed the basis of the pru1ition layout design ruld the numerical 

analysis. The idea is to introduce one vertical partition, at recurring nj iteration, such 

that the heat transfer of the enclosure is progressively modified. In this study, 

procedures of the DbPM were not automated but performed manually. The scenru·io 

envisioned in Fig. 8.2(a) to (d) illustrates the iterative discretisation procedures of the 

DbPM. 
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Fig. 8.2 Discretisation of single cell rectangular enclosure by the Discretisalion by Partitioning Method (DbPM): (a) N 

= 0; (b) 11'= I ; (c) 11'= 2; (d) N-partitions. 

The di screti sation is based on a basic enclosure (N = 0) with subenclosure widths W N = 

Wo and So = hlwo (Fig. 8.2a). At the first iteration, a vertical partition was inserted in the 

midd le of the internal airspace to form an enclosure of N= I, with equidistance widths 

OfWN = WI and S I = hlwl (Fig. 8.2b). The relationship OhVN in terms of N is 

W-21 -NI 
w = e p 

N N+ I 
(59) 

Here, the partitions do not act as structural elements, but as solid matrices to impede the 

bulk fluid motion within the subenclosures. However, their presence varies the 

solid/fluid volume fraction (rp). This would alter the heat transfer characteristics, from 

a natural-convective to conductive dominant. Both these extreme cases were seen as 

detrimental. Hence, a balance between both had to be sought. The relationship of rp, in 

terms of the geometric parameters of the enclosure model can written as 
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rp = [(HW)- h(W - 21,))+ NV ph) 
HW 

where both (59) and (60) are valid for 0 S N S wo/lp . 

(60) 

To determine the effectiveness of the partitions in suppressing heat transfer, both the 

average heat flux (q) and correlated Nusselt number (NUN) are considered. For each 

increment of N, a 20 grid of the analysis model was constructed. This was done using 

Fluent™ CFO pre-processor known as Gambit™ Subsequently, tlle heat and flow 

fields were solved using Fluent CFO code. The reduction of q with respect to N was 

computed from the numerical analysis. A convergence plot was generated manually by 

plotting q vs. N. The above procedures were repeated iteratively, until an optimal 

di scretisation (No) was obtained, when q could be reduced through further 

di scretisation. The process flow of the basic ObPM is depicted by the flowchart in Fig. 

8.3. 

T, 

Design/redesign 
enclosure (CAD) 

Construct CFD 
model 

Heat transfer 
analysis (CFO) 

Add and re-spaced 
partitions (N + 1) to 

equidistant widths (WN) 

Yes 

Fig.8 .3 General process flow of the Discretisation by Panition Method (DbPM) of single cell enclosures. 
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8.3 DPbM for enclosure with 'multiple' cavities 

The outcome of the previous investigation suggested that the DbPM could be extended 

to enclosures with arbitrarily shaped cell s. It was theorised that the effectiveness of the 

parallel partitions in suppressing heat transfer across enclosures of arbitrarily shaped 

cells with fixed external geometries would exhibit a rather similar trend. Based on the 

outcome of the previous investigations, a modified DbPM was devised. This technique 

was envisaged to form the Stage-2 of the proposed 'two-stage ' 

optimisationldiscretisation method for structures with strength and insulation 

requ irements. 

8.3.1 Discretisation of arbitrarily shaped cavities 

Fig. 8.4 shows an example enclosure with an arbitrarily shaped closed cavity. 

Assuming that layout is an optimal structural solution given by the layout optimisation, 

the fundamental question to be address is the approach to discreti se such a layout. 
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Fig. 8.4 Discreti sation of enclosure with arbitrari ly shaped cavity: (a) Geometric approximation of arbi trarily shaped 

cavity; (b) discreti sation of arbitrari ly shaped cavity. 

Despite the reduced mass, any voids created internally ifleft 'untreated' would enhance 

convection. In this case, the DbPM may be used to discretise the voids to impede the 

convective flows, as opposed to insulation fi lling. 

However, the internal airspaces within building structures do not exhibit geometric 

uniformity. In general, most design problems exhibit geometric non-uniformity. In 

order to address such problems, the di screti sation approach has to be able to 
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accommodate such geometries. Arbitrarily shaped cell s may be discretised such that 

the R-value of a structurally optimised enclosure is optimally maximised. The method 

works by 'approximating' an arbitrari ly shaped void as a rectangular cavity, as Fig. 8.4a 

shows. Subsequently, a rectangular 'bounding box ' is 'mapped ' onto the cavity. This is 

then discretised, through introduction of solid partitions, until an optimal suppression is 

obtained (Fig. 8.4b). Tlus approach can be extended to cover enclosures with multiple 

arbitrarily shaped cavities. 

8.3.2 Discretisation of multiple non-uniformly shaped cavities 

Fig. 8.5 shows an example of the procedures involved with the approximation and 

discretisation of an enclosure with multiple arbitrarily shaped cavities. 
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Fig. 8.5 Example of stntcturally optimised enclosure with multiple arbitrarily shaped cell s: (a) Geometric 

approximation of i-cells; (b) discrctisation of enclosure with i-cells. 

In tlus case, tlle discreti sation was made complicated, due to the differences in aspect 

ratios of the cells/cavities (Fig. 8.Sa). Therefore, a discretisatioll layout obtained by 

using a 'global ' discreti sation approach would not necessarily yield an optimal 

suppression. In order to achieve an optimal suppression, each of the approximated cells 

had to be considered separately and discretised ' locally' (Fig. 8.Sb). In addition to the 

design criteria highlighted in Section 8.2.2, the additional considerations for the 

di scretisation of enclosure with multiple cells are, 

i) The local thermal boundary conditions of the cell 

ii) The 'approximated' aspect ratios of the local cell 

iii) The range ofthe average Nu and operating Ra 
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8.4 Optimal discretisation of structured insulator enclosures 

If the initial hypothesis was correct, the rate of suppression of q across enclosures with 

multiple arbitrarily shaped cells is a function of Ni within each cell. This is valid up to 

a thresho ld di scretisation limit, whereby further discretisation would not yield increased 

insulation. Fig. 8.6 depicts the discretisation approach of the modified DbPM on the 

layout optimised insulator enclosure. 

(a) 

(c) 

• ", 

(b) 

Fig. 8.6 Geometric approximat ion and discretisation of multiple cell s: (a) FE·model ofoptimised enclosure by MD; 

(b) 'defeaturing' of cell geometry; (c) discretisation of i-cells. 

In thi s study, the outcome of the optimisation resembled a 2D continuum 'plane truss' 

with i = 5 cells (Fig. 8.6a). To facilitate the creation of the CFD analysis models, the 

geometric features incorporated at the post-processing stage of are removed. The 

maximum height and width of each cell was identified (Fig. 8.6b). Subsequently, a 

rectangular bounding box was 'circumscribed' onto each of the cells to approximate 

them as rectangular cavities (Fig. 8.6c). The approximated cells are then discretised 

' locally', using an iterative approach with an increment of Ni + 1 partition. 

174 



Fig. 8.7 depicts the iterative discretisation procedure of the modified DbPM for l1i

iterations. The discretisation was started from an enclosure of Ni = 0, with cell 

widthswN, = w, and approximated aspect ratios of SN, = hN, / WN, (Fig.8.7a). 

N,= O (11, = 0) N,= 1 (11, = I) 

N,=2 (11, = 2) N, = N (11, - iterat ion) 

(b) (c) 

Fig. 8.7 'Local' discretisation of enclosures with multiple cells by the modified DbPM: (a) Iteration-O initial design 

with NI = 0; (b) iterat ion-2 with N/= I; Cc) iteration-n with N/= N. 

