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A b str a ct

Ever-rising Integrated Circuit (IC) power dissipation, combined with reducing product development 
cycles times, have placed increasing reliance on the use of Computational Fluid Dynamics (CFD) 
software for the thermal analysis of electronic equipment. In this study, predictive accuracy is assessed 
for board-mounted electronic component heat transfer using both a CFD code dedicated to the thermal 
analysis of electronics, Flotherm, and a general-purpose CFD code, Fluent.

Using Flotherm, turbulent flow modelling approaches typically employed for the analysis of 
electronics cooling, namely algebraic mixing length and two-equation high-Reynolds number k-e 
models, are assessed. As shown, such models are not specific for the analysis of forced airflows over 
populated electronic boards, which are typically classified as low-Reynolds number flows. The 
potential for improved predictive accuracy is evaluated using candidate turbulent flow models more 
suited to such flows, namely a one-equation Spalart-Allmaras model, two-layer zonal model and two- 
equation SST k-co model, all implemented in Fluent.

Numerical predictions are compared with experimental benchmark data for a range of component- 
board topologies generating different airflow phenomena and varying degrees of component thermal 
interaction. Test case complexity is incremented in controlled steps, from single board-mounted 
components in free convection, to forced air-cooled, multi-component board configurations. Apart 
from the prediction of component operational temperature, the application of CFD analysis to the design 
of electronic component reliability screens and convective solder reflow temperature profiles is also 
investigated. Benchmark criteria are based on component junction temperature and component-board 
surface temperature profiles, measured using thermal test chips and infrared thermography respectively. 
This data is supplemented by experimental visualisations of the forced airflows over the boards, which 
are used to help assess predictive accuracy.

Component numerical modelling is based on nominal package dimensions and material thermal 
properties. To eliminate potential numerical modelling uncertainties, both the test component geometry 
and structural integrity are assessed using destructive and non-destructive testing. While detailed 
component modelling provides the à priori junction temperature predictions, the capability of compact 
thermal models to predict multi-mode component heat transfer is also assessed.

In free convection, component junction temperature predictions for an in-line array of fifteen board- 
mounted components are within ±5°C or 7% of measurement. Predictive accuracy decays up to ±20°C 
or 35% in forced airflows using the k-e flow model. Furthermore, neither the laminar or k-e turbulent 
flow model accurately resolve the complete flow fields over the boards, suggesting the need for a 
turbulence model capable of modelling transition. Using a k-co model, significant improvements in 
junction temperature prediction accuracy are obtained, which are associated with improved prediction 
of both board leading edge heat transfer and component thermal interaction. Whereas with the k-e flow 
model, prediction accuracy would only be sufficient for the early to intermediate phase of a thermal 
design process, the use of the k-co model would enable parametric analysis of product thermal 
performance to be undertaken with greater confidence. Such models would also permit the generation 
of more accurate temperature boundary conditions for use in Physics-of-Failure (PoF) based component 
reliability prediction methods.

The case is therefore made for vendors of CFD codes dedicated to the thermal analysis of electronics 
to consider the adoption of eddy viscosity turbulence models more suited to the analysis of component 
heat transfer. While this study ultimately highlights that electronic component operational temperature 
needs to be experimentally measured to quality product thermal performance and reliability, the use of 
such flow models would help reduce the current dependency on experimental prototyping. This would 
not only enhance the potential of CFD as a design tool, but also its capability to provide detailed insight 
into complex multi-mode heat transfer, that would otherwise be difficult to characterise experimentally.
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1.0  In tr o d u c tio n

In this introductory chapter, background is provided on electronics thermal 

m anagem ent. The application o f  Com putational Fluid D ynam ics (CFD ) analysis to the 

thermal design o f  electronic equipm ent, and the challenges posed  for the prediction o f 

electronic com ponent operating tem perature in air-cooled electronic system s are described. 

The need to assess CFD predictive accuracy for electronics cooling is outlined. Finally, the 

subject o f  the proposed research is defined, w ith the outline o f  the thesis given.

1.1 E le c tr o n ic s  T h e r m a l  M a n a g e m e n t

In today’s society, electronic products span an ever-increasing spectrum  o f  applications 

such as aerospace, autom otive, com m unications, com puting, m edical and entertainm ent. In 

the telecom m unications sector alone, products range from  cellu lar phones, personal digital 

assistants (PDA s), m ultim edia to netw ork com puters [1]. D eveloping sectors such as the 

biom edical are anticipated to further boost the grow th o f  the electronics industry, by 

driving the developm ent o f  a m ultitude o f  new  electronic devices. W ith worldwide 

electronic equipm ent revenues forecast to exceed $2 trillion  by 2007 [2], the electronics 

industry acts as a driving engine for science, technology, and m anufacturing.

To satisfy consum er dem ands for m ore com pact and sophisticated electronic devices, 

advances o f  sem iconductor technology have achieved increased Integrated Circuit (IC) 

functionality and m iniaturisation. This progress is still described by M oore’s law, which 

states that “the num ber o f  transistors per chip w ill double every eighteen m onths” [3], 

However, rising transistor density and switching speed o f  m icroprocessors have been 

accom panied by drastic increases in die heat flux and pow er dissipation, w hich are on the 

exponential rise at all levels o f  electronic packaging, irrespective o f  m arket segm ent and 

clock frequency [4]. The continuous rise in IC pow er d issipation is well docum ented [5,6] 

and illustrated in Figure 1.1, w hich shows the history o f  In te l’s CPU  pow er dissipation. 

The im pact o f  such trends at system  level, as forecasted by the w orld ’s leading Inform ation 

Technology (IT) m anufacturers [7], is illustrated in Figure 1.2 for data processing, 

com puter system s and telecom m unication equipm ent. These projections suggest a 

dramatic increase in  system  heat flux. In this context, rising IC  heat densities, com bined 

with even m ore stringent perform ance and reliability constraints in the future [8], pose 

challenges that w ill m ake therm al m anagem ent a key enabling technology in the 

developm ent o f  m icroelectronic system s in the next decade [9].

M any IC packaging failure m echanism s have been found to be dependent upon spatial 

tem perature gradients, tem perature cycle m agnitude, rate o f  tem perature change, rather 

than absolute tem perature [10], w hile sem iconductor die circuit electrical perform ance can
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be highly sensitive to operating tem perature [11]. W hile no sim ple, generic relationship 

exists that relates electronic com ponent and P rin ted  C ircu it B oard  (PCB) reliability  w ith  

these variables [10], it is notable, however, that reducing the operational tem perature w ill 

alm ost invariably reduce tem perature gradients, all o ther things being equal [12]. It is 

therefore accepted that tem perature m ust be contro lled  to m eet both perform ance and 

reliability requirem ents, w ith  electronics therm al design generally aim ing at reducing 

com ponent junction  tem perature.

F ig u r e  1 .1  H istorical pow er trend for In te l’s C PU s [13],
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F ig u r e  1 .2  H eat density trends for data  processing, com puter system s and 

telecom m unication equipm ent [1 4 ] .

O ver the last decade, therm al design practices w ith in  the electronics industry have 

progressed from  basic analytical and sem i-em pirical calculations, applicable to sim ple 

systems in tandem  w ith extensive physical prototype characterisation, to  a  high reliance on 

virtual prototyping using num erical predictive techniques. This evolvem ent has been 

driven by ever-reducing product developm ent cycle tim es, preventing extensive
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prototyping, and has been enabled by increases in com putational power. R ealistically  the 

conjugate heat transfer problem s typically encountered in today’s m ore com plex electronic 

equipm ent can  only be accurately represented  by C om putational Fluids D ynam ics (CFD)- 

based m ethods, w hich sim ultaneously solves the appropriate governing equations fo r the 

solid and fluid domains, and couple both  at the solid-fluid in terface [15]. The potential o f  

this technique as a  design tool, to generate and quickly assess solutions, has been 

dem onstrated by Prakash [16] and  Lee e t al. [17], CFD analysis is now  w idely-used w ithin 

the electronics industry for predicting electronic equipm ent therm al perform ance. Such 

predictions then  form  critical boundary conditions for electrical and therm o-m echanical 

perform ance analyses, com ponent life and reliability  calculations.

A n efficient therm al design needs to focus on the com plete heat transfer chain  o f  an  

electronic system , Figure 1.3, from  the  heat dissipating com ponents acting as therm al 

source, to the environm ent external to the system  enclosure, as sink. Thus effective 

therm al analysis typically addresses four d istinct hierarchical levels [18], namely: die, 

com ponent, PCB, and system, w ith  each step ultim ately increasing the com plexity o f  the 

problem  posed for CFD analysis. W ithin  th is categorisation, the  presen t study is concerned 

w ith  the prediction  o f  PC B -m ounted com ponent operational tem perature in air-cooled 

electronic systems. As w ill b e  shown, such sub-system s can form  an appropriate 

benchm ark level for assessing CFD predictive accuracy, w hile the prediction  o f  com ponent 

junction  tem perature is o f  relevance to  m any current reliability  pred iction  m ethods. The 

m erits o f  such reliability assessm ent m ethods are not d iscussed in  th is study as they are 

outside its scope, bu t the related  contentious issues are highlighted, for exam ple, by Pecht 

e t al. [19] and D as and Pecht [20].

S i l i c o n
P a c k a g e s

H e a t  S i n k s

F a c i l i t i e s

S y s t e m s

i n y

F ig u r e  1 .3  T herm al analysis chain o f  an electronic system, from  IC to  data centre [21].
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1 .2  A p p l ic a t io n  o f  C F D  A n a ly s is  to  E le c tr o n ic s  T h e r m a l  D e s ig n

A lthough current CFD  software are capable o f  solving w ith  reasonable accuracy the 

N avier-Stokes equations for lam inar steady flow s [22], for turbulent conditions, Reynolds- 

Averaged N avier-Stokes (RA NS)-based com putations are typically constrained to 

m odelling the Reynolds stresses by the B oussinesq hypothesis. It is likely that this 

approach w ill continue to be utilised for the analysis o f  electronics cooling in the 

foreseeable future [23,24], A t present, h igher-order turbulence closure m odels such as 

Reynolds Stress M odels (RSM ), or tim e-accurate sim ulations using Large Eddy Sim ulation 

(LES) or D irect N um erical Sim ulation (DNS) techniques place excessive dem ands on 

com putational resources for practical engineering analyses. In this study, discussion 

therefore focuses on the application o f  eddy viscosity  turbulence m odels to predict airflow 

and heat transfer in electronic systems.

CFD analysis is generally applied w ith  different strategies and objectives throughout the 

design cycle o f  electronic equipm ent. The benefits o f  CFD analysis as a virtual prototyping 

tool are undisputed in  the early to interm ediate design phase, w here the aim  is to select a 

cooling strategy and refine a therm al design by param etric analysis. In  th is phase, the 

productivity o f  design analysis is considered to be m ore critical than  predictive accuracy 

[25-28]. This is on the prem ise that qualitative predictions can be relied upon, an 

assum ption that should be considered on a case-by-case basis. A  num ber o f  m ethods to 

automate param etric design synthesis [29,30], deal w ith  uncertainties in  boundary 

conditions during the design process [31], or em ploy CFD codes as diagnostic tools [32] 

have been recently proposed. Considering the potential com putational expense incurred 

w ith CFD m odelling, alternative design m ethods, such as sem i-em pirical analysis and flow  

netw ork m odelling have also been advocated [33], w hich are o f  value in providing an 

initial design to be refined by CFD analysis. G enerally therefore, m odern therm al design 

m ethodologies rely, to varying extents, upon the ability o f  CFD  analysis to  produce realistic 

tem perature predictions.

Responding to the dem and for im proved design productivity, vendors o f  CFD codes 

dedicated to the therm al analysis o f  electronics over the last five years have focused on 

enhancing code pre- and post-processing capabilities, w ith  com paratively less efforts on 

improving calculation strategies and turbulent flow  m odelling. H owever, the suitability o f 

CFD analysis for generating critical tem perature boundary conditions used in  subsequent 

product perform ance and reliability analyses, hence strategic product design decisions, has 

been questioned [34,35], This concern is based on a  num ber o f  factors im pacting on 

predictive accuracy, including com putational constraints, uncertainties in physical 

boundary conditions, and the capability o f  the CFD code to predict com plex airflow
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phenom ena and their im pact on heat transfer. W hile there is no consensus in the literature 

on m axim um  perm issible prediction error for com ponent junction  tem perature, the 

following guidelines have been proposed. W hereas in the early to interm ediate design 

phase, an accuracy o f  ±10°C or 20%  to ±5°C or 10% is generally sufficient [35,36], for 

tem perature predictions to be applied as boundary conditions in com ponent Physics-of- 

Failure (PoF) based reliability prediction m ethods [10,37-40], w hich rely on the accurate 

determ ination o f  electronic com ponent operating param eters, a criterion o f  ±3°C or 5% 

applies [41]. PoF reliability prediction m ethods are based on root cause analyses o f 

underlying electronic com ponent failure processes, and are used to proactively predict 

distributions o f  Tim e to Failure (TTF). This is achieved by developing failure models 

through experim ental studies o f  the critical m aterials and by developing com puter-assisted 

stress m odels o f  the intended product, w hereby CFD analysis w ould  provide the therm al 

boundary conditions. The m erits o f  PoF approaches over traditional statistical empirical 

reliability assurance approaches are discussed by D asgupta [40].

To date, the predictive accuracy o f  CFD codes dedicated to the therm al analysis o f 

electronic equipm ent has not been com prehensively validated. Typically, sim plified and 

lim ited studies have been undertaken by CFD vendors prior to m arket release and the 

prem ise that this w ork is sufficient to m erit accurate analysis o f  com plex therm ofluid 

problems, such as encountered in electronics cooling applications, w ithout the need for 

extensive experim ental validation is weak. This fundam ental lim itation has been well 

recognised in the technical literature, w ith  the result that num erous benchm ark studies have 

been published [42]. H ow ever despite the im portance o f  this com bined effort, these 

studies collectively do no t constitute a  com prehensive assessm ent o f  CFD analysis to the 

whole field o f  electronics cooling [34]. On this basis, num erical analysis w ithout 

supporting experim entation still rem ains an unreliable design strategy [23,34], 

Experim entation is required to validate num erical m odels and qualify a final design, w hich 

can effectively prolong the product developm ent cycle tim e, and thus underm ine the 

potential o f  CFD analysis to im prove the eificiency o f  design analysis.

In this context, the present w ork aims to provide a perspective on the potential o f  CFD 

analysis as a design tool, to provide critical tem perature predictions used for strategic 

product design decisions or reliability calculations. This is achieved based on a systematic 

assessm ent o f  CFD predictive accuracy for PC B -m ounted electronic com ponent heat 

transfer.

1 .2 .1  P r e d ic t io n  o f  E le c tr o n ic  C o m p o n e n t  O p e r a t io n a l  T e m p e r a tu r e

It is w orth reflecting on the constraints im posed on CFD analysis for the prediction o f
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com ponen t operating tem perature in  a typical forced-air cooled rack-m ounted electronic 

system, and therefore the challenges posed. D espite increases in com putational power, 

discretization constraints still prohibit the explicit m odelling o f  length  scales from  m icron 

to m eter at com ponent to cabinet level respectively w ith in  a single num erical model. The 

large grids/m eshes required to resolve these disparities result in  com putational tim es that 

would be excessive in a  design environment.

In such instances, an alternative tw o-tier analysis strategy is typically em ployed [43], 

whereby (i) coarse com putations o f  tem perature distributions and global flow  field features 

are perform ed using a  system  level m odel and (ii) the sub-system  o f  interest, such as PCB, 

is analysed in isolation using a detailed m odel to predict com ponent operating tem perature, 

from w hich perform ance, life and reliability estim ates are to be calculated. System  level 

boundary conditions, w hich are extracted from  a control volum e enclosing the region o f 

interest, are applied at the dom ain boundaries o f  the sub-system  model. However, 

com putational lim itations m ay still be prohibitive for sub-system  analysis, as w ill be shown 

in this study. Furtherm ore, considerable uncertainties in  both  physical and applied 

num erical boundary conditions at system  level, are propagated through the prescribed 

boundary conditions. Physical uncertainties include, for exam ple, pow er dissipation for the 

various system  units, and grilles and vents pressure loss coefficients [34]. In addition, the 

capability o f  the CFD code to predict com plex flow  phenom ena, such as fan-induced, and 

their im pact on heat transfer needs to be considered [24,44,45], This is often com pounded 

by the fact that in the early design phase, the CFD user m ay have little or no a  p r io r i  

know ledge o f  the flow  regim e, w hether lam inar, transitional, turbulent, and w hether steady 

or unsteady. Such an uncertainty typically arises from  the absence o f  a physical prototype, 

and the difficulty in defining a  characteristic dim ension, hence transition  R eynolds number, 

that adequately describes the heat transfer characteristics over the PCB or sub-system  

considered. In spite o f  this difficulty, the onus is on the CFD user to select an appropriate 

flow m odelling strategy. These factors com bined highlight considerable difficulties in 

undertaking m eaningful system  level analysis at present.

To further ease discretization constraints, so-called com ponent ‘com pact’ thermal 

m odelling (CTM ) m ethodologies have been w idely advocated [46-55], Such approaches 

eliminate the need for detailed com ponent geom etry m odelling, w hereby both the 

mechanical architecture and therm o-physical properties o f  the com ponent constituent 

elem ents are explicitly represented, w ith conduction solved w ith in  the com ponent solid 

domain. CTM s perm it steady-state com ponent therm al behaviour to be m odelled using 

simplified few  param eter-based representations o f  the package conductive domain, 

typically consisting o f  therm al resistor netw orks as illustrated in Section 4.5.1.2. Once
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incorporated into a rack- or system  level num erical m odel, such representations are 

intended to provide estim ates o f  electronic com ponent operating tem perature at a reduced 

com putational expense. CTM s could also help overcom e other issues associated w ith 

detailed com ponent m odelling, such as uncertainties in packaging m aterial therm o-physical 

properties, and proprietary package architecture. This approach, however, m ay be far from  

satisfactory, as com putational constraints still have to be overcom e for adequately resolving 

the im pact o f local flow  field features on com ponent heat transfer. In addition, the 

capability o f  C TM s to predict com plex m ulti-m ode com ponent heat transfer in real 

electronic system s has not yet been com prehensively evaluated. A s w ill be outlined in 

Section 2.4.1, several issues are still to be resolved before CTM s can be routinely adopted 

for the prediction o f  com ponent operating tem perature in  electronic systems. The im pact 

o f  some o f  these issues on prediction accuracy w ill be investigated in  this study.

