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Abstract: In the context of industry 4.0, the overall perfarme of manufacturing systems largely de-
pends on the performance of embedded electronich Gevices are responsible for conditioning infor-
mation between machines and equipment such thakdéasput / output actions can be achieved. To be
competitive, manufacturers are harnessing theirdpicis by performing several design decision loops
based on the product’'s overall performance duringitt lifecycle. Even so, due to new developing-tech
nologies such products become soon obsolete. Tilglsdemands for new products cause large streams
of electronic waste. To overcome this issue nevgdgsinciples have emerged. Eco design togethtr wi
the development of sustainable technologies helpufaaturers to conceive their products in order to
meet both environmental and customer requireméhish interdisciplinary approaches maintain a bal-
ance between environmental costs and material sgémsshaving a major impact on all lifecycle stage
of a product. As a consequence, landfill is loweaad more value is added to the final product. dala
knowledge is also achieved and transferred to nemdyrcts by means of guidelines, check list and soft
ware extensions. Power electronics embedded in faatuing systems requires proper thermal design
to withstand high temperatures and perform accaydimthe design specifications. Heat sinks are ahe
the most common devices used for cooling electsofiicis paper deals with the lifecycle stages af he
sinks, discussing about the traditional CAD/CAEigiedools extended to meet eco-design criteria. A
case study illustrates the given concepts for #®gh of a variable speed drive passive cooler.

Key words: heat sinks, design tools, eco-design, variablegpukives.

1. INTRODUCTION electronics in their applications. Due to the irse of
ecological awareness, such manufacturing systerits wi
ave the priority of manufacturing products that envi-
ronmentally sound, thanks to the complex energyimon
toring and data processing decision capabilitieghas
next generation smart factories [3]. To fulfill teeologi-
cal awareness, next generation manufacturing sgstem
‘are also required to integrate sustainable eleicsdA].
Being one of the main waste streams, electronjgs re

Nowadays, industrial applications are characterize
by a high degree of automation. Such complex system
generate desired physical outputs (i.e. indeximgpbsi-
tion of a part) by processing signals from machioes
sensors. Control loops, decisions and actions aesudt
of the continuous information exchange between me
chanical and informational subsystems. Basicallpua

mericall_y controlled _axis comprises mechani_cal COMDP  resent a growing concern for the environment duth¢o
nents (|_.e. sPeLr\(/:o dnyeblgearbm:j) Zmd eIectncahrg;:r»e hazardous, complex and expensive to treat natuseaf
nents (|_.e. , varlabie spee rive) respons parts and assemblies [5]. With less than 10% okthe-
generating speC|f|c signals that change accordinthe tronic products that end in the waste stream bescy-
information acquired from transducers and sensirs | cled [6], creating design and technological innimrat

The reI_ationghi_p between control signal and physica has moved forward towards a future electronic ifrgus
response is satisfied by means of embedded elédron that is environmentally sound

tS_UCh devices are widely available in industrial lmap Dimensions of industrial electronics have decreased
1ons. and many devices were removed (i.e. math co-

g With the introduction tto(jln:just{K 4.0_',_hmore ?hy$|ca rocessors, Multi /O boards and others) and replac
eévices aré now connected together. 1he periormsance, ., solutions that embed several functions onshee

_Of the resulting cyber-physical systems [2] aree;ngd electronics assembly. While such replacements mini-
n _equal balance by hardware and _software pqteﬁtml mized sizes, cooling remained a central designeissu
gain advantage of these technologies companlesrlﬂema-l-his makes thermal design indispensable and a grpwi
integration of more intelligent machines and emisedd need to develop sustainable thermal design hasgeaher
in the given industrialization context.