At the first iteration (Fig. 8.7b), a vertical partition was inserted to bisect the 

approx imated cells to form an enclosure consisting of Ni local partitions with a total 

number of par1itions 

(6 1) 

The relationship of the width w
N

, in terms of Ni of the i-th discretised cell is written as 

W . -Ni l 
lV =' P 

N, N. + 1 , 
(62) 
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where HI; is the width of the approximated i-th cell s. In addition to seeking an optimal 

discreti sation, a balance between convection-conduction was sought, in which IS 

controlled by the 'macro ' solid volume fract ion of the di scretised enclosure, given by 

Vd 
rp= -

V, 
(63) 

where Vd and Vs are the volume of the enclosure with optimal di scretisation and solid 

enclosure respectively. Fig. 8.8 shows the general process flow of the DbPM for an 

enclosure with multiple cells. 
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Fig.8.8 General process flow of the modified DbPM for enclosure with multiple cells 

In the DbPM, it is not the design objective for the introduced partitions do not act as 

additional structural supports. Instead, they act as solid matrices to suppress the natural 

convective flows within the di scretised cells. Ideally, the thicknesses of the partitions 
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should be considerably thinner than the section thicknesses of the structural members of 

the enclosure. When manufacturing by AMT is taken into consideration, the minimum 

thickness is limited to the minimum section build thickness of the manufacturing 

process used. 

8.5 Mathematical model of the DbPM 

The discretisation problem of the insulator enclosure to be solved can be forma lly 

stated as 

Minimise 

subject to 

with 

q(N" N" ... ,N, ) 

Ni 5,N 5,N 
IIIID I ' IIIH 

1 
Nu= --

h/ wN 

a, 5, m/ m, 5, a. 

Nu ", 1 

(64) 

(65) 

(66) 

(67) 

(68) 

where q is the average heat flux , which is a function of N veltical partitions. Subscript 

'i' denotes the local cell within an enclosure. N, and N. are the minimum and 
mIn 'mu 

maximum number of ' local' partitions within an enclosure. The average Nusselt 

number Nu, which is a ratio of the convective to conductive heat transfers, is used as a 

measure to quantify effectiveness of the discreti sation layout. The aim of the 

discretisation is to produce a value of Nu close to unity, indicating a conductive 

dominant state. 

Despite the gain ill thermal insulation, the introduction of partitions would affect the 

reduced mass brought about by the structural optimisation performed in Stage- I. In the 

two-stage approach, thi s slight increase in mass caused by the increase in vo lume of the 

introduced partitions is unavoidable. In this study, the increase in mass can be 

estimated from a secondary validation analysis used to determine the mass ratios (m/mo) 

of the optimally discretised enclosures. Subscript '0' denotes the mass of the insulator 
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prior to discretisation. By taking into consideration the imposed design constraints, the 

analysis is valid for enclosures with vo lume ratio rp of - 0.25 to I , with the latter 

indicating a solid volume. For thi s particular design problem, 'a' is an empirical 

constant to be determined by a regression analysis. Here, subscripts' l' and 'u' denotes 

the lower and upper bound of the mass ratio. Here, a, and a" is determined to be - 1.002 

to - 1.371. In general, the a constant depends on; 

i) Volume ratio rp 

ii) Thermal boundary conditions 

iii) Thermal physical properties 

iv) Solid/fluid thermal conductivity ratio 

In thi s study, the analysis to determine the mass ratio is performed manually, with the 

use of the modified DbPM to deternline the optimal di scretisation fo r a total of forty 

enclosure models with randomly selected cell layouts . In addition, the analysis also 

serves as a validation study to check for consistency of the discreti sation results. 

8.6 Validation procedure of DbPM 

The aim of the secondary arlalysis is to determine an optimal discretisation layout for a 

range of cell geometries using the modified DbPM. The validity of the method was 

tested to establish the trend of the mass ratio mlmo terms of the so lidlfluid volume 

fract ion (rp) and the percentage (%) suppression of the global heat flux q. A total of 

forty enclosure models of fixed external dimensions with various cell layouts, were 

designed, as Fig. 8.9 shows. These initially non-discretised enclosure models can be 

categorised as; (a) variable size single continuum cavity, (b) randomly shaped multiply 

cavity, and (c) rotated continuum single branching cavity. For the results to be 

comparable, the thermal boundary conditions and design constraints used were simi lar 

to that of the analysis covered in the previous section. 
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Fig. 8.9 Enclosure models used in the validation study of the DbPM : (a) single closed cavity; (b) multiple closed cavity; (c) single ' branching' cavity. 
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Using the modified DbPM, equidistantly spaced vertical parallel partitions were 

introduced in an iterative fashion to the each i-th local cells. This was process was 

repeated until the global heat flux q across the enclosure could not be further reduced. 

For exanlple, if the value of q for an enclosure with i cells and Ni partitions decreases 

when the number of partitions is increased by Ni + I , thi s would indicate that the current 

layout is not the optimum and could be improved. Thus, the number of partitions needed 

to be increased by Ni + 1, to the point where the onset of increase in q is observed. Due 

to the fact that each of the geometries of the i-th cells may have different approximated 

aspect ratios, the discreti sation may involve trial and error before an optimal 

discretisation layout could be fowld . In thi s validation study, the aforementioned 

procedures were repeated until an optimal discretisation was obtained for each of the 

selected enclosure models. The results are presented by means of graphical form in 

Section 8.10, in which the empirical constant ' a' was determined from the validation 

analysis . 
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807 Computational models 

The computational grids of the analysis models were constructed using the CFD pre

processor Gambit™. Fig. 8.10 shows the first three iterations of the solution domains, 

discretised using the four-node quadrilateral grids. A higher grid concentration was 

distributed at the solid-fluid interfaces, where variations in fluid velocities were expected 

to be more significant, particularly for subenclosures with lower aspect ratios. A uniform 

spacing ratio is used, where relatively stagnant cores are predicted. A relati vely course 

mesh is used in the solid regions. Fig. 8.11 shows the solution domains of the insulator 

enclosure models discreti sed using the modified DbPM. A three-node triangular mesh 

with global mesh size of 2 mm was used. For simplicity, a uniform grid was sufficient 

because the effects of the boundary layers are expected to diminish with a di scretised 

layout. 

For both sets of analysis models, steady-state temperatures of T\ = 298 .15 K and T2 = 

283.15 K was applied to the left (at x = 0, 0 <:; y <:; H) and right walls (at x = W, 0 <:; y <:; H) 

respectively. The upper (aty = H, 0 <:; x <:; W) and lower horizontal walls (at y = 0, 0 <:; x :co 

W) were assumed to be perfectly insulated, with oT/Oy = O. onslip boundary conditions 

were assumed for velocities at all solid-fluid interfaces with u = 0 and v = O. The analysis 

models were designed to sinmlate high Rayleigh number in the range of Ra '" I 07
, the 

operating range encountered in most engineering applications. The thermal physical 

propel1ies of the working fluid used in the numerical analysis were based on those of 

atmospheric air at 300 K, as given in Table 8.1. The computational method used is 

previously covered in Section 6.4. 

Table 8.1 

Thermal physical properties of atmospheric air (evaluated at 300K, laon) 

Thermal conductivity (kf ) 

Specific heat capacity (cp) 

Density (p) 

Kinematic viscosity (v) 

Dynamic viscosity (P) 

Prandtl number (Pr) 

Thennal expansion coefficient (IIT~) 

0.0263 W /moK 

1007 JlkgoK 

1.1614 kg/m' 

1.655 x 10·' m' /s 

1.846 x 10·' kg/mos 

0.71 

0.00344 
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Fig. 8.10 Computational grids and boundary conditions of basic venical enclosure: (a) N~ 0; (b) N~ I; (c) N ~ 2; (d) N~ 

3. 
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Fig. 8.11 Computat ional grid and boundary conditions of partitioned structured insulator: (8) Nr = 0; (b) NT = 4; (c) NT 

~ 8, NT~ 12. 
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8.8 Results for 'basic' enclosure 