Electronic system s contain com plex geom etries, num erous length scales, buoyancy 

forces and the fluid flow  is often transitional [56,57] w ith  com plex flow  phenom ena [58], 

Such phenom ena are generated by cooling fans or in tricate geom etries such as EM C 

screens, vents, and populated circuit boards [59]. Fan-generated flow s contain swirling 

flow  patterns [44], w hile screen holes will produce je ts dow nstream  [24,45]. Such flow  

disturbances can generate unsteady or transitional flow  conditions over electronic circuit 

boards, w ith attaching, separating and recirculating flow  features [60], In addition, the 

com ponent topology often  generates m ulti-dim ensional flow  phenom ena that include 

pulsating and vortical structures [60,61]. A irflow s over com ponent-boards are usually 

classified as low -R eynolds num ber flows due to the sm all velocities and geom etric length 

scales encountered [62]. In  addition to free-stream  turbulence generated by system 

elem ents, turbulence m ay also be generated locally by the com ponents. D epending on the 

local Reynolds num ber, it m ay then decay locally or persist until the next dow nstream  

protrusion where it m ay be enhanced.

W hile the nature o f  fluid  flow  m ay therefore vary considerably throughout an electronic 

system, and although a m ultitude o f  turbulence m odels has been developed, no universal 

m odel exists yet that perform s superiorly and reliably for all classes o f  flows. Saulnier [63] 

notes that each m odel em body intrinsic lim itations associated w ith  the physical geometry 

from  w hich they w ere developed. The application o f eddy viscosity  turbulence m odels is 

thus an act o f  approxim ation that requires verification [64]. In  the absence o f  a universal 

model, the developm ent o f  im proved turbulence m odels specifically intended for distinct 

categories o f  flow s is being actively pursued [65]. Consequently, an extensive need for 

benchm arking exists to evaluate the capabilities o f  various turbulence m odels for different 

therm ofluid problem s. A  review  o f published CFD benchm ark studies is presented in
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Chapter 2, focusing on electronics cooling applications, from  w hich areas o f  w eakness to 

be addressed in this study will be identified.

To date, the m ajority o f  CFD com putations perform ed on electronic equipm ent have 

been undertaken using com m ercial CFD codes dedicated to such applications. “D edicated” 

refers to tailored pre-processing, perm itting num erical m odels to be quickly generated. 

However, the turbulent flow  m odelling approaches em ployed are typically confined to an 

algebraic m odel and a  standard tw o-equation high-R eynolds num ber k-s m odel, used in 

conjunction w ith  standard “ law -of-the-w all” w all functions. Such m odels m eet the criteria 

o f robustness, i.e. prom ote stable convergence, and to som e extent, universality, which 

make them  popular for practical engineering calculations [66]. A s the application o f two- 

equation m odels can be com putationally prohibitive for system -level turbulent flow 

analysis, the algebraic models are typically em ployed for coarse grid com putations o f 

global flow  and tem perature distributions. The tw o-equation standard k -s m odel is 

subsequently used for refined sub-system  analysis, such as for PCB assem blies. However, 

this strategy has been show n to fail to yield accurate predictions o f  com ponent operating 

tem perature in air-cooled PCBs [35], as neither a lam inar or standard high-Reynolds 

num ber k-s flow  m odel are specific for such flows.

For turbulent flow  calculations the use o f  “ law -of-the-w all” w all functions to calculate 

the surface heat transfer coefficient is ju stified  for boundary layer type flows, but is 

inadequate for separating, reattaching or recirculating flow  conditions. Ferziger and Peric 

[67] caution on the applicability o f  wall functions w hen such flow  features exist over a 

large portion o f  the wall boundaries, w hich is typical o f  populated PCBs [68], Therefore, 

using a standard k-s turbulence m odel and wall functions, prediction  accuracy for the 

com ponent/board convective heat transfer coefficient w ill depend both on how  far the flow  

conditions deviate from  boundary layer flow, and on the sensitivity o f  heat transfer to these 

conditions. In  addition, wall functions becom e less reliable in situations w here low- 

Reynolds num ber or near-wall effects are pervasive in the flow  dom ain, and the hypotheses 

underlying the w all functions cease to be valid [65].

The im pact o f  these lim itations on the prediction o f  electronic com ponent heat transfer 

will be quantified in  this study using a software dedicated to the therm al analysis o f 

electronic equipm ent, F lotherm  [69], In addition, the potential for im proved predictive 

accuracy w ill be evaluated using a range o f  candidate, turbulent flow  m odelling approaches 

that m ay be m ore suited to the analysis o f  forced airflow s over populated electronic boards. 

This will be perform ed using a general-purpose engineering code, having a w ider range o f 

turbulence m odelling capabilities, F luent [70],
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1 .2 .2  N u m e r ic a l  A n a ly s is  o f  E le c tr o n ic  C o m p o n e n t  T r a n s ie n t  H e a t  T r a n s fe r

W hile m any electronic parts are subjected to transient operating conditions in the course 

o f their life, due to dynam ic pow er operation or varying am bient conditions, Parry et al.

[71] note that over 90%  o f  num erically-based therm al analyses perform ed on electronic 

equipm ent in recent years have been steady-state. This is essentially attributed to previous 

reliability prediction m ethods, such as M IL-HDBK -217F [72], focusing on steady-state 

tem perature, as well as design for continuous operation and prohibitive com putational 

requirem ents for transient analysis.

The need for accurate transient analysis is now  also m otivated  by Physics-of-Failure 

reliability prediction m ethods, w hich require the know ledge o f  com ponent transient 

operating tem perature for assessing electrical and therm o-m echanical perform ance. 

Lasance [73] outlines that progress in reliability prediction is considerably ham pered by the 

lack o f m ethods to accurately predict spatial and tem poral tem perature gradients, from 

com ponent to system  level. D espite increases in com putational pow er, a fully coupled 

therm al and m echanical analysis is not yet feasible [74] and instead, sequential approaches 

are em ployed. W ith short developm ent cycle tim es prohibiting  separate detailed therm al 

analysis, therm o-m echanical analysis is generally constrained to approxim ating convective 

heat transfer at the solid boundary using prescribed boundary conditions, derived from 

sem i-em pirical correlations, or to applying fixed tem perature boundary conditions w ithin 

the solid domain. The potential shortcom ings o f such approxim ations are highlighted by 

W akil and Ho [75], w ho found that isotherm al loading m ay lead to significant m odelling 

errors for the prediction o f  the strain distribution w ith in  a heat dissipating PQFP 

com ponent. They concluded by stressing the need for accurate m odelling o f  the 

tem perature distribution w ithin the com ponent body. As highlighted in Chapter 2, this can 

only be realistically predicted using CFD methods.

A part from  the prediction o f  transient com ponent operating tem perature, a potential 

application area o f  CFD analysis could be the design o f  both  optim um  reliability testing 

conditions and assem bly processes. Electronic circuit board assem bly processes and 

reliability testing techniques expose electronic com ponents to severe transient therm al 

environm ents early in their lifetim e [76]. W hereas high junction  tem peratures and large 

therm al gradients are discouraged during the assem bly process, they are encouraged for 

reliability testing so that any latent m anufacturing defects can be identified. The success o f 

either process depends on a  thorough understanding o f  the com ponents’ therm al response 

to such transient environm ents [77].

To date, the electronics industry has relied on experim ental testing and the acquisition o f 

field experience to optim ise com ponent reliability tests and assem bly processes. H owever,
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w ith ever-reducing product developm ent cycle tim es preventing both  extensive prototyping 

and the acquisition o f  field experience in the use o f  both new  packaging technologies and 

assembly processes, num erical predictive techniques w ill need to be increasingly relied 

upon.

Reliability tests typically consist o f  pow er cycling, air tem perature cycling, or a 

com bination o f  both, in environm ents that approxim ate the real use conditions. Their 

objectives are to detect latent m anufacturing defects or pred ict com ponent reliability and 

perform ance during operation. Physics-of-Failure-based reliability  prediction m ethods rely 

on the accurate determ ination o f testing param eters, w hich m ust accelerate the same failure 

m echanism s as those taking place in the application environm ent. W arner et al. [74] point 

out that it is d ifficult to include, for exam ple, the tem perature difference w ithin the package 

and board in an experim ental accelerated environm ent, and that to accelerate this 

tem perature difference requires the know ledge o f  the application environm ent. In such 

instances, and on the prem ise that sufficient predictive accuracy can be obtained, num erical 

analysis could provide the necessary boundary conditions.

Reflow  soldering is a process w here electronic com ponents are assem bled onto PCBs. 

This process involves the use o f  infrared heating, convection heating, or a  com bination o f 

both in an oven to bond the parts. H eating and cooling o f  the assem bly m ust be carefully 

controlled both to m inim ise soldering defects and the im pact o f  elevated tem perature or 

tem perature gradients on device reliability. The introduction o f  lead-free solders, imposed 

by recent European U nion directives [78], w ill require extensive re-qualification o f such 

processes, partly resulting from  higher reflow  tem peratures [79], Typical m ethods which 

use therm ocouples for therm ally characterising PCB assem blies during reflow  soldering are 

known to be prone to error [79]. In  this context, num erical analysis could both contribute 

to accelerate process re-qualification, and possibly enable accurate characterisation.

As the heat transfer processes involved in e ither com ponent reliability  testing or surface- 

m ount assem bly are typically highly conjugate, realistic heat transfer predictions can only 

be obtained using CFD -based methods.

1 .3  P r o p o s e d  A r e a  o f  S t u d y  a n d  O u t l in e  o f  T h e s is

This study aims to provide a perspective on the capability o f  CFD analysis to predict air- 

cooled PC B -m ounted electronic com ponent heat transfer, and thus its potential as a design 

tool, to provide critical tem perature predictions required for strategic product design 

decisions. This is achieved based on a system atic assessm ent o f  num erical predictive 

accuracy against experim ental benchm arks.

The benchm arks will involve a range o f  PCB test vehicles incorporating different
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electronic com ponent types, therm ally characterised in free- and forced-air convective 

environm ents. These configurations generate different airflow  phenom ena and varying 

degrees o f  com ponent therm al interaction, representing different levels o f  com plexity for 

CFD analysis. B oth the prediction o f  steady-state and transien t com ponent heat transfer 

will be investigated. The suitability o f  m odelling m ethodologies for com ponent-PCB heat 

transfer w ill also be assessed for use in a design environm ent. A part from  the prediction o f 

com ponent operational tem perature in electronic equipm ent, the application o f  CFD 

analysis to the design o f  com ponent reliability tests and convective solder reflow 

tem perature profiles w ill be investigated. Future w ork program s w ill also be identified to 

im prove the accuracy o f  num erical predictions.

The thesis is structured as follows.

In C hapter 2, a review  o f  previous experim ental studies on characterising electronic 

com ponent heat transfer is presented, revealing the com plexity  o f  the therm ofluid 

phenom ena involved and thus the challenge posed for num erical prediction. Previously 

published CFD benchm ark studies, focusing on com ponent-circuit board  heat transfer, are 

then review ed w hich h ighlight areas o f  w eakness that w ill be addressed in  the current 

work. From  this com bined literature review, experim ental studies providing accurate 

characterisation data for electronic com ponent heat transfer are identified, w hich w ill be 

used in this study to assess CFD predictive accuracy. The strategy em ployed to assess 

predictive accuracy is outlined, w hich w ill perm it both  the num erical m odelling 

m ethodology and CFD solver capability to be carefully evaluated.

In C hapter 3, the benchm ark test configurations em ployed for assessing num erical 

predictive accuracy are described. Details o f  the com ponent architectures, circuit board 

layouts, characterisation environm ents and characterisation m ethods are provided. 

Com ponent geom etry and structural integrity are investigated using destructive and non 

destructive testing techniques, so as to elim inate potential num erical m odelling 

uncertainties. The experim ental characterisation data generated in  previous studies, 

com prising o f  com ponent junction  tem perature and com ponent-board surface temperature, 

is presented. This data is augm ented in this study by experim ental visualisations o f  the 

forced airflow s over the populated boards, undertaken using tw o com plim entary flow 

visualisation techniques. Com bined, the docum entation o f  the test vehicles, 

characterisation m ethods and experim ental m easurem ent data in this thesis, form 

standalone benchm arks that could be re-used in  the future to evaluate CFD advancem ents 

in terms o f  predictive accuracy.

In Chapter 4, features o f the tw o CFD codes employed in the study, that are o f  relevance to 

the analysis o f air-cooled PCB-m ounted component heat transfer are reviewed. The potential
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shortcomings o f  the turbulence modelling used in  CFD software dedicated to the analysis o f 

electronics cooling are outlined. Alternative candidate turbulence flow  m odels available in 

the general-purpose CFD code, which may be m ore suited to the analysis o f  electronic 

component heat transfer, are selected for evaluation. N um erical m odelling methodologies are 

developed and applied to the respective test configurations presented in Chapter 3.

The com ponent-board num erical m odelling m ethodology is validated in Chapter 5. 

CFD predictive accuracy is then assessed for transient com ponent heat transfer in operating 

conditions o f  relevance to electronic equipm ent application environm ents and com ponent 

reliability screening. The capability o f com ponent com pact therm al m odels to predict 

m ulti-m ode com ponent heat transfer is also assessed.

In Chapter 6, CFD  predictive accuracy for m ulti-com ponent board heat transfer in free 

convection is assessed. To both build confidence in the m odelling m ethodology and 

investigate potential sources o f  prediction error, the test case com plexity is increm ented in 

controlled steps from  single- to m ulti-com ponent board conjugate heat transfer.

The natural convection benchm ark analysis m ethodology is reproduced for forced 

convection in C hapter 7, where a range o f  turbulent flow  m odels are evaluated. The im pact 

o f aerodynam ic and therm al factors on com ponent operating tem perature predictive 

accuracy are quantified. The validated num erical m odels are used to extract energy balance 

analyses o f  com ponent heat transfer, w hich are used to  help link junction  tem perature 

prediction errors to flow  field prediction errors.

C onclusions on the m ajor findings o f  this thesis and recom m endations for future w ork 

are given in C hapter 8.

It is intended that this study w ill not only increase the understanding o f  the therm ofluids 

processes involved in com ponent-PCB heat transfer, but also help develop confidence in 

the num erical m odelling m ethodologies applied, and begin to establish the capability o f  

CFD design analysis both  now  and in the foreseeable future.
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2 .0  L ite r a tu r e  R e v ie w  a n d  B e n c h m a r k  S tr a te g y

2 .1  I n tr o d u c t io n

In this chapter, a  review  o f  published studies on  experim ental characterisation and 

numerical prediction o f  electronic com ponent-board heat transfer is presented. The form er 

studies reveal the com plexity o f com ponent-PCB therm ofluids and thus the challenge 

posed for num erical prediction. From  the num erical studies cited, potential areas o f 

weakness are identified that w ill be addressed by the present study. Finally, a benchm ark 

strategy for com ponent-PC B  heat transfer is outlined, to enable both  the num erical 

m odelling m ethodologies and solver capability to be carefully evaluated.

2 .2  E x p e r im e n ta l  C h a r a c t e r is a t io n  o f  A ir -C o o le d  E le c t r o n ic  C o m p o n e n t  H e a t  

T r a n s f e r

W hile forced air-cooling is no longer sufficient for m any high-pow er dissipating 

applications [80], it still rem ains a popular solution and is likely to  play a  key role in  the 

developm ent o f  future electronic system s [4,81]. A lthough higher-perform ance cooling 

technologies, such as liquid cooling or refrigeration are under active developm ent, because 

o f perceived stringent cost constraints, reliability concerns and technological packaging 

challenges, A zar [4] outlines that m any therm al m anagem ent strategies will rem ain 

confined to air-cooling for the foreseeable future.

D irect air-cooling o f  PCB m ounted electronic com ponents is w ell described in the 

literature, w ith  num erous experim ental and num erical studies being reported [82,83]. 

Recognising the com plexity o f  the flow  phenom ena [58,84-86] and conjugate heat transfer 

processes associated w ith  real PCBs [87,88], experim ental studies sought to simplify the 

representation o f  the populated PCB geom etry and the associated heat transfer processes. 

The best approxim ations o f  com ponent geom etry typically consisted o f  three-dim ensional, 

cubical or low -profile, solid m etal blocks that w ere tested either in isolation or arranged in 

arrays [89-94]. Less realistic representations em ployed tw o-dim ensional ribs or flush 

m ounted heat sources [95-98]. These idealised com ponent replicas w ere typically exposed 

to channel airflow s generated by a w ind tunnel.

Sim plifications to  the therm al boundary conditions im posed included: i) the use o f 

alum inium  or copper m etal blocks that allow ed both  active and passive array elem ents to 

be considered as isotherm al, ii) polished m etal surfaces that enabled radiation to be 

neglected, and iii) non-conducting substrates that lim ited heat loss from  the m odule’s base 

to typically less than 15%.

These experim ental studies sought to: i) develop N usselt-R eynolds num ber correlations
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so that convective heat transfer coefficients could be defined for individual m odules, ii) 

highlight the sensitivity o f  com ponent heat transfer to m odule position  relative to the 

PC B ’s leading edge, iii) quantify the effect o f  introducing channel flow  disturbances on 

m odule tem perature, and iv) m easure the adiabatic tem perature rise1 o f  passive 

neighbouring or dow nstream  m odules for different PCB configurations and air velocities 

[99].