Approaches regarding sustainability of heat sinks

" Corresponding author: 313 Splaiul IndepenediAvenue, Bucha-
rest 6, Romania

Tel.+40741041881; have been studied in [7]. The work seeks a "leastgy"
Fax: +40212691332; _ design approach for optimizing natural and forced-
E-mail addressesudor.alexandru@stud.imst.upb.6.G. convection cooled heat sinks. The aim is to maxmiz

Alexandru),cristinapupaza@yahoo.co.g&. Pupza . . . .
) pupaza@y ¢ fizs) heat transfer with the least material requiremaritisout



10 T.G. Alexandru and C. Pdpi / Proceedings in Manufacturing Systems, Vol. 42,1, 2017 /916

the necessity of excessive pumping power. Anotlper a ciently absorbs or dissipates the heat to the soding
proach is presented in [8]. In this case the souahdlity environment and a cooling fan, as a forced coneBcti
index is used to quantify the subtle balance betvtee  flow device used for expanding the total heat tiemsate
achieved thermal performance and the investment o6f the heat sink. While fans are an optional resint,
material of various cooling designs, allowing arvien heat sinks represent the most important componieat o
ronmentally optimal configuration to be chosen. thermal management solution employed in industrial
This paper presents a sustainable approach regardirelectronics. Due to the complexity of heat generatf
the design of heat sinks used for cooling electranim-  electronic components used in industrial enginegrtine
ponents in industrial engineering. The first pafttioe necessity to create custom tailored heat sinka &pecif-
work describes the basics of the design, simulatiod  ic product range arises several design constraliitsse
manufacturing of heat sinks. In the second parte Li can be geometrical constraints (i.e. allowable kwviaihd
Cycle Assessment (LCA) is discussed as an importankength), heat constraints (i.e. total heat transéée, al-
environmental cost evaluation tool and how LCAsedi  lowable junction temperature) or economic constsain
to create ECO-Design specific knowledge. The thad (i.e. choice of materials that satisfy both therraad
of the work describes the traditional thermal desagp-  price requirements). From the initial design coaists
proach for heat sinks. Adding an ECO-Design loop tountil the manufacturing of the final solution, tarstages
this approach requires not just the least maténeamal  can be depicted on Figure 1:
design, but a deep understanding of multiphysicdbpr
lems (i.e. thermal, mechanical, dynamical aspemis)- 1. Design stage

bined with manufacturing possibilities and oveativi- This step is characterized by a continuous int&act
ronmental costs. To illustrate the given conceft®  petween the design teams that use an extended cdinge

final part of the work presents a CAD/CAE approfmh  software. Several design scenarios are proposethéor
designing a heat sink for a variable speed driaéshtis-  same initial input.

fies all requirements while being sustainable.

2. Simulation stage
2. DESIGN, SIMULATION AND The simulation stage is characterized by an interac
MANUFACTURING OF HEAT SINKS tion between designers and simulation engineerg Th
Thermal management plays a decisive role in thedim is to validate proposed design scenarios irrotd
proper performance and optimal life span of indaktr Predict the behavior of the product during its Idgcle.
electronics. The proper selection of components thaFor this purpose, Computer Aided Engineering (CAE)
comprise a cooling solution for a specific appiicatis ~ Software is used. Because some design scenariobenay
the aim of thermal design, a new branch of indaktri hard to manufacture or may require complex manufact
engineering design. ing processes, design scenarios completed by CAH-si
Most of the industrial electronics use a thermahma lations are further subjected to Computer Aided tan
agement solution that comprises a heat sink wigitfh facturing (CAM) procedures.

Design
adjustments

Initial Y - Final 3D Final

input
> nadel Manufacturing .—.pdeUCt

h 4

Design Simulation

+  Interaction between design «  Numerical simulations to verify * Analysis of the accepted
teams requirements and propose Qesngn_and organizing of the
«  Extended choice of software for design improvements Industrial enterprise
computer aided design 5 M?_rcmju?cturifng simula(;ic(;n t_ools: # tl\iiggg?ggl;rlgﬁdbgorﬁjlns of
. i : validation of proposed design
iﬁyjrﬂpﬁmgn Siil from a standpoint of ’ Shipment_ qfthe product to
manufacturability the beneficiary

- %

Fig. 1. Stages of Heat Sinks design-,;simulation and matwiag.
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3. Manufacturing stage

The complete 3D model that was analyzed by both
CAE and CAM is used by manufacturing engineers who
investigate the given design for organizing the kvior
industrial enterprises. Specific technologies areeased
to transform raw material in final products. Qualion-
trol stages ensure the conformity of the physieabipct
in accordance to the design requirements. The firad-
uct (the heat sink) is shipped to the beneficiarybe
mounted as part of a thermal management solutianof
industrial electronic assembly [9].