8.8.1 Isotherm and stream function 

Fig. 8.12 and Fig. 8.13 show the steady-state isothenns and stream functions of the basic 

enclosures with N = I to N = 14 partitions, evaluated at Ra = 107
• 

,-:---

r 

~ .. -
(b) N~ I, hlw, ~ 2.03 (c) N~ 2, hlw, ~ 3.10 

298 

297 (d) N~ 3, hlw, ~ 4.19 (e) N~ 4, hlw, - 5.33 (I) N~ 5, hlw, ~ 6.50 

295 

294 

292 

291 

289 

288 (g) N~ 6, hiw, ~ 7.71 (h) N~ 7, hlw, ~ 8.97 (I) N~ 8, hlw, ~ 10.26 

286 

285 

283 

(j) N~ 9, hlw9~ 11.6 1 (k) N ~ 10. hiw,. ~ 13.00 (I) N~ 11 , hiw" ~ 14.44 

(m) N~ 12, hlw" ~ 15.49 (11) N~ 13, hlw" ~ 17.50 (o) N~ 14,hiw ,. ~ 19. 12 

Fig. 8.12 Steady-state isothcnns orpanitioned enclosures for N = 1 to N = 14. Dimensions in Kelvin (K). 
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(a) N= 0, Vlm« = 5.38 x 10" (b) N= I, Vlm~ = 3.75 x 10"' (c) N= 2, Vlm~ = 3.24 x 10"' 

(d ) N= 3,Vlm~= 2.79 x 10" (e) N= 4,Vlm~= 1.98 x 10" (f) N= 5,Vlm~ = 1.28 x 10"' 

(g) N= 6, Vlm« = 7.7 1 x 10-' (h) N= 7, Vlm~ = 4.37 x 10·' (i) N= 8, Vlm~ = 2.54 x 10-' 

o 

(j) N = 9, Vlm« = 1.47 x 10-' (k) N = I 0, Vlm~ = 9.41 x I O~ (I) N = 11 , Vlm~ = 6.04 x 10" 

(m) N= 1 2,Vlm~= 4.20 x 10" (n) N = 13, Vlmu= 2.80 x 10" (o) N= 14,Vlmu= 2.04 x 10-' 

Fig. 8.13 Stream function ofpanitioned enclosures for N = I la N= 14 partitions. Dimensions in m2/s. 

For N = 0 to N = 4, the density of isotherms is more intense near the side walls and the 

partitions, but is less profound in the middle of each cell. The warmer fluid occupies the 

upper quadrants and the isotherms are compressed towards the sol id-fluid interfaces. 
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From N = I to N = 4, the isotherms undulate remarkably, but diminished from N = 5 to N 

= 8. From N = 9 to N = 14, the isotherms become almost parallel to the side walls and 

partitions. 

At N = 0, single cellular flows with a relatively stagnant core are formed and the 

streamlines are diagonally symmetrical. At N = I, these were represented by a pair of 

diagonally symmetrical clockwise cellular flows. Hereafter, the development of the core 

region, which resembled off centred ellipses, is more pronounced in the cell s adjacent to 

the side walls. From N = 3 to N = 9, the circulating cells shifted away from the middle. 

From N = 10 to N = 14, the streanll ines become crowded into the vicinity of the fluid

solid interfaces. As a general observation, the maximwn stream functions (\'Inlax) reduce 

with increasing N and hlwN. 
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Fig. 8. 14 Temperature profil es at the horizontal section for enclosures with N = 0 to N = 8. 

Fig. 8.14(a) shows the temperature profiles of N = 0 to N = 8 plotted across the horizontal 

section at y = H12. The temperature was observed to vary linearly across the solid regions 

of the enclosure walls. For N = 0 to N = 4, the temperature at the solid-fluid interfaces 

are initially represented by steep gradients, which is then maintained unifoml at the core 

regions . Fig. 8.14(b) shows the temperature variation of N = 0 to N = 8 plotted vertically, 

at x = W12. The temperature in the fluid region varies I inearly, except near the lower and 

upper walls. When N is further increased, the variations approach a straight line. 
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8.8.2 Heat transfer results 

The quanti ty of practi cal interest is the rate of suppress ion of q. The perfo rmance of the 

di scretised enclosure is assessed by plotting q versus N, as Fig. 8.1 5(a) shows. 
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Fig. 8.15 Heat transfer results: (a) Global heat flux (q) vs. N·panitiol1s; (b) correlation of Nusselt number (NI/N) for 

partitioned enclosures. 

Results from the numerical computations, show that the partitions have profound effects 

on q. The value of q decreases drastical ly with increasing N, but the introduction of 

parti tions did not produce a proportional reduction. From a basic enclosure of N = 0, the 

reduction was fo und to be most significant from N = I to N = 3, but gradually diminished 

when N is increased from N = 4 to N = 8. For this current investigation, an optimum 

discretisation layout of No = 8, where q is optimally suppressed, was determined. 

Subsequent introduction of partitions, from N = 8 to N = 16, yielded a nonproportional 

increase in heat transfer. From N > 16, q increases linearly with N. The enclosure 

essentially becomes a solid when the upper limit of N = 65 is reached. 

In order to elucidate the effects of partitions, additional calculations are performed fo r 

enclosures with N = 0 to N = 64. Fig. 8.I S(b) shows the correlated Nusselt number (NUN) 

based on the correlation of recommended by Nishimura et al. (1988) , 

NUN = 0.297RaY. (hj wNt Y. (N +It t (69) 
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where NUN is a function of hlwN ratio and N. The introduction of equidistantly spaced 

vertical partitions resulted in a substantial reduction in NUN. However, the progressive 

introduction of partitions did not produce a proportional reduction. This reduction was 

found to be most significant for N = I to N = 8, but diminished when additional partitions 

are introduced. At No = 8, the correlation shows that NUN;::: 0.78, a close to unity. The 

effectiveness of N on NUN is greatly reduced when N > 8, where the curve shows a 

~ignificant decline upon reaching a minimum at N = 64. 

Fig. 8. I 6(a) presents the influence of the hlwN on the heat transfer effectiveness across the 

partitioned enclosure. NUN is markedly reduced in subenclosures with hlwl = 1.00 to hlw3 

= 4. 19, or as the slenderness is increased. However, the reduction is nonproportional and 

tended to diminish with increasing hlwN. The results shows that at No = 8, the layout for 

which heat transfer is optimally suppressed, has hlw8 = J 0.26. Hereafter, the 

effectiveness of hlwN on NUN exhibits a significant decline and gives way to a decreasing 

trend. 

Fig. 8.l6(b) shows the discretisation of enclosures as a function of N. From N = 0, rp 

increases proportionally with the increase in N, but this was not case for wNlw. The 

reduction of wNlw is most profound from N = 0 to N = 8 and diminishes with increasing 

N. The results show that the optimum partition layout with No = 8, as previously 

detennined, has a volume fraction of rp = 0.34 and width ratio ofwNlw = 0.097. 
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Fig. 8.16 (a) Subenclosure height/width ratio (hlwN) vs. correlated Nusselt number (NUN), (b) solid/fluid volume ratio (If') 

and subencJosure width ratio (w,v'w) vs. N·partitions 
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8.9 Results for structured insulator 

8.9.1 Steady state isotherm, stream function and flow velocity 

Fig. 8. 17 through to Fig. 8. 19 shows the steady-state isotherms, streamlines and velocity 

(v) contours plots of the discretisation history of the structured insulators with Nr = 0 to 

Nr = 28, evaluated at Ra = 107 
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(d ) N,.~ 12 , ,,, ~ 0 . 5 16 

(g) Nr~ 22, '" ~ 0.552 

(j) N,.~ 25, '" ~ 0.56 1 

(b) N, ~ 4, 'P ~ 0.485 (c) N,.~ 8, '" ~ 0.499 

(c) NT ~ 16, 'P ~ 0.53 1 (I) Nr~ 20, '" ~ 0.547 

( 11 ) N,.~ 24, 'P ~ 0.558 (i) Nr ~ 24, '" ~ 0.562 

(k) N,. ~ 26, '" ~ 0.564 

Fig. 8. 17 Steady~stale isotherms of structurally optimised partitioned enclosure of with multiple cell s with Nr = 0 to Nr = 

28 vertical panilions. Dimensions in Kelvin (K). 
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(a) Nr = 0, Vlma.v. = 3.34x 10-4 (b) Nr = 4, Vlmu = 2.52x 10-4 (c) Nr = 8, Vlma.v. = 1.84x 10-4 

"'max 

o 

(g) NT~ 22, \11.« ~ 5.47x 10·' (It) NT~ 24, \11.« ~ 3.44 x I 0·' (i) NT~ 24, \11." ~ 5.48x I 0·' 

Fig. 8.18 Stream function (VI) Of struclurally optimised partitioned enclosure with Nr = 0 to Nr = 28 vertical partitions. 