W hile these idealised PCB configurations have generated excellent data for 

benchm arking current C om putational Fluid D ynam ics (C FD ) codes, w hich incidentally 

was not the intended objective, it is disappointing to note that little agreem ent exists 

betw een the various N usselt-R eynolds correlations that have been developed [100,101], 

This results, in  part, from  the difficulty o f  defining a dom inant characteristic dim ension for 

com ponent shape and PCB configuration, and the lack  o f  a consistent m ethod o f 

characterising the reference fluid tem perature. As a result, A nderson and M offat [100] 

proposed a m ore robust correlation that relates m odule heat transfer coefficients to channel 

pressure drop, and prom ising results were reported for a range o f  m odule shapes and PCB 

configurations.

H ow ever, the absence o f  conductive heat transfer betw een the block base and the 

substrate lim its the applicability o f  these correlations for design. The im portance o f  this 

om ission becam e obvious w hen later studies, using real com ponents, show ed that base 

conduction accounted for as m uch as 70% o f  the total heat d issipation [77,102,103], As a 

result, m ore recent experim ental studies by A rabzadeh et al. [94], N akayam a and Park 

[104] and Tang and G hajar [105] have addressed th is issue by changing either the 

conductive resistance betw een the m odule base and substrate, or altering the substrate 

therm al conductivity to allow  significant heat loss through the base. These studies 

highlighted that substrate conduction has a  significant im pact on m odule operating 

tem perature, its therm al footprint size and substrate tem perature gradients. This highlights 

the need for m ore com plex, ye t realistic studies, that allow  the com bined effects o f flow 

disturbance and substrate conduction to be evaluated sim ultaneously [83],

One study o f th is nature has been published [12,99,106,107], It describes the extent o f 

span-wise and stream -w ise com ponent therm al interaction betw een fifteen functional 

Plastic Quad Flat Packs (PQ FPs), surface m ounted in a sym m etrical, in-line array on a FR- 

4 conducting circuit board. Influence factors were used to describe the effects o f  local 

aerodynam ic and therm al conditions on com ponent therm al resistance, as a function o f

1 Module equilibrium temperature rise above free-stream fluid temperature without self-heating.
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free-stream  velocity. B ased on this experim ental data, a novel forced air-cooling therm al 

design m ethodology was proposed [107]. It was based upon  the adjustm ent, using the 

above factors, o f  com ponents’ standard junction-to-am bient therm al resistances derived 

from single board-m ounted com ponents, characterised in standardised convective 

environm ents [108-110]. The m ethod utilised num erical predictions for system  level flow  

characterisation, and the adjusted therm al characteristics for board- and com ponent level 

modelling. H ow ever, the prem ise is that system  level flow  fields predicted by CFD 

analysis can be relied upon to provide boundary conditions for board level analysis. This 

study served to highlight the com plexity o f actual PCB heat transfer, w hich is too difficult 

to describe in  a  generic way using em pirical correlations. The test configurations 

experim entally characterised in  [106] will be used in the  present study to assess CFD 

predictive accuracy for electronic com ponent heat transfer.

W hile the foregoing studies w ere confined to steady-state com ponent heat transfer, due 

to a past perception that absolute tem perature was the dom inant stress param eter 

influencing electronics reliability (Section 1.2.2), little experim ental w ork has been 

published on characterising dynam ic board-m ounted com ponent therm al behaviour. 

Studies have been prim arily confined to characterising com ponent therm al im pedance in 

conductive environm ents [111,112], one o f  the objectives being to support the 

developm ent o f  dynam ic com ponent com pact therm al m odelling m ethodologies [113,114]. 

Davies et al. [115] and Lohan and D avies [77] are the only studies reported on conjugate 

heat transfer. They m easured the spatial and tem poral gradients on a board-m ounted 

com ponent exposed to pow er- and air tem perature cycling conditions. These 

m easurem ents w ill be used in the current study to investigate the capability o f  CFD 

analysis to predict transient com ponent heat transfer. The accurate prediction o f  dynam ic 

com ponent therm al behaviour is critical for Physics-of-Failure (PoF) analysis o f  failure 

processes influenced by tem poral tem perature gradients.

2 .3  E x p e r im e n t a l  F lo w  V is u a l is a t io n

The three-dim ensional shape and irregular nature o f electronic com ponent topologies on 

air-cooled PCBs give rise to com plex airflow  patterns that have been well docum ented 

[58,59]. N um erous flow  visualisation studies have been undertaken to help develop an 

understanding o f  such flow  phenom ena, and their im pact on  the underlying convective heat 

transfer processes involved, w hich have been w ell sum m arised by G arim ella [68].

These studies provide excellent descriptions o f  the flow  phenom ena about classical 

geom etries such as tw o-dim ensional ribs [95] and cubical elem ents [62,116,117,91], or the 

flat pack geom etries considered in this study [61,84,118], The link betw een flow
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phenom ena and convec tive heat transfer has also been investigated using various 

techniques, including m ass transfer techniques such as naphthalene sublim ation [119,120], 

interferom etry [95,121,122], Particle Im age V elocim etry (PIV ) [121,123,124,125], heat 

flux sensors [126], and surface tem perature contour m aps m easured using infrared 

therm ography [58,62,123,127].

W hereas the foregoing studies em ployed flow  visualisation to develop a  physical 

understanding o f  PCB therm ofluids, Eveloy et al. [128] applied such m ethods to 

qualitatively interpret num erical prediction errors in  com ponent heat transfer. A  sim ilar 

approach w ill be taken in this study, w hereby the value o f  flow  visualisation m ethods in 

aiding the CFD prediction o f  com ponent heat transfer in a design environm ent w ill be 

demonstrated.

2 .4  C F D  P r e d ic t iv c  A c c u r a c y

The need to assess CFD predictive accuracy for electronics cooling was outlined in 

Chapter 1. Ideally, good benchm ark tests for assessing CFD predictive accuracy should 

exhibit com plex therm ofluid phenom ena that can be accurately characterised by 

experim ental analysis. A  num ber o f  fundam ental benchm ark test cases exist against which 

CFD codes have been evaluated and though not explicitly derived for electronics cooling 

applications, these are o f  relevance to this area due to both the geom etries and heat transfer 

processes involved. Typical exam ples include flow  over a b lun t flat plate or around an 

obstacle, backw ard facing step, and channel flow s by O ta and K on [129], Fokkelm an et al. 

[130], A be et al. [131,132], Freitas [133], C okljat et al. [134], A n extensive validation 

study was presented by Freitas [133], who sum m arised the perform ance o f  com m ercial 

CFD codes for the prediction o f  flow  around tw o- and three-dim ensional obstacles, and the 

backw ard-facing step. This study highlighted the lim itations o f  currently available two- 

equation eddy viscosity m odels for predicting such flow  phenom ena. These lim itations 

were further exposed at the 6th ERCOFTAC/IAHR7COST W orkshop [135], where an 

investigation o f  flow  around a three-dim ensional cubical elem ent array revealed that 

reasonable predictions o f  the benchm ark data could only be achieved using D irect 

N um erical Sim ulation (DNS) techniques.

W hile such studies are useful for assessing turbulence m odel capability, it is difficult to 

translate their findings to the analysis o f  the m ore com plex, discrete, three-dim ensional, 

non-isotherm al com ponents in air-cooled electronic systems, w here the aim  is to predict the 

internal operating junction  tem perature. Therefore, a need exists to better understand the 

capabilities and lim itations o f  current CFD based software tools for the analysis o f such 

systems.
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Before review ing previous CFD evaluations focusing on PC B -m ounted com ponent heat 

transfer, it is w orth  tem pering the forthcom ing discussion w ith  the advice o f  A zar and 

M anno [136] w ho cautioned researchers to seek a  balanced com bination o f both 

experim ental and num erical effort. To facilitate the com parison betw een both approaches, 

Rhee and M offat [137] outline the critical factors that enable one to distinguish betw een 

m easurem ent uncertainty and num erical prediction inaccuracy. In addition to accuracy, 

Ghosh [138] outlines criterion that should be considered in  the selection o f  num erical tools 

to ensure their appropriateness for a given electronic cooling application. Tucker [42] 

provides a  review  study o f  the technical capabilities o f  com m ercial CFD codes for 

electronic cooling w ith overview s given by H olt et al. [139] and Rem sburg [140]. A part 

from proposing a system  level benchm ark test case, L in ton and A gonafer [141] listed 

various features o f  electronic system s that could serve as practical benchm ark test cases.

2 .4 .1  P r e d ic t io n  o f  E le c t r o n ic  C o m p o n e n t  H e a t  T r a n s f e r

As highlighted in  Section 1.2.2, lim ited w ork has been  carried out on the num erical 

prediction o f transien t conjugate com ponent heat transfer, as a result o f  reliability 

prediction m ethods focusing on steady-state tem perature and com putational constraints. 

Previously reported num erical studies on transient com ponent heat transfer have been 

confined to the analysis o f  conduction-cooled high-pow er m odules, such as IG B T devices 

[142-145]. The cooling configuration perm itted these analyses to be confined to the 

m odelling o f  conduction, w ith  either a fixed tem perature boundary condition or effective 

heat transfer coefficient prescribed at the dom ain boundary. Though justified  in such 

applications, this m odelling approach w ould not be appropriate for the m ajority o f air- 

cooled, board-m ounted com ponents, from w hich heat transfer is highly conjugate. To the 

author’s know ledge, no corresponding studies involving CFD analysis have been 

published. The follow ing review  is therefore confined to the CFD prediction o f  com ponent 

steady-state heat transfer.

The m ajority o f  studies in this area have focused on either single-board m ounted 

com ponents or replicas o f  operational m ulti-com ponent PC B s consisting o f  either heat- 

dissipating m etal cuboid blocks, ribs or flush m ounted elem ents on a low  therm al 

conductivity substrate.

Studies that have focused on single-board m ounted com ponents in lam inar free 

convection include R osten  et al. [103], A dam s et al. [146], R am akrishna et al. [147], Zahn 

[148], Eveloy et al. [128], Lohan et al. [149], Peng and Ishizuka [150]. These studies 

provide an insight to m odelling m ethodology and prediction accuracy, which was within 

10% o f m easurem ents for junction-to-am bient therm al resistance. Approxim ations o f
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m ulti-com ponent PCBs w ere studied by Kim  et al. [151], Di P em a  et al. [152], H eindel et 

al. [153,154], W ang et al. [155], Drabbels [156], and B ehnia and N akayam a [157]. The 

form er studies have show n that steady-state, single-com ponent PCB heat transfer can be 

predicted w ith good accuracy (±5% ), providing that the geom etries, m aterial therm al 

properties and boundary conditions are accurately know n, and appropriate m odelling 

m ethodologies are em ployed. H ow ever, the requirem ent to m odel turbulence was absent. 

The objective o f  the second category o f studies was essentially to  investigate the influence 

o f  characteristic param eters on the velocity and therm al fields, w ith  the solution procedure 

validated against either experim ental or other num erical data.

For forced convection, studies that have analysed single-com ponent PCBs in forced 

airflows include Rosten and Viswanath [158] and Teng et al. [159] w ho both m odelled the 

com ponent w ith  and w ithout a pin-fm  heat sink. Junction-to-am bient thermal resistance 

(0ja) was predicted to w ith in  4%  and 10% o f  the m easured values respectively, w ith the 

error com ing from  an overprediction o f  the heat transfer rate. W hen the heat sink was 

attached, prediction error increased to a w orst case o f  18% at approxim ately 1 m /s in both 

studies. R osten and V iswanath [158] attributed this error to either the heat sink m odelling 

m ethodology em ployed or the lim itations o f  the algebraic turbulence m odel. U nfortunately 

Teng et al. [159] did not docum ent w hich turbulence m odel w as em ployed in  their study, 

but an experim ental param etric study suggested that com ponent internal conductive 

resistance was m odelled correctly. These heat sink studies reflect current trends tow ards 

the introduction o f  m ore com plex geom etries at PCB level, w hich dem and the application 

o f  appropriate m odelling m ethodologies and a  correct flow  m odel. Sim ilar levels o f 

predictive accuracy (w ithin 10%) w ere reported by R am akrishna et al. [147], Adams et al. 

[160], Chiriac and Lee [161] and R am akrishna and Lee [162], w ho focused on the 

developm ent o f  com ponent m odelling m ethodologies for new  packaging technologies.

H owever, it is notable that these studies alm ost invariably used a single metric, 

com ponent junction  tem perature, for evaluating predictive accuracy. A ddressing this point, 

Rodgers et al. [35] proposed a dual approach, based upon the m etrics o f  m easured 

com ponent junction  tem perature and com ponent-PCB surface tem perature for validating 

the com ponent-board num erical model. Predictive accuracy w as assessed for two different 

single com ponent-boards in a 2 m /s airflow, incorporating S O I6 and PQ FP 208 devices. 

Com ponent junction  tem perature prediction accuracy w as overall w ithin 3°C o f 

m easurem ent. The predicted board surface tem perature distributions w ere also in good 

agreem ent w ith  m easurem ent in both the span-wise airflow  direction, and upstream  o f  the 

com ponent in  the stream -w ise direction, indicating that PCB heat spread was well 

captured. H ow ever, discrepancies were clearly identified dow nstream  o f  either
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com ponent, w hich were attributed to inaccurate prediction o f  the advected air tem perature 

adjacent to the board in this region. This suggested the need to assess com ponent 

temperature prediction accuracy for m ore realistic, m ulti-com ponent board topologies, 

generating m ore com plex flows. The authors addressed this and their findings are 

sum m arised later in this section.

As an im portant step from  the m odelling o f  single com ponent-boards, Anderson [163] 

analysed an idealised, populated PCB consisting o f  an 8 x  6 array o f low  profile, 

rectangular alum inium  blocks in forced convection. S ignificant errors in the prediction o f 

dow nstream  m odule adiabatic tem perature rise were highlighted. These errors were 

attributed to incorrect prediction o f  dow nstream  fluid flow  m ixing, as good agreem ent 

betw een predicted and m easured adiabatic heat transfer coefficient w as found. These 

findings therefore indicated a w eakness o f  the turbulence m odelling  approach em ployed by 

the CFD code to deal w ith  these m ore com plex flows, suggesting that the flow  phenom ena 

generated by the sim ple, single-com ponent PCB topologies only posed a  moderate 

challenge to  CFD analysis. H ow ever, the test vehicle em ployed did not perm it to translate 

the full im plications o f  these findings to the analysis o f  m ultiple, non-isotherm al PCB- 

mounted com ponents, for w hich heat transfer is highly conjugate.

A ddressing this w eakness, Rodgers et al. [35,164] analysed for the first tim e a populated 

board incorporating real electronic com ponents (SO 16, TSO P 48 and PQ FP 208), in  a 2 

m/s w ind tunnel airflow. U sing a CFD code dedicated to the therm al analysis o f  electronic 

equipm ent, com ponent junction  tem perature prediction accuracy was found to be w ithin 

±5°C or 10%. It was detected that com ponent therm al interaction was not fully captured, 

and anticipated that th is lim itation could lead to m ore significant prediction errors on 

densely packed PCBs, having a  h igh degree o f  com ponent therm al interaction. It was also 

found that neither the lam inar or turbulent flow  m odel used (standard high-Reynolds 

num ber k-s) were able to resolve the com plete flow  field  over the populated board, while 

the variation betw een flow  m odel predictions w as proportional to  the am ount o f flow  

disturbance introduced in  the flow  field upstream  o f  the com ponent. The greatest 

prediction errors and variations betw een flow  models (up to 10°C) occurred in regions 

identified as aerodynam ically sensitive by both experim ental m easurem ent and flow  

visualisation. The results suggested that ultim ately a  transitional flow  m odel m ay be 

required to predict the com plete flow  field over populated PC B s, hence yield best 

predictive accuracy for all com ponents. Overall, prediction accuracy was only found to be 

sufficient for the interm ediate design phase. This study served to highlight the potential 

shortcom ings o f  the turbulence m odelling typically em ployed by CFD codes dedicated to 

the analysis o f  electronics cooling, w hich are discussed in  Section 4.2. However, to
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generalise these findings to the prediction o f board-m ounted com ponent heat transfer using 

such CFD codes, the following aspects need to be addressed. The study was confined to 

one m ulti-com ponent PCB topology, w hich did no t generate a sufficient degree o f  

com ponent therm al interaction for the prediction o f  this variable to be fully assessed. In 

addition, the forced convection analyses were lim ited to 2 m /s airflow  velocity. Finally, the 

im pact o f  aerodynam ic disturbance generated by system  level elem ents on predictive 

accuracy was not investigated.

A  lim ited num ber o f  studies have applied turbulence m odels intended for the prediction 

o f  low -Reynolds num ber flow s to the analysis o f  idealised electronic boards, consisting o f  

m ultiple w all-m ounted isotherm al modules. Deb and M ajum dar [165] considered an array 

o f  m odules m ounted on an adiabatic wall, exposed to  1 m /s channel airflow. They 

assessed predictive accuracy for a standard high-R eynolds num ber k-s m odel used in 

conjunction w ith standard wall functions, and a low -R eynolds num ber k-s model. The 

latter m odel was found to yield m ore accurate N usselt num ber predictions for individually 

pow ered m odules in  the channel entrance region, w here strong flow  separation existed. A  

more extensive evaluation was reported at the E ighth ER C O FTA C  w orkshop [166] for a 

matrix o f  low -conductivity substrate-m ounted isotherm al cubes in 3.86 m /s channel 

airflow. Several tw o-equation eddy viscosity turbulence m odels, Reynolds Stress M odel 

(RSM ), and both Large Eddy Sim ulation (LES) and D irect N um erical Sim ulation (DNS) 

techniques w ere evaluated. The tw o-equations m odels w ere a  high-R eynolds num ber k-s 

in conjunction w ith standard wall functions, a low -R eynolds num ber k-s, and tw o variants 

o f  the k-co model. LES and DNS w ere shown to yield  m ore accurate flow  field predictions 

than the steady-state R A N S-based com putations, particularly  for cross-flow. The full 

Reynolds-stress m odel seem ed to predict cross-flow  better than the eddy viscosity 

turbulence m odels. Overall, the k-co models predicted the velocity profiles better than the 

other eddy viscosity m odels. A ccurate board-m odule surface tem perature distributions 

could only be obtained using LES or DNS. The organisers concluded that there was a 

critical need for benchm arks and thus benchm ark data, to gain a proper perspective o f  CFD 

predictive accuracy and flow  m odel perform ance for a w ide range o f  applications, 

generating different flow  phenom ena. However, neither D eb and M ajum dar [165] or the 

ERCO FTA C w orkshop [166] evaluated the prediction o f  m odule adiabatic tem perature, 

hence therm al interaction.