3. LIFECYLE ASSESMENT

Life cycle assessment (LCA) can be defined as 3yl

methodological framework that provides complemeantar
insight related to the environmental impact of adurct.
Such tools are used by experts to support pollypien
vention by means of process improvement [10].
Figure 2 depicts the main environmental impact
sources associated to a heat sink’s life cycle:
1. Manufacturing
To manufacture a heat sink, raw material under dif-
ferent forms (ingots, sheets, billets etc.) isduas
work piece for cold forming (i.e. extrusion, machin
ing) or for hot forming (i.e. casting). Due to tbeer-
gy required from both work piece and final product
manufacturing, CQis released into the environment.
In the case of heat sinks, the manufacturing stage

3.

11

End of lie
At the end of the heat sink’s life, emissions axe e
pected due to the product reuse (disassembly moces

es, light machining of surfaces scratched / damaged

and assembly of the heat sink on new producthelf

product can't be reused, furnace melting is usa@é-to
cover materials for recycling.

The design of heat sinks is largely responsiblén wit
the level of emissions generated during the prdsluct
lifecycle. The role of LCA is to create a balanetvieen
the impact sources such that the environmentak cost
minimized, while the product performs at its requir
ments.

LCA can be considered a main source of knowledge
ding for developing software and common frame-
work solutions for specific applications. This all® for
sustainable product development. It can assisth#o t
following tasks [11]:

environmental improvement opportunities at différen
points of life cycle stages;

effective strategies for designing or redesigning a
process ;

quantification of environmental outcome by means of
benchmarking and measurement.

4. ECO-DESIGN

Eco Design can be defined as a new design principle
involved in the design process of a product atyede-

resents the major source of emissions during thesign stages [12]. The aim of Eco Design (Fig. 3}ois

product’s life cycle.

Use

Only a small amount of emissions are generated dur
ing the use of a heat sink. This may include emrssi
resulting from the use of cleaning chemicals onfro
the replacement of the thermal interface matenial d
ing scheduled maintenances.

Manufacturing ;
+ Storage and transportation

Fig. 2. CO, Emissions related t

End of life

lower the environmental problems associated with th
reference product, while meeting the requiremehth®
customer in a more sustainable manner.

- Eco Design approach plays an important role in the
design and manufacturing cycle of sustainable ptsdu
Nevertheless, such design approaches haven't ctehple
developed into a standard, being rather a designer-
manufacturer dependent solution [13].

« Raw materials processing (ingots, sheet, tubing etc.)
» Technological processes (extrusion, casting, machining)

(logistics related emissions)

- Maintenance (emissions related to cleaning
a

nd thermal interface material change)

* Product reuse (emissions
related to disassembly
processes, light
machining, assembly on
new products)

» Recycling (furnace

| melting for material
" recovery)

o the life cycle of a heat sink
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Design parameters

’\ | |
. ,I:Jlumber pf fins ECO Design
=== « Fin spacing ~ R _
Fin thickness ~ Manufacturing
Choice of materials_~ | < Designfor manufacturing
with lower environmental
impact + Same customer
% Designto enhance end of value with lower
life strategies emissions
End of life

Closing the material loop

Product reuse
Material recovery
by recycling

l
[

Raw material
Fig. 3. ECO-Design principles.

Eco design is the result of knowledge achieved byvarious applications, under different air flow cdiwhs
LCA in the form of guidelines, check lists and krow and design constraints.
hows. Designing optimal heat sinks with given design con-
Because in the design stage the geometrical stfape straints (i.e. heat dissipation, fin mass, praflegth and
the product has to be defined, material and stractu others) requires at first the definition of theidlyproper-
aspects must also be evaluated, to determine amadpt ties. In the case of natural convection cooling, ftsilow-
balance between the environmental costs and the-maning fluid properties are required:
facturability can be considered the most significstep  « Thermal conductivitk (W/m°K);

for the sustainability assessment. « Kinematic viscosity (m?/s);

« Thermal diffusivitya (m%s);