Dimensions in ml/s. 
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(.) NT= 0, Umu = 3.1 5x 10·' (b) NT= 4 , Umu = 2.62x 10·' (c) NT = 8, Umu = 1.83 x I 0·' 

(d) NT= 12,umu = 1.62x 10·' (e) NT= 16, umu = 1.43 x I 0·' (I) NT= 20, Umu = 1. 19x 10·' 

o 
(g) NT= 22, Umu = 9. 13x 10·) (h) NT= 24, Umu = 6.59x I 0·) (i) NT= 24, Umu = 9. 14x 1 0·) 

(j) NT= 25, Umu = 4.51 x l 0·) (k) NT= 26, Um", = 3.13 x lO·) (I) N= 28, Um., = 1.65x I 0·) 

Fig. 8. 19 Velocity magnitude (u) Of slruclurally oplimised panitioned enclosure with Nr = 0 to Nr = 28. Dimensions in 

mls. 

Fig. 8.17 shows the changes in the heat transfer characteristics due to the progressive 

introduction of equidistantly spaced parallel partitions in the cavities. In all , twelve 

design iterations are requ ired before an optimal discretisation is determined. From Nr = 0 
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to Nr = 8, the isotherms are compressed to the solid-fluid interfaces and undulated within 

core regions. This indicated that the density of the isotherms is more intense at these 

regions. In addition, the upper quadrants are occupied by the warmer fluid. From Nr = 

12 to Nr = 24, the undulations diminished with the increase in Ni. For Nr > 25, they 

become almost parallel to the partitions and sidewalls. In contrast, the isotherms at the 

solid regions remained relatively unchanged with the increase in the number of partitions. 

Examination of the stream functions for enclosure with Nr = 0 to Nr = 8 (see Fig. 8.18), 

indicates that the flow structure within the cells are asymmetric. These are represented 

by the clockwise cellular flows with relatively stagnant cores, impinged by the inclined 

continuum structural members. From NT = 12 to Nr = 24, the flow in cells il to i3 

gradually diminish with increasing Ni. Hereafter, the recircu lation was found to be 

noticeable only in cell i4. For Nr > 25, the fluid remained almost stationary. Inspection 

of the figures revealed that the increase in the approximated subenclosure aspect ratio had 

resulted in weaker fluid flows. This is indicated by the decreasing values of 1/fm,x, In all, 

the optimal di scretisation effectively decreases the 1/fmax by two orders of magnitude. 

Fig. 8.1 9 shows the influence of the total number partitions Nr on the velocity magnitude 

Vmax of the convective flows in the discretised cells. From Nr = 0 to Nr = 8, the upri sing 

and descending flows exhibit higher velocities, notably along the vertical and inclined 

surfaces. The same trend is observed for the horizontal flows at cell i4. For Nr = 12 to NT 

= 28, Vmax decreases gradually with the increase of subenclosure slenderness. As a 

general observation, figures of the Umax showed that the increase in the 11lU1lber of 

partitions have effectively reduced the bulk fluid velocity by an order of magnitude. 
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Fig. 8.20 shows the horizontal and vertical temperature of the discretised enclosures with 

Nr = 0 to Nr = 28. The horizontal temperature profiles within the conducting solids 

exhibit a linear variation, as Fig. 8.20(a) shows. The temperature profiles at the solid

fluid interfaces are initially represented by a series of steep gradients. These are later 

maintained relatively uniform at the core regions in each cell. With further discretisation, 

the uniform temperature regions at the cores gradually diminish. This gives way to an 

almost linear temperature drop across each cell, indicated by the difference in gradients of 

the curves. 
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Fig. 8.20 Temperature profiles structured insulators with Nr = 0 to Nr = 28: (a) Hori zontal section at yl2; (b) vertical 

section at x/2. 

From Fig. 8.20(b), the vertical temperature variation is highly nonlinear, with significant 

fluctuations within the fluid regions. From Nr = 0 to Nr = 24, the temperature at the 

lower portion varies steeply, where a maximum temperature drop of - 5 °C is initially 

recorded. These fluctuations are observed to gradually diminish through further 

introduction of parallel vertical pm1itions. A near uniform vertical temperature 

di stribution could not be achieved by the optimally discretised structured insulator. With 

close examination, it is revealed that the temperature variation along the vertical height is 

nearly isothennal which remained relatively uniform to within 1°C. 
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8.9 .2 Heat transfer results 

Fig. 8.21(a) shows the discretisation history plot of the structured insulators when q is 

plotted against n,-iterations. In general, the q-n curve consist two distinct regions; a 

nonproportional reduction and linear increase of q with increasing Ni. 
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Fig. 8.21 Heat transfer results ofdiscrctised structured insulator: (a) Global heat flux vs. NTfor n-iterations; (b) average 

Nusselt number (Nil) vs. Nr for n-iterations. 

The trend of the suppression is obtained using the least square fit to plot the best-fit curve 

to a fifth order polynomial. The global heat flux prior to discretisation was IS W/m
2

. 

Initially, q reduces considerably with increasing Ni. The introduction of parallel partition 

produces a nonproportional heat transfer reduction. At n = 9, the curve reaches a 

minimum, with global heat flux value of q = 8 W /m2
• This suggests that a maximum 

suppression has been achieved. In this study, this particular layout is regarded as the 

optimal design (where NI = 5, N2 = 7, NJ = 5, N4 = 8, N5 = 0). Based on the given design 

constraints, the subsequent introduction of prutitions would not yield further suppression. 

Instead, a linear increasing trend is observed. This is valid up to the threshold limit 

where the structure essentially becomes a solid body. 

Fig. 8.21(b) shows the relationship of the average Nu in terms of N r, for n;-iterations. 

Due to the complex internal layout of the enclosures, the heat transfer rate as a result of 

the discretisation could not be predicted by empirical correlation. Instead, the average Nu 

was determined from the ratio of the average convective to conductive heat transfer rate, 
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from the left to right bounding walls of the insulator enclosure. In this case, the 

relationship of Nu in terms of NT was obtained using the least squares fit to plot a best-fit 

curve to a sixth order polynomial trend line. The average Nu prior to discretisation was 

computed as approximately 1.6. The results indicated that Nu was markedly reduced as 

tbe nwnber of parallel partitions in the cells increases. With further increase in NT, this 

deceasing trend diminishes and gives way to a flat decrease. The optimal discretisation 

layout obtained at n, = 9 (where NT = 25) corresponds to an average Nu of approximately 

1.1. It was observed that a slight decrease in Nu could be gain through further 

discretisation. In fact, subsequent introduction of so lid partitions beyond the point of the 

optimal solution would not yield further suppression of heat transfer. Table 8.2 

summarises the design attributes of the discretised insulator enclosure. 

Table 8.2 

Design attributes of the non-convective structured insulator using Db PM 

Attributes Initial design OptimaIly diseretised 

Mass (m) 1.53 kg 1.84 kg 

Global heat flux (q) 15 .97 W/m' 9.39 W/m' 

Average Nusselt number (Nil) 1.78 0.98 

Maximum stream function ("'m.,) 3 .34 x 10-4 rn'ls 2. 10 x 10" rn' ls 

Maximum velocity (vmu) 3.15 x lO"mls 4.51 x 10" mls 

Number of pan it ions (local) (N,) NI = 0, N, = 0, N, = 0, NI = 5, N, = 7, N, = 5, 

N, = 0, N, = 0 N, = 8, N, = 0 

Number of partitions (total) (Nr) NT= O Nr= 28 
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8.10 Results for validation analysis of DbPM 

Fig. 8.22 shows the results of the validation analysis of the DbPM in finding the optimal 

discretisation for a total of forty rectangular enclosures with various cell layouts. 
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Fig. 8.22 Validation analysis of DbPM on enclosures with various cell layouts: (a) mass ratio mlmo vs. solid/fluid vo lume 

fraction fP regression plot; (b) percentage gain in suppression X (%) vs. mass ratios. 