W hile the foregoing discussion focused on detailed com ponent m odelling, w hereby both 

the m echanical architecture and therm o-physical properties o f  the com ponent constituent 

elem ents are explicitly represented (Section 1.2.1), com ponent com pact therm al m odelling 

(CTM ) has received significant attention in recent years. The developm ent o f  CTM s has
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been studied, for exam ple, in the fram e o f  the European-funded D ELPH I project [46,167], 

and industrially im plem ented though the European-funded SEED [168] project. 

Com ponent m anufacturers and end users w ere encouraged to  share the responsibility for 

therm al design, w hereby the com ponent m anufacturers generate B oundary Condition 

Independent (BCI) CTM s, to be im plem ented into CFD  m odels. H ow ever, CTM  

assessm ent to date for the prediction o f  conjugate com ponent heat transfer has been lim ited 

to single board-m ounted com ponents [169-174]. These studies have found CTM  accuracy 

to be generally w ithin  10% o f the detailed com ponent m odel predictions for both junction  

tem perature and heat flows from  the package external surfaces. H ow ever, two critical 

aspects have been highlighted: CTM  prediction sensitivity to the board therm al 

conductivity [175,176], and m odelling o f  the therm al w ake flow  em anating from the 

com ponent [171,174], Such errors and their im plications at system  level have not yet been 

system atically quantified. This w ill be addressed in the current study.

2 .5  S u m m a r y  o f  L it e r a t u r e  S u r v e y

From  the foregoing literature cited and described, the follow ing points can be noted.

1. The experim ental studies highlighted the com plexity  o f  com ponent-board 

therm ofluids, thereby dem onstrating both the potential o f  th is area to test CFD  accuracy, 

and the need for confidence in CFD predictions. Experim ental studies providing accurate 

characterisation data for m ulti-com ponent board heat transfer w ere identified, w hich will 

be used in this study to assess CFD predictive accuracy.

2. The m ajority o f  num erical studies on com ponent heat transfer have focused on 

steady-state heat transfer, for either single-board m ounted com ponents or idealised m ulti- 

com ponent boards. It is therefore difficult to translate their findings to practical PCB 

applications. The form er studies reported good prediction accuracy. The second category 

studies highlighted shortcom ings o f  the turbulence m odelling em ployed in  CFD codes 

dedicated to the therm al analysis o f  electronic equipm ent, for the analysis o f m ore complex 

flows over populated board topologies.

3. The im pact o f  these lim itations for the prediction o f  actual, m ulti-com ponent board 

heat transfer w as highlighted by Rodgers et al. [35,164], How ever, the scope o f  the study 

was not sufficient to provide a full perspective on the lim itations o f  the turbulence 

m odelling em ployed in CFD codes dedicated to the therm al analysis o f  electronic 

equipment.

4. Studies that have assessed CFD predictive accuracy for idealised m ulti-com ponent 

boards using turbulence m odels m ore suited to the m odelling o f  airflow s over such boards, 

have reported im proved accuracy relative to the turbulence m odelling used in dedicated
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electronics cooling CFD codes. H owever, such studies have not assessed the prediction o f 

com ponent therm al interaction.

5. N o study has been published on the prediction o f  conjugate transient com ponent heat 

transfer using CFD analysis, which w ould be o f  relevance for bo th  the prediction o f 

com ponent operational tem perature or the determ ination o f  reliability  testing environments.

6. The capability o f  CTM s to predict com plex m ulti-m ode com ponent heat transfer in 

real electronic system s has not yet been com prehensively evaluated.

This study seeks to address weaknesses highlighted above and the strategy em ployed is 

described in  the next section.

2 .6  B e n c h m a r k  S tr a te g y

The accuracy o f  the num erical predictions and ultim ately their applicability, are 

dependent upon the m odelling m ethodology em ployed, m aterial properties specification 

and the ability o f  the CFD code to predict the associated therm ofluids. W ith these 

variables in  m ind, experim ental benchm arks w ere derived for com ponent and PCB heat 

transfer. A  superior approach to assessing the predictive accuracy o f  a  code solely on the 

basis o f discrepancies w ith  m easurem ents, is to discuss the discrepancies in the context o f 

the assumptions inherent in the code. This approach is taken here and described in Chapter 4.

To evaluate the m odelling m ethodologies applied and solver capability, CFD accuracy 

should be evaluated for a range o f  different therm ofluid system s spanning the complete 

heat transfer chain o f  an electronic system. Ideally, good benchm ark tests should exhibit 

com plex therm ofluids phenom ena that can be accurately characterised by experim ental 

analysis. Thus, the discrepancy betw een prediction and m easurem ent needs to be 

distinguished from  the experim ental error. This m ay be difficult to achieve for system  level 

analysis as considerable uncertainties m ay exist in both  the physical quantities being 

measured and the num erical boundary conditions applied. Such uncertainties are coupled 

with com putational discretization constraints prohibiting the explicit m odelling o f  

geometric length scales from  m icron to m eter at com ponent to cabinet level respectively 

w ithin a single num erical model. By contrast, sub-system s or units, such as populated 

PCBs, represent an appropriate benchm ark level, w here the therm ofluids can be 

experim entally characterised accurately and m odelled using w ell-defined boundary 

conditions. A lthough such an analysis represents a sim plification com pared to that o f a 

complete electronic system , the com plexity o f  com ponent-PCB therm ofluids (Section 2.2) 

still poses a significant challenge for CFD analysis. In addition to forming good 

benchm arks, the analysis o f  com ponent heat transfer is also o f  relevance to the m ajority o f  

electronics reliability  prediction m ethods, w hich require the specification o f com ponent
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operating tem perature. In the absence o f  a w orking prototype in the design phase, 

com ponent tem perature can only be realistically estim ated using CFD analysis.

Such a strategy is used in  this study. E lim inating system  level uncertainties, num erical 

predictive accuracy is assessed for PCB-m ounted com ponent heat transfer, in a still-air 

enclosure and w ind tunnel for free and forced convection cooling respectively. B oth types 

o f  convective environm ents are considered to reflect the nature o f  cooling airflows in 

com m ercial products, w hich m ay vary considerably from  quiescent to highly agitated. 

Highly disturbed flow s increase the com plexity o f  num erical analysis as the im pact o f  fluid 

turbulence on heat transfer requires to be m odelled. A s previously  highlighted (Section 

1.2.1), turbulence m odelling is a vulnerable area o f  CFD analysis and therefore one aim  o f  

this study is to assess the effect o f turbulence m odelling on the prediction o f  com ponent 

junction tem perature.

A m ethodical approach is em ployed to perm it both the m odelling  m ethodology applied 

and solver capability to be carefully evaluated. Test case com plexity is increm ented in 

controlled steps from ; i) single board-m ounted com ponents, to ii) individually pow ered 

components on populated boards and iii) sim ultaneously pow ered configurations, where all 

components are pow ered. The single board-m ounted com ponent cases serve to validate the 

com ponent and PCB m odelling methodology. The step from  cases i) to ii) enables the 

im pact o f  aerodynam ic conditions on junction  tem perature prediction accuracy to be 

quantified, w hile stepping from ii) to iii) perm its the ability o f  the code to predict 

com ponent therm al interaction to be assessed.

The test vehicles are firstly analysed in lam inar free convection conditions, thereby 

elim inating the variable o f  turbulence m odelling on predictive accuracy. In  forced-air, both 

uniform  flow  conditions, and highly disturbed conditions upstream  o f  the boards are 

studied.

To assess the prediction o f  transient com ponent heat transfer, three types o f  operating 

conditions are considered, nam ely (i) com ponent dynam ic pow er dissipation in fixed 

am bient conditions, (ii) passive com ponent operation in dynam ic am bient conditions, and 

(iii) com bined com ponent dynam ic pow er dissipation in  varying am bient conditions. Such 

environm ents are representative o f  industry-standard electronic com ponent reliability 

testing. Before analysing such conditions, predictive accuracy is firstly assessed for steady- 

state heat transfer, w hereby the variable o f m odelling therm al capacitance is elim inated.

B enchm ark criteria are based on com ponent junction  and com ponent-board surface 

tem peratures, m easured using therm al test dies and infrared therm ography respectively. 

W hile junction  tem perature is used as the prim ary criterion, com ponent/board surface 

tem perature distributions serve to validate the com ponent and PCB m odelling
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m ethodologies. In addition, supporting experim ental v isualisations o f  the forced airflows 

over the boards are used to help assess predictive accuracy.

Reflecting the constraints im posed on a therm al designer in  an industrial environm ent, a 

pragm atic approach is adopted for detailed com ponent and PCB m odelling, whereby all 

geom etry dim ensions and constituent material therm o-physical properties correspond to 

nom inal vendor specifications. In this approach therefore, no calibration is made to the 

num erical m odels in a possible attem pt to im prove pred ictive accuracy. This w ork 

therefore also perm its the suitability o f  the pragm atic m odelling  strategy em ployed to be 

assessed for use in a  design environm ent. To establish confidence in  the data supplied by 

com ponent m anufacturers, com ponent internal geom etry and structural integrity were 

verified using destructive and non-destructive testing techniques. In addition, the use o f  

com ponent com pact therm al m odelling is also evaluated for the  analysis o f  board-m ounted 

electronic com ponent heat transfer.

A cknow ledging the difficulties in defining a characteristic dim ension, hence transition 

Reynolds number, that adequately describes the fluid flow  regim e in non-dim ensional form  

over populated boards [177], no m eaningful Reynolds num ber, based on either com ponent 

length or board length, can be used for the a p r io r i  selection o f  a  lam inar or turbulence 

model. Consequently, the fluid  dom ain for the forced convection configurations was 

solved using both lam inar and a  range o f  turbulent flow  m odels. This w ill include both 

standard turbulence m odels available in CFD codes dedicated to the therm al analysis o f 

electronic equipm ent, and candidate turbulence models that m ay be m ore suited to the 

analysis o f  forced airflow s over populated electronic boards but no t currently available in 

such codes. Such an evaluation will therefore perm it perspective to be given on the 

capabilities o f  dedicated CFD codes for the prediction o f  electronic com ponent heat 

transfer, and the potential for im proved predictive accuracy. The potential accuracy o f 

tem perature prediction, hence com ponent life prediction, is ultim ately  evaluated.

N um erical predictive accuracy for com ponent operating tem perature is categorised 

based on the guidelines identified in Section 1.2 for the various phases o f  the therm al 

design cycle. These accuracy requirem ents are typically ±10°C or 20% , ±5°C or 10% and 

±3°C or 5% o f  measurem ent for the early, intermediate and final design phases respectively.

Finally, the use o f  validated num erical models to provide an insight into the physics o f 

com ponent heat transfer w ill be illustrated.

2 .6 .1  C F D  C o d e  S e le c t io n

Two CFD codes are em ployed, Flotherm  [69] and F luent [70], from  Flom erics and 

Fluent respectively. Flotherm  is a software dedicated to the therm al analysis o f  electronic
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equipm ent having tailored pre- and post-processing features, bu t lim ited flow  m odelling 

capabilities. F luent is a general-purpose engineering code, having a suite o f  turbulence 

m odels and near-wall treatm ent approaches, som e o f w hich  m ay be m ore suited to the 

analysis o f  forced airflows over populated electronic boards. The turbulence m odelling 

capabilities o f  both  codes are described in Section 4.2. U sing Flotherm , industry 

perspective w ill be provided on the capabilities o f  dedicated CFD  codes for the analysis o f  

electronic com ponent heat transfer. A ssessm ent o f  alternative turbulent flow  m odelling 

approaches in F luent w ill perm it the potential fo r im proved predictive accuracy to be 

evaluated.

These CFD codes were selected as they both are m arket leaders in their field. Based on 

a survey o f  com m ercial CFD software revenues [178], F luent holds the dom inant w orld 

m arket share at 31% , w hile F lom erics’ share is at 10%. W hereas F luent’s m arket 

encom passes a variety o f engineering sectors, Flotherm  is confined to the electronics 

cooling sector. In this m arket sector, although there is no  independent m arket research to 

justify  the vendor claim , a  com m issioned m arket surveys by Flom erics indicates that 

Flotherm  had the dom inant m arket share at 85% [179] at the com m encem ent o f  this 

research, and currently at 70%  [180]. This, together w ith  the fact that the m ajority o f 

previously published benchm ark studies for electronics cooling [42] w ere undertaken using 

Flotherm , form s the justification  for only considering this dedicated CFD software in this 

study.

2 .7  S u m m a r y

A  review  o f  published studies highlighted the com plexity  o f  com ponent-PCB 

therm ofluids.

The lim itations o f  the turbulence m odels em ployed in  CFD  codes dedicated to the 

therm al analysis o f  electronic equipm ent for the prediction  o f  com ponent operational 

tem perature were highlighted. The need to m ore com prehensively quantify the im pact o f  

these lim itations on prediction accuracy, and evaluate the po tential for im proved accuracy 

using alternative turbulence m odels was outlined.

The benchm ark strategy em ployed to achieve these objectives was described, to enable 

both the num erical m odelling m ethodologies and solver capability to be carefully 

evaluated.
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3 .0  B e n c h m a r k  T est C o n fig u r a tio n s

3 .1  I n tr o d u c t io n

In this chapter, a set o f  experim ental benchm arks is proposed to assess Com putational 

Fluids D ynam ics (CFD ) predictive accuracy for electronic com ponent heat transfer. Both 

the prediction o f  steady-state and transient heat transfer are considered. A part from 

populated board applications, the test configurations also involve therm al environm ents 

representative o f  electronic com ponent reliability screening and assem bly processes. 

Benchm arks are also presented to evaluate the predictive perform ance o f  com ponent 

com pact therm al m odelling im plem ented in CFD m odels.

The benchm ark data, com prising o f  com ponent ju n c tio n  tem perature and com ponent- 

board surface tem perature m easurem ents, are assem bled from  a num ber o f  previously 

published experim ental studies. To dem onstrate the suitability o f  this data to serve as 

benchm arks, the characterisation m ethods em ployed are described, and the accuracy o f the 

m easurem ents assessed. D etails o f the test vehicles and characterisation environm ents are 

given for num erical m odelling.

The therm al characterisation data is augm ented by experim ental visualisations o f  the 

forced airflows over the populated boards used, undertaken in this study using two 

com plim entary flow  visualisation techniques. These flow  visualisations w ill be used to 

help assess predictive accuracy qualitatively. In  addition, bo th  test com ponent geom etry 

and structural integrity are assessed using destructive and non-destructive testing, so as to 

elim inate potential num erical m odelling uncertainties.

A part from  serving to assess CFD predictive accuracy in  the present work, the 

benchm arks docum ented m ay be re-used in  subsequent studies to evaluate future 

developm ents in CFD m odelling, or new  com ponent-board m odelling m ethodologies for 

the prediction o f  electronic com ponent heat transfer.

Before describing the benchm arks, a brief overview  o f  electronic com ponent packaging 

and therm al characterisation is given.

3 .2  E le c tr o n ic  P a c k a g in g

Electronic system s are typically m ade o f  diverse com ponents assem bled onto PCBs. 

Packaging refers to hardw are that m echanically  and electrically  interconnects electronic 

com ponents, and pro tects them  from  external stresses. A n exam ple o f  a populated  PCB 

assem bly is show n in  F igure 3.1, identifying several In tegrated  C ircuit (IC) com ponent 

types and discrete com ponents such as resistors and capacitors. The num erical prediction  

o f  board-m ounted IC com ponent therm al behaviour is the subject o f  th is research.
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Typical IC packag ing  a rch itec tu res and PCB constructions are  described  in  the  fo llow ing  

sections.

Capacitor

Resistor

PQFP component 

S 0 8  component

2
F ig u r e  3 .1  An exam ple o f  a populated printed circuit board  .

3 .2 .1  C o m p o n e n t  A r c h it e c t u r e

The m echanical structure w hich  encapsulates the IC and electrically  interconnects it to 

the PCB is com m only term ed a package. R esponding to diverse electrical, m echanical, 

m iniaturisation or reliability requirem ents, a  variety o f  IC  package fam ilies exist. 

C om m on package fam ilies and their evolution are illustrated in Figure 3.2. A t present, 

plastic Surface M ount Technology (SM T) devices are the m ost w idely used for cost 

effectiveness, size, weight, and availability [56], A lthough area array packages such as 

Ball G rid A rrays (BGAs), introduced in  the  1990’s [181,182], can offer im proved 

m iniaturisation, peripheral (leaded) devices rem ain predom inant, w ith  the Sm all-O utline 

(SO) and Q uad Flat Pack (QFP) being still the w orkhorses o f  the IC packaging industry 

[183], Both package types are used as test com ponents in  th is study, nam ely 160- and 208- 

lead QFPs, and 8-lead SO. It should be noted  how ever that the selection o f  a  specific 

package type w as no t a  critical aspect for th is study, as the findings in term s o f  CFD 

predictive accuracy w ould translate to  o ther package types. In addition, the com ponent 

m odelling m ethodologies em ployed herein are generically applicable to o ther package 

fam ilies, as w ill be show n in C hapter 4.