5. EXTENSION OF TRADITIONAL DESIGN ° Expansion coefficient of aﬁ
TOOLSTO SATISFY ECO-DESIGN For forced convection cooling the thermal diffusjvi
PRINCIPLES is not required, but the Prandtl numier is defined,

fogether with the expansion coefficient of the /aide-
termined as a constant for the optimum heat tramate
g dissipated from the fin, for a constant profileaare

The Nusselt number Ns used to determine the heat
transfer coefficient and the optimal fin spacing,; for
Jratural convection cooling:

Choosing a heat sink as part of an optimal therma
design requires the completion of three stagessisting
of: analytical solutions, 3D CAD modeling and CA
simulations. Including ECO-Design concepts to tradi
tional design tools involves the addition of a demi
loop to asses a design scenario by its environrent

costs. Figure 4 depicts both traditional design and N =& 1)
ECO-Design extension for conceiving sustainablet hea Yk
sinks: The Reynolds numbé®, is used in the case of forced
convection to predict the flow pattern, laminartorbu-
5.1. Analytical solutions lent, according to the air velocity, the kinematic vis-
Several guidelines regarding the heat sinks demign cosityo and the fin lengtih.:
available.
One of the most significant work [14] describes the
steps required to perform the sizing of the healtssior R, :& )
]

Traditional Design Aproach

3D model
design Detailed 30 Simulation
parameters Design results
»| 3DCAD » CAE

Analytical
solutions

Valid design
scenario?

v

Environm ental Final ECO-Design
benchmark approved

Fig. 4. The extension of traditional to Eco Design.

Design adjustment loops
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The next step consists of determining the optimumm f
spacingz,,; for natural convection cooled heat sinks:

2 -1
T‘“: 2714Ra* , (3)

whereRa is the Rayleigh number for a flow over a plate
of lengthL.

For forced convection cooling the optimum fin spac-
ing is:

-1 -1

% = 2324TRe2 [Pr . )
The total number of fing; can be described as:
ng = (5)

Zopt+t

where W represents the width and t - the fin theda

To determine the optimum fin thicknessand the
overall thermal resistand®, the total heat transfer rafe
requires evaluation. In the case of natural conwecthe
total heat transfer ra@ is defined as:

Q:Amomzmbv (6)

where A, represents the total aregy — the overall fin
efficiency andh, — the heat transfer coefficient arf} —

the average of the maximum allowable temperatucke an
the ambient temperature.
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Total Heat transfer rate (Q)
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Fig. 5. Optimum fin thickness vs heat transfer rate f@oav
forced-convection cooled heat sink design.

masoman

Elenbaas [14] provided the experimental data where
the Elenbaas number based on the Rayleigh humter wa
used. In respect to these considerations for aceaért
plate the average Nusselt number from the Elenbaas
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a

g B ®
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o

equation is:

-1
{576 2873}2
-+ X

E? JE

where El represents the Elenbaas number.

Nu = MCEopt _

k

()

The optimum fin thickness is obtained by choosing a

thickness range and creating a plot of the optifiral
thickness vs the heat transfer rate. For natunavection
the total profile lengttb is defined as a design value,
while in the case of forced convection cooling, fire-
file lengthb can be written as:

12
b=p 1)

The peak values for the total heat transfer rgbeere
sent the optimal fin thickness.

Figure 5 depicts an optimal fin thickness to sgtisf
forced convection cooling design for a given heahs-
fer rate of 20W.

(8)

5.2. 3D CAD model

o

Fig. 7. CAE Model Pre-processing using MSC Patran.

prototype of a product by designing its real shape
(Fig. 6). The importance of the 3D CAD model isoals
that of creating a link between design, simulataond
manufacturing due to its universal file transactpmssi-
bilities between design environments [15].

Having all the preliminary design parameters from
the analytical solutions, design engineers canterdse
virtual prototype of a heat sink. In most of theses the
preliminary design requires additional adjustmefis.
holes for mounting, additional surfaces for locgtand
fixing the heat sink to the supporting wall).

5.3. CAE
Computer aided engineering (CAE) simulations have

The 3D representation of solid bodies represents ameen since long one of the most used numericallaimu

essential step for different design activities tisatione
preliminary to manufacturing a physical product. By
using a 3D CAD software, engineers concept theiairt

tion tools to analyse, confirm or optimize a dessgudy.
The initial input for a CAE analysis is the geomefite
imported from a 3D CAD environment.