The obtained data points, each representing an enclosure with optimally di scretised 

layout, show a decreasing trend. The least squares fit was use to approximate the best-fit 

linear trend line, as Fig. 8.22(a) shows. The decreasing trend of the various optimal 

discretised layouts was observed to be fai rly consistent, regardless of the geometry of the 

cell layout. In general, enclosures with low cell aspect ratios (i.e. rectangular and circular 

cell s) would require more partitions to achieve an optimal suppress ion. In fact, the 

number of N local or global partitions required to achieve an optimal suppression 

depended not only on cell geometries and aspect ratios, but also the ' local' thermal 

boundary conditions. This effect is illustrated by the upper and lower limits of the mlmo 

for the investigated enclosure models, as (i) and (iii) highlights. For the case of the 

structured insulator (ii), the increase in mlmo discretised using the modified DbPM, fall s 

within the estimated range. 

Fig. 8.22(b) shows the curve obtained when the maximum percentage (%) suppression of 

q is plotted against mlmo. Although the data points were fairly dispersed, an increasing 

trend could still be observed. Initially, the data points fall close to the mean, but deviate 
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wi th increasing m/moo The least square fi t is use to approximate the best-fi t curve to a 

second order polynomial trend line. The curve indicated that the maximum percentage 

increase in suppression is not proportional, and tended to decrease with increase m/moo In 

thi s study, the minimllln and maximum percentage gain in suppression of q was recorded 

as 0.4 1 % to 78% respectively, as indicated by (i) and (iii). Enclosure (Hi) could be seen 

as a threshold limit whereby the introd uction of parallel vertical partitions would actually 

benefit the suppression of heat transfer. With L'.TJocaJ :::; 3 °C (rp :::; 0.95), just 0.41 % 

suppression could be achieved. Therefore, this indicated that cells with local temperature 

drop of approximately tlTJocaJ < 3 °C, regardless of geometry or aspect ratio would not 

benefit fro m the introduction partitions of similar materi al to the main enclosure. As a 

general observation, the number of partitions required fo r optimal suppression, in relation 

to the range of tlTJocaJ are summarised in Table 8.3. 

Table 8.3 

Range of 1l.7]",., and number of optimal partitions (N,) 

Temperature d rap across cell (Il.T,,,.,) 

Il. 7]"", > I 0 

3 < 1l.7]",,,< 10 

fj. 1iocal ::::: 3 

Il. 7]",,, < 3 

Number of optimal pa rtitions (N,) 

5 < N, < 8 

1< N, < 5 

N,~ I 

N,~O 

These figures only serve as a general design guideline in the selection of the number of 

useful partitions fo r this particular design problem. An iterative di screti sation approach 

is to be performed in order to determine No. 
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8.11 Discussions 

8.11 .1 Effects of discretisation on heat and flu id flow fields 

Prior to discretisation, thermal boundary layers (TBL) developed at the solid-fluid 

interfaces, due to the differences of the far-field and surface temperatures. The rate of 

heat transfer across the TBL is determined by the thickness 0, adjoining the sidewalls. 

The transport of heat is primarily provided by buoyancy-driven convective circulation, 

caused by the fluid density gradient and gravitational force. This motion, which is 

confined to the region affected by heat transfer, is known as the heat transfer-controlled 

buoyant motion (Kaviany, 2002). As the TBL developed along the surfaces, the effects 

of heat transfer penetrated into the ' far-fields ' (Fig. 8.23). TIle general characteristics of 

the isotherms for a single rectangular cavity is consistent with findings of Kaminski and 

Prakash (1986), Acharya and Jetli (1990), Misra and Sarkar (1997), Chang and Tsai 

(1997) and Cianfrini et al. (2005), to name a few relevant ones. 
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Fig. 8.23 Development of the 'upward' and 'downward' thermal boundary layer (TBL) in non-discretised enclosures: (a) 

Structured insulator; Cb) basic rectangu lar enclosure. 

The structural layout produced by the MD method consisted of inclined surfaces which 

are not aligned with the gravitational vector g. Hence, buoyancy forces are subjected to 

normal and parallel force components. Since the y-component is reduced to g cos 8, fluid 

velocities along the inclined surfaces are reduced, with an attendant reduction in 

convection (Rohsenow et al., 1998) depicted in Fig. 8.24(a). Moreover, the distance y 

needed for the TBL to fully develop and for the heat transfer to penetrate the far-field is 

comparably less. Therefore, it is expected that an attendant reduction in convection could 
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be gained from cells with opposing inclined surfaces. This observation agrees well with 

the findings presented by Varol et al. (2006), Basak et al. (2007) and Natarajan et al. 

(2007) on the analysis of enclosures with incl ined roofs. In contrast, buoyancy forces act 

only in the vertical direction to induce fluid motion within enclosures with partitions 

paral lel to the sidewalls. In this case, the TBL would remain flat over the vertical 

surfaces; a typical feature which indicate the dominance of the thermobuoyant heat 

transport mechanism, depicted in Fig. 8.24(b). 

Cb) 
Fig. 8.24 Development orthennal boundary layers CTBLl in fluid-filled cells: Cal Upward flow on inclined surface of the 

structured insulator; (b) upward flow on a venical surface of the initial investigative model. 

The inclusions of thin parallel vertical partitions have profound effects on the flow and 

heat transfer characteristics (see Fig. 8.25). At the upper quadrants, the upstream flow 

'detached' and penetrates the free stream. This observation is consistent with the 

findings by Ho and Chang (1993). Although the magnitude of the convective flows are 

markedly reduced, as indicated by the If"'.x and Vrn•x plots, the undulations of isotherms 

indicated that heat transfer in the fluid region was still primarily provided by convection 

(Fig. 8.25b). In contrast, the TBL appeared to be more developed on the inclined 

surfaces. Despite the comparably weaker flow, the dominance of convection was still 

evidently visible at this stage (see Fig. 8.25a). This observation is rather similar to the 

findings given by Kangni et al. (1991). 
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Fig. 8.25 Effects of vertical partitions on thennal boundary layers in discret ised enclosures: (a) Structured insulator; (b) 

enclosure model from initial investigalion. 

The conditions in the TBL, as a resul t of the di scretisation, strongly influence the surface 

temperature gradients, and heat transfer rate. This is evident on the inclined surfaces, 

where the isotherm penetrates directly into the far-fields, indicating conduction. 

Accordingly, the developments of the TBL on the inclined surfaces are inhibited, as Fig. 

8.26(a) shows. On the adjacent partitions, TBL's developed but the distance required to 

fully develop is seen to be comparably less. Despite the slight growth in thickness, the 

TBL's on the vertical surfaces of the basic enclosure remained relatively flat. The slight 

undulation, at the middle of each cell, indicated the presence of a relatively stagnant core 

and that the transport of heat was primarily provided by the weakened boundary layer 

flows. 

(a) 

cell (fluid) 

~,+-

(b) 

Fig. 8.26 Effects of discretisation on the development ofTBL's: (a) Upward flow on an inclined surface of the structured 

insulator; (b) upward flow on a vertical surface of initial investigat ive model. 
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With further discretisation, the deformation of isotherms was markedly decreased, as 

exemplified by the 'non-development' of the TBL. The temperature in the vertical 

direction of both enclosure models is nearly isothermal, as Fig. 8.27 shows. Despite the 

presence of slight convection, the local heat flux along each partition was relatively 

uniform. The slight inclined isotherms indicated that heat transfer across the 

subenclosures was ' pseudoconduction' . Relatively similar characteristics were seen on 

the optimally di scretised structured insulator shown in Fig. 8.27(a). In contrast, the 

isotherms appear to be affected by the inclined members, which clearly demonstrated the 

heat transfer interaction between the adjoining subenclosures through the structural 

members. Unlike the thin partitions, which are 'passive ' in the sense that neither their 

temperature nor heat flux was prescribed (Rohsenow et al. , 1998). Depending on 

orientation, multiple parallel partitions could have profound effects on heat transfer. 