2 Fujitsu FDX310 ADSL USB Integrated Modem.
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Typical architectures for leaded IC packages are illustrated in Figure 3.3. For a standard 

construction such as show n in Figure 3.3(a), the IC die is attached to a  m etal support (die 

paddle) and wire bonded to a  m etal leadfram e, F igure 3.4, fo r electrical connection to the 

external leads and thus the PCB. The structure is encapsulated by an epoxy resin which 

forms the com ponent body. As the package also acts as a therm al dissipator o f  the heat 

generated by the IC, it m ay contain a highly-therm ally conductive m etal part, referred to as 

“heat slug”, for enhanced therm al perform ance [184], Figures 3(b) and 3(c). In this 

instance, a paddle is not required for die attachm ent, w hich can be directly to the heat slug. 

In Figures 3(b) and 3(c), the heat slug is exposed either at the base or top o f  the package 

body respectively. Package geom etry and m aterials are controlled by international 

standards set by the JED EC [185] and SEM I [186] organisations.

T h «  1 s i  

R e v o lu t io n

T H M T ----- ► SMT

(Peripheral)

»"Wi n  t 'w  MM

i s r e E 3 tfc n r
T h e  2 n d  

R e v o l u t i o n

— *» SMT

(Array Grid)

M ulti Stacked LSI

T h e  F u tu r e

S y ste m  in 
P a ck ag e

S t a c k e d  C h ip  
T e c h n o lo g y

O p io -e le c tr o n ie
Packaging

O r ? ? ?

Transistor MtfO 1980 1 8 0 0

Adapted from Japan Jisso Technology Roadmap -  2001 Edition.

F ig u r e  3 .2  Evolution o f  IC packaging [183].
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D ie  At t a ch  j
A d h e 3ive\  f

M o ld

C o m p o u n d
C old  Wir»

C u  Le a dfra m o

D ie  At t a ch  Pa d d le

(a) Standard design [187]

D ie  A t t a c h  
A d h e s i v e

Mold
C o m p o u n d

G o l d  Wire

C u  L e a d f r a m e

P o ly im id e

P o ly im id e  

C u  L e a d f r a m e

N i c k e l  P lated  B l a c k  O x id e

(b) Thermally enhanced, with heat slug down [188]

N ic k e l  P la t e d  B la c k  O x id e

W mC u  H e a t  S lu g

D ie  A t t a c h '  \  M o ld

A d h e s i v e  C o m p o u n d  G o l d  W ir e

(c) Thermally enhanced, with heat slug up [188]

F ig u r e  3.3 Typical architectures o f  a leaded IC package.

F ig u r e  3 .4  Internal architecture o f  a standard Quad F la t Pack, w ith  epoxy m oulding 

com pound partially cut aw ay [184],
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3 .2 .2  P r in t e d  C ir c u it  B o a r d  C o n s tr u c t io n

A  standard PCB construction typically com prises o f  several layers o f  copper 

conductors, com m only term ed tracking, which are lam inated onto a  dielectric substrate. A  

com m only-em ployed dielectric is FR-4, a  glass-reinforced resin. C opper layers are 

electrically interconnected by m etal-plated holes, referred to as “v ias” . A typical PCB 

structure is illustrated in Figure 3.5. The PCB layer build-up is com m only categorised as 

N 1S/N2P, w here N i and N 2 denote the num ber o f  signal (S) and pow er/ground (P) planes 

respectively.

Copper tracking 

Dielectric substrate

Power / ground planes

Exposed Circuit Layer

Conductive 
D ielectric

Inner Circuit Layer 

Base

(b) IMS structure [189]

F ig u r e  3 .5  Schem atic cross sections o f  typical PCB constructions.

The extent o f  conductive heat spread in PC B s is dom inated by the presence o f nearly or 

fully com plete pow er and ground copper layers, producing m uch larger in-plane thermal 

conductivity values than  in the norm al or through-plane direction [190,191]. A  com m on 

approach to enhance the P C B ’s heat spreading properties therefore is to increase the 

num ber o f  internal continuous copper planes. A n alternative is Insulated M etal Substrate 

(IM S) technology [189], w hich com bines a  thick copper- or alum inium  base w ith a 

therm ally enhanced dielectric m aterial, F igure 3.5(b). The test vehicles used in this study 

were FR -4 based PC B s o f  construction 2S/0P, 2S/2P and copper-based 1S/1P IMS PCB.

3 .2 .3  C h a r a c te r is a t io n  o f  E le c t r o n ic  C o m p o n e n t  T h e r m a l  P e r fo r m a n c e

The characterisation o f  IC  packaging therm al perform ance is governed by international 

standards [185,186], set w ith  the objective o f allow ing repeatable and reproducible 

characterisation. Com ponent therm al perform ance is typically characterised by single-
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valued junction-to-reference therm al resistance param eters, m easured in idealised 

conditions defined by the appropriate standards. The concept o f  therm al resistance is 

based upon the analogy betw een electrical and heat conduction. A pplying the heat transfer 

analogy o f  O hm ’s law, com ponent therm al resistance is defined as:

where: 0j.ref  is the therm al resistance betw een junction  and reference point (K/W ); Tj, T ref 

are the tem peratures o f  the diode junction  and reference points respectively (K), and Qdiss is 

the pow er dissipated by the IC (W). Typical reference poin ts are the com ponent surface 

(case) tem perature or am bient air temperature.

The com ponent is tested  individually m ounted on a PCB, in  a  still-air enclosure or w ind 

tunnel for free- and forced-air characterisation respectively. C om ponent junction  

tem perature is m easured using an electrical m ethod, w hereby a Tem perature Sensitive 

Param eter (TSP) on  the die, typically the voltage drop across a forw ard-biased diode, is 

used as a therm om eter. As IC com plexity m ay be prohibitive for junction  tem perature 

m easurem ent [192], package therm al characterisation is generally perform ed with a 

therm al test die, rather than the application die. Therm al test dies contain both heat 

dissipating elem ents to sim ulate active device pow er dissipation, and one or more 

tem perature sensitive diodes to perm it junction  tem perature m easurem ent. This perm its 

pow er dissipation and junction  tem perature sensing, v ia  the TSP, to be perform ed 

simultaneously. The heat dissipating elem ents are distributed uniform ly on the die surface, 

covering at least 85% o f  its area. For tem perature sensing, electrically  isolated diodes are 

located at the centre o f  the die surface. The design and layout o f  therm al test chips are 

controlled by international standards [193,194],

The functionality o f  therm al test dies for the m easurem ent o f  com ponent junction 

tem perature is described in detail by M otta [195]. B ased on the linear relationship (K 

factor) betw een diode forw ard voltage, excited as a  constant current, and tem perature rise, 

junction  tem perature is calculated by the following expression:

where: ATj is the diode tem perature rise above reference conditions, V fi and are the 

diode forw ard voltages for the die unpow ered and pow ered conditions respectively, and K 

is the linear coefficient for forward voltage change w ith  tem perature.

To m inim ise ohm ic heating o f  the diode, the exciting current level is kept as low as 

possible, but sufficient to  generate a voltage drop that can be accurately m easured.

0 j-re f-  (T j - T ref)/Qdiss (3.1)

ATj =  K  (V fl - V Q) (3.2)
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All junction  tem perature m easurem ents used to assess num erical predictive accuracy in 

this study w ere perform ed using therm al test dies em bedded in  each test com ponent. Test 

die functionality conform ed to SEM I standard G 32-94 [193], C om ponent pow er 

dissipation was provided by a diffused resistor for all test dies, w ith  centrally located 

tem perature sensitive diodes used for junction  tem perature m easurem ent. The therm al test 

die patterns are show n in A ppendix A  for each test com ponent used.

A lthough not specified by com ponent characterisation standards, com ponent-board 

surface tem perature m easurem ents w ere m ade sim ultaneously w ith  junction  tem perature 

m easurem ents, and are used in  this study as an additional m etric to  assess the num erical 

prediction o f  com ponent heat transfer (Section 2.6). C om ponent surface tem perature, 

however, is com m only-used in industry to estim ate operating tem perature, as the 

m easurem ent o f  junc tion  tem perature requires a m ore com plex electrical m ethod for 

application dies [192], C om ponent surface tem perature data is m ost applicable for 

packages having a  low  internal therm al resistance.

H istorically, com ponent therm al resistances have been used over the years as figure o f  

m erits for com paring the therm al perform ance o f  sim ilar devices from  different vendors. 

M ore contentiously, their application has been extended to predicting the junction 

tem perature o f  functional devices in  application environm ents. The lim itations o f this 

approach have been well docum ented, for exam ple by Lasance [196]. These lim itations 

arise from  the aerodynam ic and therm al factors influencing com ponent therm al resistance 

[12] generally differing significantly betw een characterisation and application 

environments.

To overcom e these lim itations, it has been proposed that know ledge o f  the junction 

tem perature in an application m ay be derived by factoring the standard therm al resistance 

value [107] (Section 2.2).

A nother alternative is the D ELPH I m ethodology for the characterisation o f  electronic 

parts, popularised by the European-funded DELPHI project [46,167] (Section 2.4.1). 

Rather than  com ponent m anufacturers supplying single valued junction-to-reference 

therm al resistances, they are encouraged to  generate B oundary Condition Independent 

(BCI) com ponent com pact therm al m odels (CTM s) for use in  CFD m odelling. This 

approach form s a radical change in  philosophy, since it replaces the single-valued junction- 

to-am bient therm al resistance by a set o f  B CI param eters consisting o f  a therm al resistor 

network. The adoption o f  CTM s for characterising com ponent therm al perform ance by 

com ponent vendors is currently the focus o f  a forthcom ing international standard [197]. 

However, lim itations are also associated w ith  this approach for predicting com ponent 

operational tem perature, as w ill be show n in this study.
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3 .3  M u lt i - C o m p o n e n t  B o a r d  H e a t  T r a n s f e r  C o n f ig u r a t io n s

The test vehicle used to assess the num erical prediction o f  m ulti-com ponent board heat 

transfer is show n in Figure 3.6. This PCB was therm ally characterised in w ind tunnel 

airflows from  0 to 10 m /s, by Lohan and D avies [106], w ho undertook an extensive 

experim ental investigation into com ponent therm al in teraction  on this board. The 

experim ental data, consisting o f  com ponent junction  tem perature and com ponent-PCB 

surface tem perature m easurem ents, is presented in Section 3.3.3.3. This quantitative data 

is supplem ented by supporting experim ental visualisations o f  the forced-air flow s over the 

board, undertaken in this study and presented in Section 3.3.5.

The present study uses the therm al characterisation data for passive and forced-air 

cooling at 2 and 4 m/s. These forced-air conditions represent the m id- to higher-range o f 

velocities em ployed for cooling electronics. Such cooling airflow s are typically confined 

to the 0 to 5 m /s range, both to m inim ise acoustic em issions and due to com ponent therm al 

resistance reaching an asym ptotic lim it at h igher velocities [198]. 2 m /s w as found to 

exceed the region w here PCB heat transfer is buoyancy-aided for the pow ering 

configurations under analysis [106],

The PCB show n in  Figure 3.6 was populated in increm ental steps w ith one, seven and 

fifteen 28 m m  square 160-lead Plastic Quad Flat Pack (PQ FP 160) packages described in 

Section 3.3.1. These PCB topologies are referred to as Stages 1, 2 and 3 respectively. 

C om ponent location on the PCB is identified by the lettering A  to O, Figure 3.6(a). Stage 

1 consists o f  the centrally located com ponent (H), w hile Stage 2 also incorporates the three 

leading (A ,F,K ) and trailing edge (E ,J ,0 ) devices. Stage 3 corresponds to  the symmetrical 

in-line array shown in Figure 3.6. These topologies are used to assess predictive accuracy 

for different aerodynamic conditions and varying degrees o f  com ponent therm al interaction.

In addition for Stage 3, flow  disturbance m im icking m ore realistic system  level flow 

conditions than  w ind tunnel conditions, was introduced upstream  by attaching a 50 mm- 

thick layer o f  Styrofoam  therm al insulation on the board non-com ponent side, Figure 

3.6(b). W hile in the experim ental study [106], the prim ary purpose o f  this insulating layer 

was to generate a  h igh  degree o f  com ponent therm al interaction, present in double-sided 

PCB applications, in this study it also acts as a controlled flow  disturbance, having a 

similar influence on the flow and heat transfer as that generated by structural supports and 

ancillary electronic equipment, such as power supplies and transformers, in real systems. The 

extent o f flow separation was controlled, however, by having this insulating block contoured 

with an elliptical profile at its leading edge, as indicated in Figure 3.6(b). Although presenting 

an additional level o f complexity compared to wind tunnel conditions for numerical analysis, 

this test configuration retained well-defined boundary conditions for numerical modelling.
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In addition to the Stage 1-3 configurations, the PQ FP 160 com ponent was also 

individually characterised on a single-com ponent board show n in  F igure 3.9, both  in free- 

air, and forced airflow s from  1 to 5.5 m/s. These m easurem ents w ere undertaken by 

Davies et al. [115] and Lohan and D avies [77] for free and forced convection respectively. 

The present study uses the therm al characterisation data for both passive- and forced-air 

cooling at 1, 2 and 4 m/s. These test configurations w ill be used as supporting analysis to 

validate the com ponent-board num erical m odelling m ethodologies.

C om ponent internal architectures, PCB layouts, characterisation environm ents and 

experim ental benchm ark data are presented in the Sections 3.3.1 to 3.3.4.

Airflow Styrofoam thermal insulation

(a) Non-insulated PCB (b) Insulated PCB

Note: PCB size = 233 x 178 x 1.6 mm. The position o f each component on the PCB is identified by the 
lettering, A to O. A, F and K are leading edge components in forced convection. “Insulated PCB” and “non 
insulated PCB” refer to Styrofoam thermal insulation being attached and not attached to the board non
component side respectively. Package design I, Figure 3.7(b,i), is m ounted at board locations (A,F,K) and (G 
to I). Package design II, Figure 3.7(b,ii), is positioned at location J. The outer row components (B to E) and 

(L to O) are package design III, Figure 3.7(b,iii).

F ig u r e  3 .6  Populated PCB, shown for the Stage 3 topology.

3 .3 .1  T e s t  C o m p o n e n ts

The test com ponent w as a therm ally enhanced PQ FP 160 from  A m kor, w hose external 

geometry is show n in Figure 3.7. This design is patented as the Pow erQ uad 2 [188], a 

packaging solution w idely-used for pow er m icroprocessors, A pplication-Specific 

Integrated C ircuits (A SICs) and D igital Signal Processors (DSPs).

The com ponent internal architecture corresponds to the therm ally enhanced design 

illustrated in F igure 3.3(c), having an em bedded heat slug exposed at the package top. 

Three variants o f  the PQ FP 160 were used, denoted herein as designs I, II and III, which 

only differed by the heat slug design, Figure 3.7(b). C om ponent internal architecture and
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m echanical in tegrity are analysed in Section 3.3.4. The vendor supplied package external 

geometry details are given in Figure A .I. Package designs I and II had the same junction- 

to-am bient therm al resistance, while package design I l l ’s w as on order 10% lower.

Each com ponent contained an em bedded 7.5 m m  square therm al test die w ith 

functionality that conform ed to SEM I standard G 32-94 [193]. The test die layout is given 

in Figure A.4(a). The die required six active leads, nam ely tw o for both  diode constant 

current supply and voltage m easurem ent, and tw o for resistor pow er supply.

Leadframe <  "  '  Heat slug

(i) Top side (ii) Exploded view from package base

(a) Package body [199]

,H eat slug 

Leads

Leads

Thermal 

test die

(i) Design I, having an 18 mm (ii) Design II, having a 16 mm (iii) Design III, having a 20 mm 
square heat slug square heat slug circular heat slug

(b) Heat slug designs, exposed at the package top surface 

F ig u r e  3 .7  160-lead PQ FP external geom etiy (28 x 28 mm).

3 .3 .2  T e s t  P r in te d  C ir c u it  B o a r d s

Popu la ted  Board. The test com ponents were surface-m ounted onto the PCB shown in 

Figure 3.6, w hose layout is given in Figure 3.8. This board was a 1.6 m m  thick FR-4 design 

o f industrial standard size 233 m m  x 160 m m , w ith 35 pm  th ick  copper tracking on both 

sides. This PCB had no em bedded copper planes. C om ponent spacing was uniform  across 

the Stage 3 array, and approxim ately h a lf  package size. The copper tracking on the board 

component side acted as a moimting surface, whereas tracking on the non-com ponent side 

were signal connections. As illustrated in Figure 3.8, all six active leads on each component 

were connected to the board’s non-com ponent side via p lated through-holes, which in turn 

were connected to 64-pin DIN 41612 connectors at the base o f  the PCB, Figure 3.8(b). Two
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additional sense lines were routed from each component to these 64-pin connectors, enabling 

the power dissipation level to be accurately calibrated before testing [106],

4 x  42 copper 

tracks

F R -4  substrate

S ix  p lated

through-ho le

electrical

connections per

dev ice  to  PCB

non-com ponent

side

O utline  o f  PQ FP 

lead tip  perim eter

C opper tracking

F R -4  substrate

E lectrical

connecto r

Note: PCB size = 233 x 178 x 1.6 mm. All dimensions in millimetres. Copper signal traces are 35 jun thick. 

F ig u r e  3 .8  Layout o f  surface copper tracking pattern on the populated  PCB.

(a) Component side

(b) Non-component side
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Package design I w as m ounted at board locations (A,F,K) and (G  to I), F igure 3.6(a). 

Package design II was positioned at location J. The outer row  com ponents (B to E) and (L 

to O) w ere design III. W hile this heterogeneous population resulted from  a lim ited supply 

o f  one package type, com ponent layout on the PCB was prim arily  designed for 

characterising com ponent therm al interaction in forced convection conditions [106], Thus 

the array was constructed to be sym m etrical about the central stream -w ise com ponent row  

(F to J) in forced convection. The purpose o f  the outer row s w as only to generate both 

sym m etrical flow  phenom ena and conductive and convective interaction w ith  the centre 

row  devices in  forced airflows. Thus the m ost im portant conclusions o f  the experim ental 

study in forced convection were draw n from  the therm al behaviour o f  both  the central row  

(F to I) and leading edge (A,F,K) com ponents, w hich all had  the sam e heat slug design 

[106], This w ill also be the case in the present work.