14 T.G. Alexandru and C. Pdpi / Proceedings in Manufacturing Systems, Vol. 42,1, 2017 /916

. . Table 1
Total Emmisions (KG CO2 / lot) Design parametersfor thermal design sizing

Design parameter Specifications
Material Aluminum A360.0-F
moesien 1 Type of thermal design Natural convection cooling
T solution type
Aoesen 2 Width (W) Up to 67 mm
FiDesizn 3 Length () 125 mm
BDesign 4 Heat dissipation 30 W
Lowest junction temperature 100°C
of active components
Design 1 Cesign 2 Cesign 3 Cesign 4
. . ) . ] Table 2
Fig. 8. Environmental benchmark of multiple design sciersar Design parameters for thermal design sizing
The resulting CAD - CAE transaction is used to cre- - _Result_s Spedifications
. . . . . . Optimum fin spacing,) 6.62 mm
ate a simplified simulation model according to tigec- :
. fth dv 116 Total number of finsr) 8
tive of the study [16]. . o Chosen profile lengthbj 300 mm
In the case of heat sinks, thermal analysis i$ diosie Optimum fin thicknesst) 23 mm
for a cross verification purpose between analytaad Overall thermal resistanc&] 2 494 W/°C
simulation results. The operating environment aed- s Total heat transfer rat€} 30.071 W

ondary functions of the heat sink defines its mufttysics
analysis strategy. For example, a heat sink that-is
tached to the active electronics of the machinéstdabat
has both a structural and thermal role, is sulig¢her-
mo-mechanical analysis or pre-stressed modal adsalys
taking in to the account the material propertiesthaf
heat sink found at the operating steady-state testyre.

5.4. Environmental benchmark

With a design that is valid from both perspectioés
CAD and CAE, the next step towards an Eco-Design is
to benchmark the resulting geometry in terms ofi-env
ronmental costs. This extension allows the analgtia
design study from the point of view of raw materie
guirements, manufacturing necessities, storagerand-
portation strategies and the end of life environtalen Fig. 9. Heat sinka— baseline desigry—final design.
sound disposal methods.

Evaluation of a design can be done in the following  Based on the analytical approach presented in ehapt

a b

steps: 5, the following results are derived for a natwahvec-

« choosing the required work piece material; tion vertical plate heat sink design. _

« cnalysis of the surfaces for determining the proper Having all the necessary geometrical data, theiaiirt
manufacturing technologies; model of the baseline heat sink can be designett) B

. cssessment of emissions required for both workepiec CAD software AutoCAD (Fig. 9).
and manufacturing methods of the final product The initial geometry is the input for a steady-etat

thermal analysis in ANSYS Workbench environment.

The results of the simulation are further useddass-

use: verification purposes between analytical and nucaéri

» creating an index of overall emissions and selgain ;ens;:;};.sﬁgure 10 and Table 3 depict the resufitthe
proper design scenario to satisfy the performance; e . .
manufacturability and the lowest emission levels. With a valid FEM modgl, CAD adjustments can be
Currently there is no software or application proce rr_1ade to the baseline dg3|gn to accommodate_the heat

dures dedicated for ECO-Thermal design. Even toughsInk mounting. To c;heck if the new de§|gn can Wahd

each designer can tailor its software suite to nmeet the Structural load imposed by the variable speed's

mass of 10 N, a static analysis will be performsthg

Eco-Design requirements. For example, the same mesh settings. For this analysis, the dielat
addingcalculation tools for manufacturing paranster ° . . " ’
g gp will be fixed at the mounting flanges and the mafsthe

togeth ith dsheet calculation f iseieaiu-
ogerher wirh spreacsheet caiciation Tor ermiSeeail speed drive will be equally distributed to the miia

ation can be considered a sustainable extension. . X
holes. A uniform body temperature of 100°C will be
6. CASE STUDY considered to take in to account thermo-mechargéal
' fects.
The following design constraints (Table 1) were-cho Results of the analysis indicate an equivalenssag
sen to size a thermal design solution for a vagigpleed level that does not affect the structural integufythe
driver. heat sink (Fig. 11).