Fig. 8.27 Effect of vertical panilions on heal transfer of enclosures: (a) Structured insulator with optimal discretisation 

layout; Cb) venical enclosure with optimal discretisation layout. 

Fig. 8.28(a) and (b) illustrates the influence of the optimal discretisation layout on the 

global heat transfer across the structured insulator and basic enclosure. The non

development of the TBL indicates that the buoyancy-driven flow is weak and that the 

working fluid is relatively ' stagnant'. With the suppression of the thermobuoyant flows, 

the effective thermal conductivity kerr of the working fluid is reduced, thereby increasing 

the global thermal resistance. The outcomes show that the increase in subenclosure 

aspect ratio SN, as a result of the discretisation, yielded an increase of the global thermal 

resistance. Fig. 8.28(a) compares the heat transfer interaction between the adjoining 
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----------------- --------------------------------------------------

subenclosures through the conducting enclosure and partitions where the isotherms 

emanating from the fluid wetted wall, penetrated the dividing partitions. 

T, 

(a) (b) 

Fig. 8.28 Effect of optimal discretisation on the flow characteristics of subenclosures: (a) structured insulator with 

optimal discrctisation; Cb) vertical rectangular enclosure with optimal discretisation. 

8.11.2 Heat flux distribution 

The heat flux (q) is an imp0l1ant heat transfer quantity which depicts the heat transfer per 

unit area normal to the direction of heat transfer across the enclosure. Shown in Fig. 8.29 

is the direction and magnitude of q across the non-discretised and optimally discretised 

structured ins ulator. 
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".2~ 12131 21211 211.11" 311172 

(a) 

)' 

• 

2.101 10011 17.322 25633 31 e.3 
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Fig. 8.29 Heat flux vector of insulator enclosures: (a) non-discretised enclosure with Nr = 0 panilions; Cb) structurally 

optimised enclosure with optimal discrcti sation of Nr= 25 partitions. 

It should be noted that the q plots obtained from the numerical model were based on k,lkj 

"" I 0, with T s( \ ) > T s(2). The q across the structure appears to be a strong function of the 
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nwnber of partitions and layout. The heat flux was found to be higher in members 

normal to the direction of heat flow (i .e. the horizontal face shells and the inclined ties) 

and varied with position along the continuum members. The maximum heat flux is 

found in members forming a direct 'thermal bridge' linking the heated and cooled faces 

posing the least thermal resistance. In contrast, q in the inclined members and the 

vertical face shell s are found to be comparatively less. Although the introduction of 

parallel vertical partitions to the openings has profound effect on the average heat flux , 

the local heat flux distribution of the sol id enclosures remained relatively unchanged. 

8.11 .3 Effects of discretisation on global heat transfer 

The general characteristic of heat transfer, as a result of the discretisation, was observed 

to have undergone changes, from a convective to a conductive dominant system. This 

change is clearly distinguishable from the discretisation history plots, in which could 

generally be classified into three stages, as shown in Fig. 8.30. 
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Fig. 8.30 Characteristi cs of heal transfer due to discretisation of eel Is using vertical parallel panitions: (i) Nonproponional 

reduction; (ii) nonproponional increase; (iii) linear increase in heat transfer/flux. 

i) Nonprop0l1ional reduction - The inclusion of partitions reduces the convective heat 

transport mechanism, as exemplified by gradual 'detachment ' of the thermal 

bowldary layers along the height of the enclosure walls. 
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ii) Nonproportional increase - 'Pseudoconduction' gradually giving way to conduction. 

The undulations of isotherms diminishes, but stilI remained at an angle, indicating 

that the heat flux along the partitions are not uniform. 

iii) Linear increase - At this fmal stage, q increases linearly with N. Heat transfer is 

conductive dominant, in which the isotherms are almost parallel to the sidewalls and 

vertical partitions, indicating a more uniform heat flux distribution. 

The features highlighted above corresponded well with the calculated dimensionIess 

parameter Nu of both the discretised basic enclosure and structured insulator. Although 

convection was observed to be significant at the initial stages, the thermo buoyant flows 

within the cells were well within the laminar region. This is attributed to the low 

recirculation rate of a natural convective system, which usually is several orders of 

magnitude lower than forced convection systems. In addition, both minima of the q-N 

curves agree well to a value of Nu which indicated 'slug flow' or laminar flow. 

Importantly, the decreasing trend of convection, as given by the correlated NUN and 

calculated Nu is in good agreement. For the structured insulator, the reduction of the 

average Nu due to the introduction of Nt = 1 partition at nt = 1, is approximately 27 %. In 

contrast, the introduction of N = 1 partition at nt = I in the basic enclosure yielded 

approximately 58 % reduction. For the range of Ra = 107, the velocity of re circulation is 

expected to be comparably higher for cells with low aspect ratios, as opposed to cells 

with higher aspect ratios. In all, the observed characteristics of heat transfer are 

consistent with the flow regimes in enclosures given by Mac Gregor and Emerry (1969). 

8.12 Efficiency of partitions 

In relation to the engineering application of this study, the thermal insulation of multiple 

parallel vertical partitions for the basic enclosures and structured insulators are assessed. 

According to Nishimura et al. (1988), the reducing rate of the insulation efficiency '1 in 

terms of N-partitions can be written as 

(70) 

where Nuo is the average Nusselt number of enclosures with no partitions and NUN or Nu 

is the Nusselt number of the enclosure with partitions, respectively. 
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Fig. 8.31 compares" vs. N-partitions, evaluated at Ra = 107
, for both the discretised basic 

enclosures and structured insulators respectively. 
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Fig 831 insulatIon efficiency (,,) of verbca1 parallel partJ.l1ons as a function of N-partJ.l1ons (or nriteration) (a) basic 

verbca! enclosure, (b) structured insulator. 

For single cell enclosures with low aspect ratios, bisecting the internal air space would 

yield - 58 % reduction in convection. 1bis observation agrees well with the findings 

obtained by Ho and Yih (1987). Based on the design constraints imposed in this study, 

the maximum gain in efficiency is - 94 %. 1bis is a substantial amount considering the 

effect of heat transfer alone. 1bis example serves only as a benchmark for comparison 

purposes. In contrast, the bisection of air-filled cells of the structure optimised using MD 

would yield approximately 27 % gain in efficiency. 1bis initial gain is expected to be 

lower because the continuum truss layout with inclined cell walls had initially attributed 

to 47 % decrease in heat flux. In this case, the maximum efficiency gained from the 

discretisation is approximately 45 %. 

204 



From an engineering standpoint, the useful number of partitions is determine to be 

approximately five to eight per cell, with an attendant reduction of global heat transfer by 

- 40 % to -78 %, respectively. Table 8.4 summarises the If of the partitions within the 

discretised structured insulator. 

Table 84 

Summary of the efficiency (If) of partitions in the reduction of heat transfer 

Basic rectangular enclosure Layout optimised structured insulator 

n,-Iterations N,..partitions Efficiency (If) N,..partltionS Efficiency (If) 

1 0 0 0 0% 

2 1 58.1 % 4 27.3% 

3 2 74.9% 8 362% 

4 3 82.5% 12 40.7% 

5 4 868% 16 42.7% 

6 5 89.6% 20 43.6% 

7 6 91.4% 22 43.9% 

8 7 92.8% 24 44.6% 

9 8 93.8% 24 45.0% 

10 9 94.6% 25 44.8% 
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8.13 Concluding remarks 

An optimal discretisation layout with maximised thermal resistance (R-value) or 

minimised hear flux (q) was obtained using the discretisation by partitioning method 

(DbPM), for a structurally optimised granular-solid modular unit load bearing structure. 