SEM I S tanda rd  PCB . The single-com ponent board used to validate the com ponent and 

board num erical m odelling m ethodologies conform ed to the SEM I standard SEM I G42-88

[200]. This test board was a 1.6 m m  thick  FR4 design o f  size 116 m m  x 78 m m , having 

the same copper tracking layout on both sides as show n in  F igure 3.9. The copper tracking 

was 35 pm  thick. Package designs II and III w ere individually characterised on this PCB, 

but corresponding characterisation was not perform ed for design I.

FR-4 substrate------>

Copper tracking 

Component location

Electrical connector

N o te: PCB size = 116 x 78 x 1.6 mm. Copper signal traces are 35 ^im thick.

F ig u r e  3 .9  PQ FP 160 test Printed C ircuit B oard conform ing to SEM I G42-88 [200],

3 .3 .3  E x p e r im e n t a l  T h e r m a l C h a r a c te r is a t io n

This section outlines the therm al characterisation o f bo th  the populated board perform ed 

by Lohan and D avies [106], and o f the SEM I P C B  by both  D avies et al. [115] and Lohan 

and Davies [77]. W hereas these studies reported junction-to-am bient therm al resistance 

data, the actual junction  tem perature m easurem ents are presented here, w hich are the direct 

m etric used to assess num erical predictive accuracy.
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A lthough not presented in [106], corresponding com ponent-board surface tem perature 

m easurem ents w ere also recorded for the populated board using both infrared 

therm ography and m iniature therm istors as reported by  the authors. This data was 

subsequently presented in Davies et al. [12] in the form at o f  aerodynam ic and thermal 

influence factors. The actual surface tem perature m easurem ents are presented in this 

section. In  addition, visualisations o f  the flow  fields over the populated boards, undertaken 

in this study, are also presented.

3 .3 .3 .1  C h a r a c t e r is a t io n  M e th o d s

Popu la ted  Board . The test vehicles were therm ally characterised at the outlet o f a w ind 

tunnel diffuser section show n in Figure 3.10, having internal dim ensions 490 x  490 mm. 

This characterisation facility enabled optical access for infrared thermography. The 

experim ental set-up em ployed for free and forced convection characterisation is illustrated 

in Figure 3.10(b). In  forced airflows, the free-stream  velocity  profiles at this location both 

in  the span-wise airflow  direction along the test assem bly’s leading edge, and in  the 

transverse direction norm al to the board, were m easured to  be uniform  w ith less than 3% 

variation. H ot-w ire anem om etry m easurem ents o f  turbulence intensity yielded an average 

value o f  2%  at the test location for the velocity range o f  interest [77].

W hen extending the forced-air characterisation data set o f  Lohan and D avies [106] to 

additional test configurations [107], Cole [201] undertook reproducibility tests at a 

different facility, w ith  the test vehicle m ounted centrally w ith in  a w ind tunnel test section 

o f cross sectional area 200 x  100 mm, and length 300 m m . C om ponent junction 

tem perature m easurem ents w ere found to be w ithin the bounds o f  repeatability reported by 

Lohan and D avies [106]. This provided further confidence in the suitability o f  the 

characterisation environm ent show n in Figure 3.10.

Despite obtaining good repeatability and reproducibility for the free convection 

m easurem ents, Lohan et al. [99] cautioned on the repeatability  o f  the data at other 

facilities, as draft-free test cham bers are recom m ended for standard still-air testing to 

elim inate potential laboratory air currents enhancing com ponent heat transfer. Lohan and 

Davies [106] ensured that such effects w ere m inim ised by sealing the laboratory for 

external drafts. To assess the reproducibility o f  the free-air characterisation data, Cole

[201] repeated a series o f  the tests in a  Perspex still-air enclosure, show n in Figure 3.11. 

Cole reported that the data m atched alm ost perfectly that o f  Lohan and D avies [106], 

showing that the results found at the diffuser outlet were accurate.

All free convection m easurem ents w ere taken w ith the boards vertically oriented, w ith 

com ponent locations (A  to E) defining the top span-w ise com ponent row. For forced
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convection, devices (A ,F,K) w ere leading edge com ponents.

(a) C h arac te risa tio n  o f  th e  in su la ted  S tage 3 PC B  a t th e  o u tle t o f  th e  w in d  tu n n e l [C o u rtesy  o f  the  

S tokes R esea rch  In stitu te , U n iv ers ity  o f  L im erick , Ire lan d ],

(b) F o rced  co n v ec tio n  te s tin g  an d  th e rm a l im ag in g  o f  PC B  a t w in d  tu n n e l o u tle t in  (a) [106] 

Note: D if f u s e r  o u tle t  in te rn a l  d im e n s io n s  =  4 9 0  m m  s q u a re .

F ig u r e  3 .1 0  Forced convection characterisation o f  the populated board at the outlet o f the

wind tunnel.
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N o te:  Enclosure internal dimensions for height, width, and depth are 630 x 462 x 457 mm respectively 

F ig u r e  3 .1 1  Still-air enclosure for free convection characterisation, w ith  the Stage 3 PCB 
shown in vertical orientation [201],

A  control unit was used for pow ering both  the therm al test dies heat dissipating 

elem ents and tem perature sensitive diodes. A  standard data acquisition system  was used to 

record the sensed output voltage from  the therm al test dies and therm istors, and converting 

each m easurem ent to its associated tem perature. This involved A nalog-to-D igital (ADC) 

conversion and signal conditioning. Junction tem peratures w ere recorded by stepping the 

free-stream  air velocity generated by the w ind tunnel from  0 to 10 m /s, w hile m aintaining 

com ponent pow er dissipation at a fixed level o f  3 W. M easurem ents for a  given airflow  

velocity w ere m ade once steady-state conditions were reached.

C om ponent junction  tem perature m easurem ents conform ed to  the SEM I standard G38- 

87 [108], w ith  the therm al test dies calibrated to an accuracy o f  ±0.4°C. Corresponding 

com ponent-board surface tem perature m easurem ents w ere recorded using both infrared 

therm ography and m iniature therm istors. M iniature 79 |im  diam eter therm istors were used

[202], placed centrally on the heat slug surface o f  each com ponent, and aligned in the 

stream -w ise direction in forced air, F igure 3.12. It was verified that their attachm ent did 

not adversely im pact on com ponent therm al resistance. These therm istors had a worst-case 

calibration error o f  ±0.4°C  over the tem perature range considered, 10 to 100°C [202],

C om ponent and board surface tem peratures w ere m easured using an A G EM A  infrared 

Therm ovision 880 system , operating in the 8 to 12 (am spectral range, having a specified 

accuracy o f  ±2°C  or 2% . M easurem ent geom etric resolution w as approxim ately 0.86 mm, 

while spatial tem perature resolution was estim ated at 2.9 m m , that is approxim ately 3.4 

tim es the geom etric resolution  based on a  rule-of-thum b given by the cam era vendor. 

Therm ographic m easurem ents for the non-insulated PCB w ere taken from  both the board
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com ponen t- and non-com ponent sides. M easurem ents w ere only taken from  the 

com ponent side on the insulated PCB.

For uniform  emissivity, the top surface o f  each  test com ponent was sprayed w ith  a  

uniform  layer o f  m att black pain t having an em issivity estim ated  at 0.96. The PCB surface 

was left untreated since its m easured em issivity w as also estim ated  at 0.96 [106], It is 

suspected how ever that th is em issivity value is apparent, as the experim ental procedure 

used to  derive it was effectively an  in-situ calibration o f  the infrared  system. A lthough not 

detailed in [106], the FR-4 substrate and paint em issivity w ere estim ated by com paring the 

surface tem perature o f  a heated  isotherm al FR-4 sam ple, e ither bare  or sprayed, against a  

Type-T therm ocouple m easurem ent over the tem perature range 30 -  100°C. The cam era 

em issivity setting w as varied  until the m easured surface tem perature m atched that o f  the 

therm ocouple reading over the above tem perature range. The estim ated surface em issivity 

was taken as that o f  the corresponding cam era em issivity setting. H owever, hem ispherical 

FR-4 em issivity m easurem ents have been  subsequently docum ented, by for exam ple 

Jarvinen [203], w ho report an actual em issivity o f  0.92. W hile the above procedure 

perm itted to  accurately calibrate the infrared system , for num erical analysis the  board  and 

com ponent surface em issivity was specified as 0.92.

F ig u r e  3 .1 2  M easurem ent o f  com ponent surface tem perature on the Stage 3 PCB, using 

m iniature therm istors m ounted onto the package heat slugs.

Com ponent junction  and com ponent-board surface tem perature m easurem ents w ere 

referenced to  the quiescent am bient air tem perature in free convection, or the  free-stream  

air tem perature m easured upstream  o f  the PCB in forced convection. The reference 

am bient air tem perature w as m easured using a  therm istor accurate to w ith in  ±0.2°C  over 

the range o f  am bient tem peratures considered.

C om ponent pow er dissipation w as m easured to an accuracy o f  ±0.2% , w ith a w orst-case
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2%  deviation across the entire Stage 3 com ponent array.

Free-stream  airflow  velocity w as m easured using a 2 m m  diam eter Pitot static tube, 

located 50 m m  from  the test assem bly’s non-com ponent side and connected to a  digital 

m icro-m anom eter. A ir velocity m easurem ent accuracy w as in  excess o f  99% for all 

airflow  velocities under analysis.

SEM I S tandard  PCB . Free convection characterisation o f  the single-board m ounted 

components on  the SEM I standard PCB was perform ed in a  still-air cubical enclosure o f  

volum e 0.02832 m 3 [115], conform ing to the SEM I standard G 38-87 [108]. The objective 

o f  Davies et al. [115] was to assess the im pact o f  both board orientation and com ponent 

lead contact to the board, on com ponent therm al resistance. The junction  tem perature 

m easurem ent o f  relevance to th is study is for a  vertical board  orientation, referred to as 

“O rientation 5” by the authors, having all com ponent leads soldered to the board, and a 

com ponent pow er dissipation o f  3 W. A lthough undertaken in  the course o f  the study, this 

data point was not reported in Davies et al. [115], who only present the free convection 

com ponent junc tion  tem perature and com ponent-board surface tem perature for this board 

orientation, w ith  only 6 com ponent leads soldered and a pow er dissipation o f  2.5 W.

Forced convection characterisation was perform ed at the outlet o f  the same w ind tunnel 

used for characterising the populated board, show n in  Figure 3.10(a), to enable surface 

tem perature m easurem ents by infrared therm ography [77]. R eproducibility tests were 

undertaken at a different facility, w ith the test vehicle m ounted centrally w ithin a w ind 

tunnel test section o f  cross-sectional dim ensions o f  125 x 125 m m  and length 200 mm, 

Figure 3.36. C om ponent junction  tem perature m easurem ents w ere found to be w ithin the 

bounds o f  repeatability. This provided further confidence in the suitability o f  the 

characterisation environm ent show n in Figure 3.10(a).

C om ponent junction  tem perature m easurem ents conform ed to the SEM I standard G38- 

87 [108], w ith  the therm al test dies calibrated to an accuracy o f  ±0.4°C. Unlike for the 

populated board, diode voltage m easurem ents w ere recorded directly using a digital m ulti 

meter, having 5.5 digit precision.

Corresponding com ponent-board surface tem perature m easurem ents w ere recorded 

using infrared therm ography only. These m easurem ents w ere m ade using the same 

instrum entation and experim ental set-up as em ployed for the populated board, Figure 

3.10(b). B oth the com ponent and PCB surfaces were sprayed w ith  the same m att black 

paint as applied to the surfaces o f  the packages on the populated  board. The infrared 

m easurem ents are presented in  Lohan and D avies [106] and [77] for free convection, and a

2 m /s airflow  respectively. A lthough not reported, corresponding m easurem ents w ere also 

m ade at 4 m/s.
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Com ponen t junc tion  and surface tem perature m easurem ents w ere referenced to the 

quiescent am bient air tem perature in free convection, or the free-stream  air tem perature 

m easured upstream  o f  the PCB in forced convection. The reference am bient air 

tem perature was m easured using a Type-T therm ocouple accurate to  w ithin ±1°C.

C om ponent pow er dissipation was m easured to an accuracy o f  ±0.2% . C haracterisation 

was perform ed for a com ponent pow er dissipation o f  3 W  for all tests.

3 .3 .3 .2  U n c e r t a in ty  in  E x p e r im e n ta l  M e a s u r e m e n ts

P o p u la te d  B o a rd . The estim ated uncertainties in  m easured com ponent junction  

tem perature, and com ponent surface and am bient air tem perature, both  m easured using 

therm istors, are given as a function o f  operating tem perature in F igure 3.13. Lohan and 

Davies [106] only reported norm alised uncertainties. For the purpose o f  com paring 

num erical predictions w ith  m easurem ents in  this study, corresponding absolute 

uncertainties are estim ated here for each test configuration. In  addition, uncertainties in 

m easured com ponent-board infrared surface tem perature are also given. These estim ates 

are based on an N th  order, single-sam ple uncertainty analysis [204-208], details o f  which 

are given in  A ppendix B. The value o f  a  given m easured quantity  is estim ated to lie w ithin 

±  the estim ated uncertainty interval o f  its recorded value w ith  a confidence level o f  95%.

■ A b s o lu te  (°C )

□  N o rm a lise d  (% )

T e m p e r a t u r e  ( C )  T e m p e r a t u r e  ( C)

(a) Diode junction temperature measurement (b) Therm istor temperature measurement

Note: Norm alised uncertainty (%) in (a) is the ratio o f  the absolute uncertainty (°C) to the measured junction 

temperature rise (°C) above ambient conditions. The normalised uncertainty (%) in (b) is the ratio o f  the 

absolute uncertainty (°C) to the m easured thermistor temperature f ’C).

F ig u r e  3 .1 3  C um ulative uncertainties in com ponent junction  and surface tem perature 

m easurem ent for the populated board characterisation.

Junction  tem pera ture  m easurement. As show n in Figure 3.13(a), for the range o f 

operating junction  tem peratures considered in  this study, 44°C -96°C , the uncertainty in 

m easured junction  tem perature ranges from  ±0.4°C  (0.7% ) in  forced convection to ±0.6°C
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(0.5%) in free convection. W orst-case absolute uncertainties occurred in free convection, 

due to h igh com ponent operating tem perature, w hile w orst-case norm alised uncertainties 

arose at the highest free-stream  velocity (4 m /s) due to low  operating tem perature.

As detailed in A ppendix B, the uncertainty in com ponent ju n c tio n  tem perature is solely 

due to that in therm istor m easurem ent o f  am bient air tem perature, w hich was ±0 .3°C over 

the range o f  am bient air tem peratures considered, 13-20°C, F igure 3.13(b), as uncertainty 

in voltage m easurem ent w as negligible due to h igh instrum ent precision, Table B .l . The 

uncertainty in am bient air tem perature results from  therm istor transducer accuracy, w hich 

was ±0.2°C  in the range o f  am bient air tem peratures, [202], and a system atic error 

introduced by the data acquisition system.

Com ponen t surface  therm istor tem pera ture  m easurement. A s show n in  Figure 3.13(b), 

the cum ulative uncertainty in  therm istor tem perature m easurem ent ranged from  ±0.3°C  

(0.7%) to ±1.5°C  (1.7% ) over the range o f  com ponent operating surface tem peratures 

considered, 40°C-89°C. This uncertainty was prim arily attributed to the data acquisition 

system. Due to the negative tem perature coefficient o f  the therm istor transducer, the 

therm istor output voltage decreased w ith tem perature, thereby resulting in lower 

m easurem ent resolution by the data acquisition system. C onsequently, the uncertainty in 

com ponent surface tem perature increased w ith  tem perature, F igure 3.13(b). W orst-case 

uncertainties occurred for the sim ultaneously pow ered non-insulated  Stage 3 PCB in  free 

convection and the sim ultaneously pow ered insulated PCB in  a 2 m /s airflow.

Com ponen t-board  surface  in fra red  tem pera ture  m easurem ent. U ncertainty in this 

variable w as not reported by Lohan and D avies [106]. The overall uncertainty in infrared 

surface tem perature w as estim ated by com bining the infrared system  calibration error 

against a  Type-T therm ocouple m easurem ent, ±1°C, w ith  the corresponding therm ocouple 

resolution, by the root-sum -square method. Lohan and D avies conservatively quote 

therm ocouple accuracy as ±1°C , w hich represents the nom inal error lim it for this class o f  

therm ocouples [209]. Therefore, the estim ated overall uncertainty in infrared surface 

tem perature was ±1.4°C.

Based on Figure 3.13(b), it can therefore be noted that for surface tem peratures less than 

88°C, therm istor m easurem ents can be considered as m ore accurate than the corresponding 

infrared data. A lthough therm istors only provide poin t m easurem ents, the infrared 

therm ographs presented in the next section show  that the tem perature variation over each 

heat slug surface above the die region, was less than 0.4°C. Therefore, the therm istor data 

is considered as the prim ary m etric for the m easurem ent o f  package surface tem perature.

Com ponen t p ow er  d issipa tion . The uncertainty in com ponent pow er dissipation,
5 “3

associated w ith  uncertainties in voltage and current m easurem ent, ±10 ' V and ± 5 x 1 0 '  A
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respectively, was ±5 m W  (0.2% ), w ith the exception o f the sim ultaneously pow ered Stage 

3 cases. For these configurations, pow er dissipation w as set w ith  a w orst-case 60 m W  

(2%) deviation across the com ponent array. Therefore for these configurations, w orst-case 

overall uncertainty in com ponent pow er dissipation was 60 m W  (2%).

Free-stream  a ir velocity . The uncertainty in free-stream  air velocity is prim arily due to 

the m easured variation o f  the wind tumiel w orking section velocity  profile upstream  o f the 

PCB, 3%, as velocity m easurem ent error was negligible due to h igh instrum ent precision.