» cnalysis of end-of-life strategies and how can they
applied for optimal material recovery or product re



T.G. Alexandru and C. Pdpi / Proceedings in Manufacturing Systems, Vol. 42,1, 2017 /916 15

Temperature lﬂﬁ,&&
g s

= otiod

101.080

Fig. 10. Steady-state temperature at the bottom of the dielat

Table 3
Steady-state thermal analysis
Mesh Element topology 3D 4 node
Tetrahedral
Number of elements 470371
Number of nodes 748746
Boundary | Environmental temperaturg 20°C
conditions| Heat flow at the base of the 30 W
heat sink
Convection coefficient for | 6.62 W/nf°C
vertical planes
Results Steady-state temperature at 101.45°C
heat sink base
Results verification
Thermal Analytical FEM Margin
resistance of error
2.494 W/°C 2.542 W/°C 1.84 %

=

Fig. 11. Equivalent Von-Misses stress of the heat sink.

0.00 18.17 *.34 5451 72.68 (1)
 — I
I 1 —

a0 T T T T

Wemmmmmmmm——— == ] e

Wm—mmmmmmmm -

Total heat transferrate (q) as a
functionoft and b

Fin thickness (f)- mm

Fig. 12. Multiple design scenarios for varying
the total profile length.

The final step is to perform an environmental bench
mark of the purposed design and to check it agaithstr
design scenarios. In this case, varying the priditgths
leads to several design solutions that are availatiig-
ure 12.

The purposed environmental benchmark requires a
three stage simplified design investigation:

« analysis of the 3D model to identify manufacturing
methods;

« identification of the initial material requiremenrfisr
all manufacturing stages;

« identification of technological parameters requited
evaluate CQ@ emissions for all technological pro-
cesses.

For this case study the heat sink’s final designm lma
manufactured by means of high pressure die casting,
milling and drilling technologies.

Considering that the average amount of materidl tha
remains usable in high pressure casting procegssd)(
is around 70% [17], the initial material requirerhdi
can be calculated as:

700m
LT ®)

wherem represents the mass of the heat sink in kg.

Under the form of billets, bars or ingots, aluminum
work piece are manufactured with a carbon footpoint
9.11 t CQ/t [18]. Knowing that high pressure casting
requires a tacit energy of 1.192®&Wh / t, and that the
standard emission factor for electrical energyrisuad
0.7 t CQ/kWh [19], emissions can be calculated for
work piece and high pressure casting requirements.

The next step is to perform the emission estimation
for milling and drilling processes. Milling operatis are
completed for finishing the base of the heat sirilev
drilling operations are done for mounting purpodes:
this example, Sandvik CoroGuide is used for deteimygi
both tool and process parameters. Results arerpegse
in Table 4.

Finally, the same approach is applied for otheigtes
scenarios until one design that satisfies bothocost
needs and minimum total emission is found.

ToolGuide™

SANDVIK|
i

Corornar

@‘ TASK COMPONENT
K
MIN i
F " - -

Fig. 13. Sandvik CoroGuide tool and
process parameter calculator.
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Table 4
Total emission estimation [5]
Operation Power re- Total emis-
quirements sions
Workpiece material - 2.2 kg GO
High pressure die cas{-1.52 kWh 1.52 kg C®
Machining | Finishing | 0.075 kWh 0.03 kg GO
Drilling 0.00271 kWh 0.001 kg CO 7]
Total emissions 3.75 kg GO
per heat sink

7. CONCLUSIONS 8]

Sustainable thermal design has emerged in the con-
text of new manufacturing systems that include neore [9]
more electronic components, but also have to miggt h
ecological demands. In this context the traditiahedign
of the heat sinks has to be reconsidered.

The study presents an innovative CAD/CAE perspec-
tive regarding the heat sink design used in indhlstr
engineering applications taking into account Eccibe
principles. All the new concepts were explained #rel
decision loop included in the design chain to askes
environmental scenario by its costs has been igdtif
The novelty of the research consists in introduciranu-
facturing criteria combined with emissions estioati
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