The discretisation approach of the proposed DbPM was initially demonstrated through 

88% reduction of heat flow for an idealised unit cell enclosure. The method was then 

modified and extended to cover the discretisation problem of structures with nonuniform 

internal layout, typically expected from a layout optimisation. In the case of the 

structured insulator under consideration, a gain in insulation performance of 41 % was 

achieved, considering that the structurally optimised layout had initially yielded 47% 

reduction in heat transfer. The result of the optimal discretisation by the proposed DbPM 

was validated by an additional study. The gain in thermal insulation, at the expense of 

slight increase in structural mass, was demonstrated to be somewhat consistent for the 

forty randomly selected enclosure layouts. From the validation study, the range of 

thermal boundary conditions in which the DbPM would produce the most desirable gain 

in insulation is highlighted. 

The results obtained using the two-stage optimisation and discretisation method is 

different to designs solutions proposed by Gu et al. (2001), Lorente and Bejan (2002) and 

Gosselin et al. (2004), in that the current method combines the attributes of layout and 

sizing/configuration optimisation. Design solutions obtained through use of sizing 

methods may in overall, be stiffer and lighter, but insulation performance will be affected 

due to amount of thermal bridging present In this study, a modular unit cell structure 

optimised for load and heat transfer is produced using the proposed design two-stage 

layout optimisation and discretisation method. The results indicated gains in material 

savings and insulation is substantial for a single material structure and that the results 

were positive. Importantly, the research paves the way for future work to similar class of 

design optimisation problems. 
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---------------------------------------------------------------------------

9 
Conclusions and Further Work 

9.1 Summary of research findings 

The key findings of this research from the foregoing chapters are summarised below; 

i. A systematic design procedure for characterising strength and insulation 

requirements of a modular unit structure from additive manufacturing has been 

presented. The proposed two-stage method consisted of structural optimisation 

and thermal discretisation, through use of the Metamorphic Development (MD) 

and a specifically devised Discretisation by Partitioning Methods (DbPM), 

respectively. 

ii. Layout optimisation of a consolidated granular-solid structure, initially 

considering only strength requirements is demonstrated. A bimodulus 

constitutive Drucker-Prager (D-P) material model was calibrated to accurately 

model the responses of the material used. The reliability of the optimised design 

solution, tested using physical experiments and finite element (FE) modelling, are 

reproduced with reasonable accuracy. The attributes of the design approach 

yielded 40% savings in build material whilst satisfying the targeted deflection. 

iii. It was established that heat transfer across a differentially heated and cooled 

structure could be controlled and optimally discretised through use of the 

proposed DbPM. The attributes of the approach have been demonstrated through 

88% reduction in heat transfer for an idealised analysis model and 40% for the 
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investigated design study. The reliability and consistency of the design solutions 

have been validated through an additional validation precedure. 

iv. The research demonstrated that the attributes of layout and configuration/sizing 

optimisation methods can be combined to produce conceptual design solutions to 

engineering design problems which encompasses more than one domain. 

v. It was demonstrated that strength and insulation requirements of load bearing 

structures could be achieved through use of single bulk material by means of 

varying geometry to produce the required functions. 

The research demonstrated and introduced the notion of design optimisation for Freeform 

Construction (FC) which has not previously been considered for a load bearing thermal 

insulation granular-solid structure. The outcome of the research lays the foundations for 

the design optimisation of full scale concrete structures. 

9.2 Conclusions 

This research is of importance to construction and manufacturing engineering 

applications, with the search for a design optimisation approach for load bearing 

structures with thermal insulation requirements. Of key importance is that most current 

design studies only consider mechanical strength and heat transfer requirements alone. 

The research presented in this thesis demonstrated the design approach for a new class of 

design problems, where the system architecture is derived from a combination of 

mechanical strength and thermal insulation requirements, aimed at the design 

optimisation of building components or similar structures. In this study, a 'two-stage' 

structural optimisation and thermal discretisation method was presented. The method 

utilised the combinatorial techniques derived from layout and sizing methods, 

respectively. In the proposed method, the structural requirements were initially addressed 

prior to finding a thermal solution. The method was tested and shown to be effective in 

maximising the static stiffuess and minimising heat loss of a conceptual design build 

using consolidated granular-solid SLS Nylon-12. 
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The proposed method is envisaged to benefit design engineers with a systematic approach 

in the design ofload bearing structures with insulation requirements. The outcome of the 

shapes produced compares well with known analytically obtained solutions. The method 

is ideally suited for establishing first design estimates. However, post-processing of the 

design boundaries in the intermediate and final stages is necessary and important for 

optimisation procedure and real life applications. In all, the attributes of the two-stage 

approach had been demonstrated through savings in build material of 44% and with 

increased thermal resistance of 62%, with the used of a single build material. The current 

research lays down the initial investigative principles for that of a two-stage strength and 

insulation layout design optimisation approach. 

9.2.1 Layout optimisation of consolidated granular-solid structures 

A procedure for the design optimisation of a granular-solid prismatic beam has been 

demonstrated through use and substitution of consolidated Nylon-12 granular-solid as the 

build material. The metamorphic development (MD) method formed the basis of the 

generalised layout optimisation used to yield a lightweight design. The attributes of the 

approach have been demonstrated through savings in build material of 24.7%, without 

compromising the targeted displacement and strength requirements. Two types of 

prismatic beams were considered, an initially solid and layout optimised beam. The 

design procedures comprised of layout optimisation, modelling and calibration of 

material parameters, and finite element analysis (FEA). A nonlinear analysis was 

performed to simulate the material nonlinearity and large displacement characteristics, 

which is typical of most polymer materials. A bimodulus constitutive Drucker-Prager 

(D-P) model was calibrated on the basis of experimental and calculated failure points of 

the material used. The calibrated material model was used for the MD optimisation 

model of the prismatic beam structure. The reliability of the results of the initial and 

optimised beams was assessed by simply-supported three-point bending (3PB) tests. The 

quantitative and qualitative features of the structural responses of the beams were 

investigated experimentally and numerically, and reproduced with reasonable error. For 

the case of the optimised beams, quantitative features of the predicted responses were not 

fully reproduced by the experiments. The 3PB tests revealed a slight difference in 

rupture loads and deflections. This was largely due to inconsistent mechanical properties 

among test specimens. In terms of manufacturing considerations, the placement of the 
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test specimens within the SLS machine build-volume, with near optimal process 

parameters should improve the consistency of mechanical properties. From the initial 

investigation, the validity of an MD optimised structure and calibrated yield criteria were 

established for consolidated SLS granular-solid Nylon-12. This paved the way for the 

application of the MD method in the generalised structura1layout design optimisation of 

the enclosure of an insulator enclosure which makes up the proposed Stage-l of the two

stage design approach. 

9.2.2 Optimal discretisation of structured insulators 

The initial investigation of the discretisation of heat insulating structures was aimed at 

exploring the effects of heat transfer due to the presence of solid partitions. A feasibility 

study was performed to explore the decreasing trend of q due to the introduction of 

partitions. This was done by means of physical experiments of consolidated granular

solid test specimens through use of the horizontal guided hot plate (GHP) apparatus. 

Also obtained from the experiment was the effective thermal conductivity kef! of solid 

material, which was a primary thermal property required for the numerical modelling of 

heat transfer across the enclosures. For the case of a granular material, kef! could 

alternatively be obtained through empirical correlation. A total of five test specimens, 

each with varying intemallayout, was manufactured and tested. The test specimens were 

post-processed and conditioned prior to the tests. The experimental analyses consider the 

effects of the conjugate natura1-convection-conduction heat transfer across horizontally 

orientated rectangular enclosures of low aspect ratios. The enclosures considered were 

bounded by isothermal horizontally heated and cooled walls with adiabatic edges. In the 

discretisation, horizontal partitions were introduced in an N + I fashion to equidistantly 

discretise the internal airspace, where the number of partitions N was varied from 1 to 5. 