S E M I  S ta n d a r d  P C B .  U nlike for the characterisation o f  the populated board, both 

diode calibration and am bient air tem perature m easurem ent w ere perform ed using Type-T 

therm ocouples. Lohan and D avies [77] conservatively quote therm ocouple accuracy as 

±1°C, as noted above. How ever, calibration o f  such therm ocouples shows that they are 

typically accurate to w ith in±0 .5°C  [35],

Junction  tem pera ture m easurement. As for the populated  board, the uncertainty in 

m easured com ponent junction  tem perature is solely due to that in  the am bient air 

tem perature. B ased on a  therm ocouple m easurem ent accuracy o f  ±0.5°C , the uncertainty 

in ju n c tio n  tem perature ranges from  ±0.6°C  (2.0% ) in forced convection to ±0.7°C  (1.2%) 

in free convection. This uncertainty w ould rise to ±1.2°C  (4.5% ) in forced convection and 

±1.5°C  (2.6% ) in free convection if  the Type-T therm ocouple accuracy was taken as ±1°C, 

bu t such estim ates w ould be excessively conservative.

U ncertainties in  m easured com ponent-board infrared surface tem perature, com ponent 

pow er dissipation and free-stream  air velocity are the sam e as estim ated above for the 

populated board.

The estim ated uncertainties in all variables are given in Table 3.1 for both the populated 

and SEM I PCBs, w ith  further details given in Table B. l .

T a b le  3.1 M easured quantities and estim ated uncertainties for characterisation of the PQFP

Parameter 
and unit

Nominal value Uncertainty

Tj (°C) P opu la ted  PC B  44 - 96 

SE M I P C B  47 - 84

±0 .4  (0 .7% ) to ±0 .6  (0.5% ) 

± 0 .6  (2 .0% ) to ±0 .7  (1.2% )

T s (°C ) P opu la ted  PC B  T herm istor: 40  - 89 

Infrared: 1 3 - 9 0

± 0 .3  (0 .7 % )-  1.5 (1 .7% ) 

±1.4

SE M I PC B , infrared  1 0 - 8 0 ±1 .4

T rcf (°C ) P o p u la te d  P C B  1 3 - 2 0  

S E M I P C B  1 0 - 2 0

±0.3

±0.5

Qdiss (W ) P opula ted  PC B  3.0 

SEM I PC B  3.0

Ind iv idua lly  pow ered , ±5 x  10'J (0.2% ) 

Sim ultaneously powered, ±6  x  10‘2 (2.0% ) 

±5 x  10 '3 (0 .2% )

u (m /s) P opu la ted  PC B  2 - 4  

SEM I PC B  1 - 4

3%

3%

N o te: U n c e r ta in ty  is  g iv e n  a s  b o th  a n  a b s o lu te  v a lu e , a n d  n o rm a l is e d  v a lu e  (% ) in p a re n th e s is  ( ) .
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From  the data reported by Lohan and Davies [106], ju n c tio n  tem perature m easurem ents 

w ere overall repeatable to w ithin ±0.5°C  and ±1°C  for the SEM I PC B  and populated board 

respectively.

The repeatability o f  the com ponent junction  tem perature m easurem ents indicated that 

random  errors had a  negligible contribution on m easurem ent uncertainty, the m ain 

contributor o f  w hich w as attributed to a system atic error in  the instrum entation.

The above analyses dem onstrate the suitability o f  the m easurem ent techniques 

employed for producing accurate experim ental data.

3 .3 .3 .3  T h e r m a l  C h a r a c t e r is a t io n  D a ta

This section presents the experim ental data used to assess num erical predictive accuracy 

for the populated board and SEM I PCB test configurations, nam ely com ponent junction  

and com ponent-board surface tem perature m easurem ents.

3 .3 .3 .3 .1  P o p u la t e d  B o a r d

The f e e  convection data for the populated board is for Stage 1 and the non-insulated Stage

3 PCBs. In forced convection at 2 and 4 m/s, characterisation data is presented for all three 

stages. The Stage 2 experimental data is confined to component H individually powered, with 

devices (A,F,K) acting as a source o f upstream aerodynamic disturbance in forced convection.

Infrared therm ographic m easurem ents are presented for Stage 1 in  free convection, 

Stage 2 in  forced convection, and the sim ultaneously pow ered Stage 3 cases.

F ree  convec tion . M easured com ponent junction  and surface tem perature are presented 

in Table 3.2 for Stage 1, and Tables 3.3 and 3.4 for individually and sim ultaneously 

powered com ponent configurations respectively on the non-insulated  Stage 3 PCB. The 

corresponding junction-to-package top (case) tem perature drop is also given. Infrared 

therm ographs for the Stage 1 PCB are presented in F igure 3.14, w ith  therm ographs for the 

sim ultaneously pow ered non-insulated Stage 3 PCB show n in F igure 3.15.

T a b le  3 .2  M easured com ponent junction  and surface tem peratures for a single-board

T, (°C) t a °C) A T k  r c )_

Thermistor Infrared Thermistor Infrared

85.6 80.3 79.9 5.3 5.7

N o te : A Tjc refers to junction-to-package top (case) temperature drop. Measurement uncertainty for junction
temperature, ±0.5°C, and surface temperature, ±1.1°C and ±1.4°C for thermistor and infrared measurement
respectively. Component power dissipation = 3W. Ambieit air temperature, 19.6°C.
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N o te : Measurement uncertainty, ±1.4°C. Component power dissipation =  3W. Ambient air temperature,

19.6°C.

F ig u r e  3 .1 4  Surface tem perature infrared therm ographs for com ponent H  individually 

pow ered on the Stage 1 PC B  in free convection.

T a b le  3 .3  M easured com ponent junction  and surface tem peratures for individually  

pow ered com ponent configurations on the non-insulated Stage 3 PC B  in free convection.
Component T ,CQ Ts (°C) AT ic("C)

C 72.7 68 .5 4.2

F 81.8 76.4 5.4

G 77.9 73.3 4.6

H 79 .4 73.0 6.4

I 80.8 75.2 5.6

J 81.5 77.6 3.9

K 82.0 76.7 5.3

M 70.3 65 .5 4 .8

N o te : ATjC refers to  junction-to-package top (case) tem perature drop. M easurement uncertainty for junction 
temperature, ±0.5°C and surface temperature, ±1.0°C recorded using thermistors. Component power 
dissipation = 3W. Ambient air temperature, 15.8°C.

T a b le  3 .4  M easured com ponent junction  and surface tem peratures for the sim ultaneously

Component TjCQ T . m ATk (°C)

T herm istor Infrared T herm isto r Infrared

A 94.9 88.5 87.8 6.4 7.1

B 87.4 82.3 82.2 5.1 5.2

C 87.9 82.9 83.6 5 4.3

D 87.3 81.7 82.8 5.6 4.5

E 85.3 81.0 80.2 4.3 5.1

F 93.0 87.0 87.7 6.0 5.3

G 96.1 88.5 90.0 7.6 6.1

H 95.1 88.0 88.8 7.1 6.3

I 92.9 85.6 87.5 7.3 5.4

J 92.4 87.0 87.2 5.4 5.2

K 85.9 79.9 80.2 6.0 5.7

L 78 3 73.6 73.1 4.7 5.2

M 76.7 72.3 72.1 4.4 4.6

N 77.1 72.3 72.4 4.8 4 .7

O 76.7 71.8 70.4 4.9 6.3

L in ction -to -pa cka ge  to p ¡c a se ) te m p e ra tu r e  c ro p . M e a su r e m e n t

temperature, ±0.6 C, and surface temperature, ±1.5 G and ±1.4 G for thermistor , 
respectively. Component power dissipation = 3W. Ambient air temperature, 13.2°C.
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(a) Board component side (b) Board non-component side

N o te : Measurement uncertainty, ±1.4°C. Component power dissipation = 3W. Ambient air temperature, 
13.2°C.

F ig u r e  3 .1 5  Surface tem perature infrared therm ographs for the sim ultaneously pow ered 

non-insulated PCB Stage 3 configuration in free convection.

F orced  convec tion . M easured com ponent junction  and surface tem perature, w ith 

corresponding junction-to-case tem perature drops for bo th  2 and 4 m /s airflow, are 

presented in Table 3.5 for Stages 1 and 2, and Tables 3.6 to 3.12 for Stage 3. 

C orresponding therm ographs for com ponent H  individually pow ered on the Stage 2 PCB 

are presented in Figure 3.16 for bo th  2 and 4 m /s airflow. The therm ographs for the 

sim ultaneously pow ered, non-insulated Stage 3 PCB are presented  in Figure 3.17 for 4 m /s 

airflow. The therm ographs for the sim ultaneously pow ered insulated Stage 3 PCB are 

shown in Figure 3.18 for both  2 and 4 m /s airflow.

T a b le  3.5 M easured com ponent junction  and surface tem peratures for com ponent FI

PCB topology Airflow (m/s) TjCC) Tk (°C) A b C ’C)

T herm istor Infrared T herm istor Infrared

S tage 1 2.0 65.6 — — — —

4.0 58.2 — — _ —

Stage 2 2.0 62.6 57 .9 59.0 4.7 3.6

4 .0 54.2 48 .4 50.1 5.8 4.1

N o te : ATjc refers to junction-to-package top (case) temperature drop. Measurement uncertainty for junction 
temperature, ±0.4°C, and surface temperature, ±0.5°C and ±1.4°C for thermistor and infrared measurement 
respectively. Component power dissipation = 3W  Ambient air temperature, 19.6°C.
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(a) 2 m/s airflow (b) 4 m/s airflow

N o te : Measurement uncertainty, ±1.4°C. Component power dissipation =  3W. Ambient air temperature,

19.6°C.

F ig u r e  3 .1 6  Surface tem perature infrared therm ographs for com ponent H  individually 

pow ered on the Stage 2 PCB in  forced convection.

T a b le  3 .6  M easured com ponent junction  and surface tem peratures for individually
pow ered com ponent configurations on the non-insu lated Stage 3

Component Ti (°C) t s r c ) AT le(°C)

A 57.2 51.1 6.1

F 57.0 52.5 4.5

G 58.4 52.7 5.7

H 60.2 54.9 5.3

I 60.1 54.6 5.5

J 60.7 55.7 5.0

K 57.4 52 1 5.3

PCB in a  2 m /s airflow.

N o te : ATjc refers to  junction-to-package top (case) tem perature drop. M easurement uncertainty for junction 
temperature, ±0.4°C, and surface temperature, ±0.4°C recorded using thermistors. Component power 
dissipation =  3 W. Ambient air temperature, 15.8°C.

T a b le  3 .7  M easured com ponent junction  and surface tem peratures for individually 
pow ered com ponent configurations on the non-insulated Stage 3 P CB in a  4 m /s airflow.

Component T,(°C) TJ°C) AT ir('C)

A 48.8 42 .0 6.8

F 48.7 42 .8 5.9

G 50.4 44.9 5.5

H 52.4 46 .4 6 .0

I 51.4 45.9 5.5

J 51.9 47.3 4.6

K 48.7 42.2 6.5

N o te : ATJC refers to junction-to-package top (case) temperature drop. Measurement uncertainty for junction
temperature, ±0.4°C, and surface temperature, ±0.3°C recorded using thermistors. Component power
dissipation = 3W. Ambient air temperature, 15.8°C.
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T a b le  3 .8  M easured com ponent junction  and surface tem peratures for the sim ultaneously 

pow ered non-insulated  Stage 3 configuration in  a  4 m /s airflow._______
Component T jCQ T . m A n  C o

T herm istor Infrared T h erm isto r Infrared

A 47.6 40.9 41.3 6.7 6.3

B 44.8 40.2 40.4 4 .6 4.4

C 48.6 44.2 44.3 4 .4 4.3

D 50.3 45.8 46.1 4.5 4 .2

E 51.0 46.6 46.6 4.4 4.4

F 48 .4 42 .9 43.5 5.5 4.9

G 53.2 47.3 47.7 5 .9 5.5

H 57.4 50.9 51.6 6 .5 5 .8

I 57.8 51.7 52.5 6.1 5.3

J 59.0 54.5 54.4 4.5 4.6

K 47.5 41 .5 42 .0 6 .0 5.5

L 45.1 39.8 40.0 5.3 5.1

M — 40.6 41.0 — - -

N 48.4 43 .8 44.1 4 .6 4.3

O 50 3 44 .8 44.0 5.5 6.3

N o te : ATj0 refers to  junction-to-package top (case) tem perature drop. M easurement uncertainty for junction 
temperature, ±0.4°C, and surface temperature, ±0.4°C and ±1.4°C for thermistor and infrared measurement 
respectively. Component power dissipation =  3W. Ambient air temperature, 13.2°C.

(a) Board component side (b) Board non-component side

-!■ -

N o te: Measurement uncertainty, ±1.4°C. Component power dissipation =  3W. Ambient air temperature, 13.2°C. 

F ig u r e  3 .1 7  Surface tem perature infrared  therm ographs for the sim ultaneously pow ered 

non-insulated Stage 3 configuration in  a  4 m/s airflow.

T a b le  3 .9  M easured com ponent ju n c tio n  and  surface tem peratures for individually

pow ered com ponent configurations on the insu
Component T ,CQ T.CC) ATk r o

A 71.1 63.5 7.6

F 72.2 66.1 6.1

G 70.3 64.0 6.3

H 111 66.1 6.6

I 73.6 67 .0 6 .6

J 72 .8 67 .9 4 .9

K 70.4 63.9 6.5

ated  Stage 3 PCB in  a  2 m /s airflow.

N o te : A T j0 refers to junction-to-package top (case) temperature drop. Measurement uncertainty for junction
temperature, ±0.5°C, and surface temperature, ±0.7°C recorded using thermistors. Component power
dissipation = 3W. Ambient air temperature, 17°C.
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T a b le  3.10 M easured com ponent junction  and surface tem peratures for individually

gurations on the insu ated Sta ge 3 PCB
Component T,(°C) T, CO ATk ( ° 0

A 59.3 52 .2 7.1

F 58.8 52.3 6.5

G 60 .0 53 .8 6.2

H 61.6 55.0 6.6

I 62.4 55.6 6.8

J 61.6 56.2 5.4

K 59.3 52.9 6.4

N ote: ATjc refers to  ju n c tio n -to -p ack ag e  top  (case) tem perature drop. M easurem ent uncertain ty  fo r ju n c tio n  tem perature, 

±0.4°C , and su rface  tem peratu re , ±0 .4°C  recorded  using  therm istors. C om ponen t pow er d issipation  =  3W. A m bien t air 

tem perature, 17°C.

T a b le  3 .1 1  M easured com ponent junction  and surface tem peratures for the sim ultaneously 

powered insulated Stage 3 configuration in  a  2 m /s airflow.
Component T jC O Ts CO A T k CO

T h erm is to r Infrared T h erm is to r Infrared

A 77.5 70.6 69.6 6.9 7.9

B 72.5 67.2 66 .9 5.3 5.6

C 79.5 73.7 74.9 5.8 4 .6

D 83.9 77.7 79.1 6 .2 4 .8

E 82.5 77.7 77.8 4.8 4 .7

F 79.3 73.3 73.6 6.0 5.7

G 82.1 76.1 75 .6 6.0 6.5

H 90 .2 82.6 83.9 7.6 6.3

I 93.8 86.3 87.4 7.5 6.4

J 93.0 86.7 87.4 6.3 5.6

K 75.1 69.0 68.9 6.1 6.2

L 70.8 65.5 65.5 5.3 5.3

M — 71.0 71 .6 — —

N 80.3 74.6 75.6 5.7 4.7

0 80.6 75.3 74.6 5.3 6

N ote: ATjc refers to ju n c tio n -to -p ack ag e  top (case) tem peratu re  drop. M easurem ent uncertain ty  fo r ju n c tio n  tem perature, 

±0.6°C , and surface tem perature, ±1 .4°C , fo r bo th  therm isto r and  infrared  m easurem ent. C om ponen t pow er dissipation  =  

3W. A m bient a ir tem perature, 18.1 °C.

T a b le  3 .1 2  M easured com ponent junction  and surface tem peratures for the sim ultaneously 
nnwered insulated S taee 3 confieuration in a 4 m/s airflowStage 3 coniïguration  in a 4 m /s airflow.

Component T jC O r, CO CO

T h erm is to r Infrared T h erm is to r In frared

A 61.8 54.5 54.6 7.3 7.2

B 58.1 52.9 52.8 5.2 5.3

C 62.2 56.9 56.0 5.3 6.2

D 63.9 59.1 59.3 4.8 4.6

E 62.0 57.1 57.1 4 .9 4 .9

F 62.3 55.8 56.4 6.5 5.9

G 66.1 60.0 60.3 6.1 5.8

H 71.7 64.8 66 .2 6.9 5.5

I 73.9 67 .2 67.9 6.7 6.0

J 72.2 66.5 66.5 5.7 5.7

K 61.1 54.7 55.0 6.4 6.1

L 57.7 52.8 52.4 4 .9 5.3

M — 55.6 56.4 —

N 63.4 58.4 58.5 5.0 4.9

O 64.1 58.1 57.8 6 .0 6.3

N ote: ATjc refers to ju n c tio n -to -p ack ag e  top (case) tem peratu re  drop. M easurem ent uncertain ty  fo r ju n c tio n  tem perature, 

±0.4°C , and surface tem peratu re , ±0 .6°C  and ±1 .4°C  fo r therm isto r and infrared  m easurem ent respectively. C om ponent 

pow er d issipation  =  3W. A m bien t air tem perature, 18.1°C.
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(a) 2 m/s airflow (b) 4 m/s airflow

N o te : M easurement uncertainty, ±1.4°C. Component pow er dissipation =  3W. Ambient air temperature,
18.1°C.

F ig u r e  3 .1 8  Surface tem perature infrared therm ographs fo r the sim ultaneously pow ered 
insulated Stage 3 PCB in  forced convection, board com ponent side.