In the experiments, each enclosure specimen was tested until a measurement repeatability 

of thermal equilibrium of < 0.2% was achieved. The conditions of the experiments were 

modelled using computational fluid dynamics (CFD) to visualise the steady-state 

isotherms, in which could not be obtained from the experiments. The GHP test results 

revealed a nonproportional decreasing trend head flux, despite the fact that conduction 

wais dominant and confirmed by the isotherm plots. The nonproportionai decrease of q 

in terms of N resembled a polynomial function. This indicated that the minimum of the 

function would give an optimal solution. The initial characterisation of the effects of the 
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Discretisation by Partitioning Method (DbPM) in suppressing the heat transfer across 

granular-solid enclosures had allowed the research to be extended to Stage-2. 

9.2.3 Two-stage structural optimisation thermal discretisation approach 

This research demonstrated the design optimisation and discretisation of the internal 

layout of a structured insulator to meet strength and insulation requirements. Due to the 

competition between structural and thermal requirements, a two-stage layout optimisation 

and partitioning discretisation approach is carried out to identifY the optimal layout for a 

unit cell structure. The concrete masonry unit (CMU) was chosen because it 

demonstrated this particular design problem in its simplest configuration. In the first 

stage, the strength requirements were addressed using the MD method to fmd a design of 

maximum stiffuess of least material. In the second stage, a shape constraint was imposed 

on the optimal structural layout. The airspaces within the openings were subsequently 

discretised until a minimum heat flux design was determined. 

Most of the thermal design work was based on the maximisation of heat and fluid flow 

performance, without addressing mechanical strength. Similarly, considerable examples 

of structural design are focussed on the maximisation of strength, without referencing the 

need for insulation requirements. The competition between structural and thermal 

functions of the structure represents a challenge to the design optimisation. From a 

material distribution point of view, the addition of structural material to form new load 

paths could affect thermal insulation performance. Conversely, the removal of material 

could increase thermal resistance, at the same time this may affect stiffuess or strength. 

In this research, the strength of the enclosure was considered as the integral requirement. 

An enclosure optimised based purely on thermal requirements would be unfeasible if it 

do not meet strength requirements. Based on this consideration, the proposed method 

was shown to address the global problem. 

The two-stage consideration of the strength and thermal requirements of a complex 

structure is a defming feature of the design optimisation problem proposed in this thesis. 

The number of partitions and subenc10sures built into the unit cell structure can be 

optimised when the static stiffuess was optimised. The optimal number of N-partitions 

increases when the effect of natural convection increases, when the specified stiffuess of 
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the enclosure increases. Thennal resistance was larger when natural convection in the 

subenclosures was weaker, when the enclosure stiffness was higher. The optimwn 

solid/fluid volwne fraction of the structured insulator decreases when the natural 

convection effects became stronger and when the enclosure stiffness is low. The 

conceptual design of the unit cell structure considered here is shown in Fig. 9.1 

Thermal 

Structural 

FIg 9 I Optunised internal layout of unit cell structure that meets structural and thermal insulation requirements 

The 'two-stage' structural optimisation and thennal discretisation method presented in 

this thesis was not only limited to building applications. It can be applied to other fields 

where structures must carry loads while posing most resistance to heat flow. Examples 

of application include aircraft, ships, automobiles and other mobile structures. Instead of 

utilising different material to fonn composites, insulation could be increased by varying 

the intemallayout of the load carrying members utilising a single build material. One of 

the cited benefits was the opportunity to recycle used build materials at the 'end of life'. 

The design approach could be carried further where a design could be conceptualised and 

'morphed' into geometric fonns with more than one function, whilst retaining the single 

material construction. 
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9.2.4 Recommendations for further work 

In this research, three areas of further work were identified. These were primarily centred 

on the development of an improved discretisation by partitioning method (DbPM) and 

metamorphic development (MD) method, and the type of analysis used for the 

optimisation model. The differences in the physics of the respective analyses of the 

design problem require different means of numerical methods. For instance, finite 

element analysis (FEA) is required for structural optimisation and computational fluid 

dynamics (CFD) for thermal discretisation. With a 'multiphysics' simulation, both these 

analyses could be coupled in one environment. In that, the results of the thermal analysis 

can be read and used as body loads in the structural analysis, providing the flow of 

information between the two different analyses. Due to the fact that both structural and 

fluid mesh may be simultaneously required in the optimisation model, advanced mesh 

morphing and multi-field solvers may be required. Assuming that the physics of the 

problem could be modelled, the next challenge lies in the nature of the optimisation 

approaches used. Due to the competition between structural and thermal requirements, a 

material distribution approach would not be practical for the optimisation of the heat flow 

problem. With a multiphysics simulation, it is hoped that an improved DbPM and MD 

method would enable the procedures of structural and discretisation optimisation to be 

performed in an automated fashion. 

9.2.5 Areas of further work 

In this study, the Discretisation by Partitioning Method (DbPM) was implemented 

manually. Although a desirable gain in thermal insulation was achieved for a single 

material structure, the process largely consisted of manual work. Similarly, the MD 

method used for the layout optimisation involved model updating by means of manual 

approach. This was largely due the development of problematic geometries during the 

course of the layout optimisation. Despite producing a solution which meets the design 

criteria, the proposed method would benefit if these highlighted areas are addressed; 

i. Due to the repetitive nature of the process, procedures of the DbPM could be 

automated. This would allow structures with complex internal opening layouts to 

213 



---- ---------------------------------------------------

be optimally discretised in a more efficient manner. This could prove to be a 

highly useful tool for evaluating design changes of complex shape structures. 

H. The current DbPM is limited to the optimal discretisation of differentially 

structures with uniform external geometries. It would be beneficial if the method 

could be used to solve design problems with multiple heat sources of structures 

with arbitrarily shaped internal and external geometries (i.e. multiple arbitrary 

heat sources, etc.). 

Hi. Alternative, structures could be designed with 'selective thermal resistances' 

which could be 'tuned' to meet certain thermal requirements. In addition, the 

thermal discretisation could consider the optimal discretisation which would 

produce a near uniform heat flux structure (i.e. selective thermal resistance and 

uniform heat flux). 

iv. The thickness tp of the vertical partitions used this is study is not a design 

variable, where tp may be used as a design variable. The value of tp may be 

determined by the geometry of the openings. This feature may be useful when 

differences in sizes of the openings are considerable, allowing relatively smaller 

openings to be effectively discretised (i.e. variable thicknesses tp). 

v. The thickness tp of the partitions should ideally be kept as thin as possible. Such 

geometries should be modelled using shell or plate elements, if bending is the 

dominant behaviour. Hence, the use of solid elements may not be appropriate 

because stresses do not vary greatly across the thickness (i.e. the use of multiple 

element types). 

vi. Currently, the two-stage layout optirnisation and discretisation method was used 

to optirnise 2D plane models. Ideally, it would be beneficial if the method could 

be extended 3D design problems (i.e. 3D design problems). 

vii. Due to the use of a single bulk material, structures optimised for least build 

material using AMT would be ideal for recycling or reuse of materials. Build 
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materials may be reused though sizing bulk structures. The technologies of 

material sizing are readily available and they could be seen as a complementary 

technology to Freeform Construction (FC) (i.e. environmental considerations). 

viii. Ideally, a connection could be made between optimised structures build using 

concretes to the current granular-solid RP material used in this current research. 

In addition, layout optimised reinforced structures could be considered. This 

would benefit and offer an alternative design approach to structural engineers (Le. 

optimisation of reinforced concrete structures). 

ix. Improvements could be made to the FE models used in the MD layout 

optimisation. The 'locally' high stress regions caused by point loads could be 

eliminated by applying 'surface loads'. Alternatively, the loading edges could be 

explicitly modelled using contact analysis. 

x. It would be beneficial if the DbPM could consider 'non-equidistantly' spaced 

parallel partitions within artbitrarilly shaped enclosure voids. Such partitioning 

configuration may be useful for structures that require 'selective insulation'. 

xi. The proposed 'two-stage' method could be improved if a 'combined' or 'one

stage' approach could be deviced. Before it could be realised, the physics of the 

optimisation problem, which is a muItiphysics problem, had to be modelled using 

fluid structure interation (FSI) analysis. The challenge lies in how design 

optimisation could be performed, in which is a topic for future investigation. 
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