To assess num erical predictive accuracy in th is study, surface tem perature profiles w ere 

extracted  from  the therm ographs about the packages’ centre in  both  the stream -w ise and 

span-wise airflow  directions. The analysis planes used are defined in Figure 3.19. Plane 

X -X  represents the central span-w ise and stream -axis axis in  free and forced convection 

respectively. Planes Y i-Y i and Y2-Y2 are used for free convection  analysis.
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N o te :  The position o f  each component on the P C B  is identified by the lettering, A to O A , F  and K  are 
leading edge components in forced convection. Axes X-X, Y 1-Y 1 and Y2-Y2 denote planes for surface 
temperature analysis.

F ig u r e  3 .1 9  D efinition o f  com ponent-board infrared surface tem perature profile analysis 

planes on the populated board, used  to assess num erical predictive accuracy.
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From  the data presented, it can be noted that com ponent surface tem perature 

m easurem ents perform ed using infrared therm ography and therm istors are typically w ithin 

±0.7°C o f each other. W orst-case discrepancy was 1.9°C for com ponent I on the 

sim ultaneously pow ered Stage 3 PCB in free convection, Table 3.4. These discrepancies 

are w ithin the bounds o f  w orst-case m easurem ent uncertainty estim ated by com bining the 

uncertainties associated w ith  both m easurem ent m ethods by the root-sum -square m ethod, 

±2.1°C.

3 .3 .3 .3 .2  S E M I  S t a n d a r d  P C B

M easured com ponent junction  tem peratures for both package designs II and III in  free 

and forced convection are presented in Table 3.13. This data is supplem ented by infrared 

com ponent surface tem perature m easurem ents for package design II, from  w hich 

corresponding junction-to-package top (case) tem perature drops w ere calculated. 

Corresponding therm ographs for package design II are presented in  Figure 3.20 for the 

board com ponent side.

T a b le  3 .1 3  M easured steady-state PQFP 160 com ponent junction  and surface

tem peratures for pac cage designs II and III m ounted on the SEM I P C B .
Airflow

velocity

(m/s)

Design I I Design I I I

Tj (°C) Ts (°C) ATjc(°C) TjCC)

0 80.6 79.1 1.5 74.4

1.0 67.3 — — —

2.0 58.8 58.9 -0.1 54.8

4.0 48.2 48.4 -0.2 44.0

N o te :  ATjc refers to junction-to-package top (case) temperature drop. Junction temperature measurement 
uncertainty, ±0.7°C  and ±0.6°C  for free and forced convection respectively, and surface temperature, ±1.4°C 

recorded by infrared thermography. Component power dissipation =  3W. A m bient air temperature, 17C.

The m easured negative junction-to-case tem perature drops for package design II in  2 

and 4 m/s airflow s reflect infrared tem perature m easurem ent error. A lthough the infrared 

system  was calibrated to ±1.4°C over the tem perature range 30 -  100°C, m axim um  error 

results at low er tem perature.

As for the populated board, surface tem perature profiles w ere extracted from  the 

therm ographs about the packages’ centre in both the stream -w ise and span-wise airflow  

directions to assess num erical predictive accuracy. The analysis planes used are defined in 

Figure 3.21. P lane Y  represents the stream -axis and span-w ise axis in free and forced 

convection respectively.
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(a) Free convection

(b) 2 m/s airflow

(c) 4 m/s airflow

N o te: M easurement uncertainty, ±1.4°C. Component power dissipation = 3W. Ambient air temperature, 

17°C.

F ig u r e  3 .2 0  Surface tem perature infrared therm ographs for package design II on the 

SEMI standard PCB.
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FR-4 substrate 

Copper tracking 

Component location

Electrical connector

N o te: The dashed lines identify the surface temperature profile analysis planes X andY.

F ig u r e  3 .2 1  D efinition o f  com ponent-board infrared surface tem perature profile analysis 

planes oil the SEM I standard PCB, used to assess num erical predictive accuracy

3 .3 .3 .3 .3  A s s e s s m e n t  o f  t h e  E x p e r im e n t a l  D a ta  f o r  B e n c h m a r k  P u r p o s e s

The characterisation data presented for the populated and SEM I PC B s in the previous 

section has been previously analysed to provide a physical insight into com ponent-board 

heat transfer [12,77,99,106,115], The objective here is to assess the suitability o f  the 

m easurem ents to serve as benchm ark data, as no previous discussion has been given on 

this aspect.

The suitability o f  the characterisation environm ents and experim ental m ethods to 

generate accurate data w ere dem onstrated in Sections 3.3.3.1 and 3.3.3.2, w ith the 

m easurem ents show n to be repeatable and reproducible. However, inherent variation in 

sample therm al resistance also needs to be considered, w hich could result from 

m anufacturing tolerances, variation in m aterial therm o-physical properties or the presence 

o f packaging defects. I f  such factors w ere to significantly alter com ponent therm al 

resistance, this could lead to erroneous conclusions on num erical predictive accuracy, as 

the m odels are based on nom inal geom etric dim ensions and m aterial properties.

The characterisation data for individually pow ered com ponents on  the non-insulated 

Stage 3 PCB provides an assessm ent o f  sam ple variation, w hich is analysed for each 

package design.

In free convection, Table 3.3, for package design I, m easured differences in junction 

temperature betw een sam ples (G,H,I), w hich have a sim ilar therm al footprint, are w ithin 

worst case 2.9°C , w hich represents 4.9%  variation in junction-to-am bient thermal 

resistance. F and K , w hich also share a sim ilar footprint, operate w ithin 0.2°C o f each 

other. As previously  noted, package designs I and II have a sim ilar therm al resistance. 

This perm its com parison o f  sam ples F and J ’s operating tem peratures, w hich are w ithin 

0.3°C o f each other. For package design III, the m easured difference in operating
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tem perature betw een sam ples C and M  is 2.4°C, w hich represents 4.8%  variation in 

junction-to-am bient therm al resistance.

In forced convection, the leading edge com ponents (A,F,K) operate w ithin  0.6°C and 

1°C o f  each others at 2 and 4 m /s respectively, Tables 3.6 and 3.7. Previous therm al 

characterisations studies [93] have shown for sim ilar PCB topologies that the com ponent 

N usselt num ber becom es row -independent by the third  com ponent colum n, counted from 

the board leading edge. This trend holds here for sam ples (H ,I,J), w ho operate w ithin 

0.4°C and 1°C o f  each others at 2 and 4 m /s respectively, Tables 3.6 and 3.7.

For the sim ultaneously pow ered Stage 3 configuration in  forced convection, w orst-case 

asym m etry in the span-w ise direction about the PCB central stream -w ise axis betw een the 

operating tem peratures o f  devices (B to E) and (L to O), w hich all have the sam e heat slug 

design, does no t exceed 1.9°C, Table 3.4.

On the SEM I PCB, m easurem ents w ere undertaken for a single com ponent sample for 

both package designs II and III, w hose junction-to-am bient therm al resistances differed by 

on order 10%, Table 3.13. This difference is com parable to the m ean difference in therm al 

resistance betw een sam ples (G,H,I) and (C,M ) and on the Stage 3 PC B , 13%, Table 3.3.

Based on these observations, it can be concluded that sam ple variation for a given 

package design is not a significant factor in this study. H owever, the consistency o f  the 

data did not elim inate the possibility o f  packaging defects, w hich is now  assessed from  

inspection o f  the m easured com ponent junction-to-case tem perature drops for each 

package design.

On the populated board, the m easured junction-to-case tem perature drops for package 

designs I, II and III, are on average 6.1°C, 5.0°C and 4.9°C  respectively, based on 

therm istor m easurem ent o f surface tem perature. W hen account is m ade o f  m easurem ent 

uncertainty, these values appear independent o f  convective environm ent, powering 

configuration, PCB topology and com ponent location on the board. This suggests an 

insensitivity o f  the com ponent internal heat transfer paths to operating conditions, an 

aspect analysed further in Chapter 5. H owever, the m agnitude o f  the above tem perature 

drops, w hen accounting for m easurem ent uncertainty, clearly exceeds w hat would be 

expected in  such a  package construction. The junction-to-case therm al resistance o f 160- 

lead Pow erQ uad2 packages is in the region o f  0.4°C/W , independently o f  heat slug design 

[210]. Thus i f  all o f  the heat generated by the die was to be dissipated from  the package 

top surface, considered as isotherm al, the junction-to-case tem perature drop would be 

1.2°C.

In this regard, the m easured junction-to-case tem perature drop for package design II, is 

on order 1°C on the SEM I PCB, in contrast w ith  sam ple J on the populated board, on order
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5.0°C. This clearly indicates the presence o f  an in-built therm al resistance w ithin the 

samples m ounted on the populated board. The fact that the m easured junction-to-case 

tem perature drops for a  given package design on the populated  board are consistent 

suggests the presence o f  an interfacial resistance, such as typically  caused by delam ination. 

Corresponding com parison could not be m ade for package design III on the SEM I board, 

for w hich com ponent surface tem perature was no t recorded. H ow ever, as previously 

observed, the difference in junction-to-am bient therm al resistance betw een package 

designs I and III on both the SEM I PCB and populated board w ere com parable. This 

suggests that the package design III sam ple m ounted on the SEM I board was also defect- 

free.

The com ponent structural analyses presented in the next section, revealed that 

delam ination o f  the die attach layer occurred in the sam ples m ounted on the populated 

board as a  result o f  the com ponent-board assem bly process used, w hich differed from  that 

applied to the SEM I PCB. As will be shown, the interfacial defects identified can be 

accurately accounted for in  the com ponent num erical m odels, thereby not underm ining the 

benchm ark data in any way.

3 .3 .4  C o m p o n e n t  S tr u c t u r a l  A n a ly s is

For benchm ark purposes it is essential that the com ponent num erical m odels be based 

on samples o f  know n geometry. Inconsistencies betw een vendor supplied and actual 

com ponent geom etry are no t uncom m on for therm al test com ponents, w hich essentially 

serve for research purposes and thus are less rigorously docum ented than commercial 

samples [211]. In addition, package structural integrity needs to be assessed for potential 

packaging defects that could arise during m anufacturing, board assem bly or operation. 

Such defects could increase the device internal conductive resistance. Otherwise, 

potentially erroneous conclusions on num erical predictive accuracy could be derived.

As inspection o f  the characterisation data presented in  Section 3.3.3.3 revealed the 

presence o f  an additional therm al resistance w ithin the PQ FP 160 sam ples m ounted on the 

populated board, com ponent internal geom etry and structural integrity w ere assessed using 

both destructive and non-destructive testing techniques. N on-destructive testing consisted 

o f X-Ray im aging [212] and Scanning A coustic M icroscopy (SAM ) [213], Destructive 

testing was undertaken using precision grinding [214], coupled w ith  high-power 

m icroscopy for im aging o f exposed section planes. This com bined approach serves to 

elim inate potential m odelling uncertainties associated w ith  possible deviation from 

nom inal com ponent design.
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The principles and applica tion o f  SAM  and X -R ay im aging to com ponent failure 

analysis are described by Pecht et al. [215]. As X -R ay absorption coefficient is related to 

atomic number, X -R ay im ages are a  grey scale representation o f  the ob ject’s m ass, whereby 

image colour contrast reflects the variance in shape, thickness and density o f  the object 

analysed. SAM  is an inspection m ethod for the detection o f  interfacial defects, such as 

cracks, voiding, porosity, coplanarity and delam ination w ith in  electronic com ponents. This 

technique uses the h igh  sensitivity o f ultrasonic w aves to interface density variations to 

characterise interface hom ogeneity and detect discontinuities or irregularities.

Due to the prohibitive cost o f  such analyses for all com ponents, a selective approach 

was em ployed to com bine cross sectioning, SAM  and X -R ay m icroscopy for the three 

package designs. The sm all deviation in both junction-to-am bient therm al resistance 

between sam ples o f  the sam e package design, and corresponding junction-to-package top 

temperature drops (Section 3.3.3.3.3), suggested that i f  present, potential packaging defects 

were likely to result from  the same m echanism . O n this basis, analysis was lim ited to a 

selection o f  sam ples for each package design, nam ely sam ples (A,G,H) for design I, and 

samples J and C for designs II and III respectively. B ased on the findings obtained, it was 

no t necessary to extend the analysis to other sam ples. W hile the sam ples characterised on 

the SEM I PCB w ere not available for testing, their m easured junction-to-package top 

temperature drop suggested the absence o f  a packaging defect. As both  these samples 

originated from  the sam e production batch as corresponding devices on the populated 

board, package geom etry w as determ ined using the populated board samples.

In te rn a l A rch ite c tu re . X-Ray im aging was perform ed to visualise the overall package 

geometry, v iew ed from  the package top, using a X -TEK  V TX -125K  system  having a 

resolution o f  1 |j,m. Cross sectioning and specim en preparation were perform ed in 

accordance w ith  standard industry practices. Section planes w ere im aged using stereo and 

optical m icroscopes having a resolution o f 1 urn. Photograph m agnification ranged from  

4x to 4400x. The sam ples were vertically cross-sectioned about the package centre. 

Geometric param eters for the die, die attach layer, paddle, leadfram e, heat slug and 

encapsulant body for each package design w ere extracted from  cross sectioning. 

Additional geom etric details for the heat slug w ere obtained from  X -Ray im aging.

The m easured architectures o f  the three package designs are presented in Figures 3.22 to 

3.24. For package design I, the heat slug is com posed o f  an exposed 16 m m  square section 

extending internally into an octagonal shape, w ith  triangular protrusions at its edges, Figure 

3.22(b). This structure is com m only term ed a “CAT” in the electronics packaging industry. 

Package design II contains an 18 m m  square heat slug, F igure 3.23. Package design III has
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a heat slug com posed o f  an exposed 20 m m  circular section, extending internally into a 

square shape, Figure 3.24. W hile in  package design I, the die is attached to a paddle, for 

both designs II and III it is directly bonded to the heat slug. In  package design I, the heat 

slug is not m echanically or chem ically bonded to the paddle. This design was an attem pt to 

de-couple therm o-m echanical stress possibly induced by therm al contraction w arpage o f 

the heat slug on the die after m oulding encapsulation process. The tendency o f PQFP 

packages to residual w arpage as a result o f  C oefficient o f  Therm al Expansion (CTE) 

m ism atch o f  the constituent m aterials (die, leadfram e and m oulding com pound) is well 

docum ented [216]. As show n in  Figure 3.22(a,c,d), package design I contains tie bars, 

which protude diagonally from  the paddle com ers to the package com ers, in the sam e plane 

as the paddle. Their purpose is to anchor the paddle w ith in  the package during m oulding 

encapsulation.

S tru c tu ra l  A n a ly s is .  P rior to cross sectioning, SA M  w as em ployed to qualitatively 

assess m echanical integrity at two critical interfaces for each package design, nam ely the 

die/encapsulant interface, and die/paddle or die/heat slug interface depending on package 

design. The scans w ere conducted using a Sonix HS 1000 m achine, equipped w ith a 15 

M Hz transducer. The SA M  im ages were taken in  C -SA M  m ode to perm it selective depth 

inspection, w ith  the acoustic wave penetrating the sam ple from  the package base. For ease 

o f interpretation, the im ages are presented in C -scan form at, w hich is a digital im age o f  the 

surface acoustic signature. Interpretation o f  C-m ode im ages is based on im age contrast, 

w ith uniform  m onochrom e pattern  indicating structural integrity, and a grey scale pattern, 

the presence o f  discontinuities caused by structural defects. For ease o f  reference, areas o f 

delam ination are coloured red in the present images.

The im ages obtained for sam ples G and C, package designs I and III respectively, are 

presented in F igure 3.25. A dditional scans are presented in  Section A .3 for samples 

(A,G,H), package design I, w hich were obtained using a different equipm ent having lower 

resolution, but reveal the same trends.

D ie-encapsu lan t in terface. For both sam ples, the im aged die-encapsulant interfaces in 

Figures 3.25(a) are essentially m onochrom e, indicating structural integrity. The red- and 

yellow  coloured region at the top right-hand side corner o f  sam ple C in Figure 3.25(a,ii), 

indicative o f  poor surface integrity, w ere found to result from  a scratch on the package 

external top surface distorting the acoustic signal.

A lthough im ages are only presented for tw o sam ples, it is unlikely that delam ination 

existed at this interface for the other sam ples, as resin delam ination from  the die surface 

would have been likely to cause breakage o f wire bonds, hence loss o f  component functionality.
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Package body perim eter

Heat slug, CAT section

Leadframe

(a) X-Ray imaging, plan view, showing heat slug detail (quarter geometry).

0.66

T

(b) Cross section through package centre axis (half geometry)

D etail A
C A T

(c) M agnified view o f  D etail A  in (b), derived from 
X -Ray imaging.

L e a d f r a m e

(d) Die to leadframe separation, derived from SAM 
imaging (quarter geometry).

N o te : All dimensions are in m illimetres (mm), unless otherwise specified.

F ig u re  3.22 160-lead PQ FP com ponent geom etry, package design I.
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Leadframe

Package body 

perimeter

a

13.71

(a) X-Ray imaging, plan view, showing heat slug detail(quarter geometry).

Encapsulant

(b) Cross section through package centre axis (half geom etry).

Note: All dimensions are in m illimetres (mm), unless otherwise specified.

F ig u r e  3.23 160-lead PQ FP com ponent geometry, package design II.

61



\ V C

Package body 

perimeter

Leadframe -

r —
1 1 Cill slug.

square inner

1 lent slug.

!

girciilai* outer

9 .9 7

12.7
13.9

13.9

(a) X-Ray imaging, plan view, showing heat slug detail (quarter geometry).
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(b) Cross section through package centre axis (half geometry).

I len t s lu g

l-cadfraiiic insulation tape (65 finv) 

— " I .etui I rame

(c) X-Ray imaging, showing magnified side view o f (d) Die to leadframe separation, derived from cross 

the leadframe -  heat slug interface. sectioning.

Note: All dimensions are in millimetres (mm), unless otherwise specified,

F ig u r e  3.24 160-lead PQ FP com ponent geometry, package design III.
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Die a ttach  layer. In Figure 3.25(b), colour contrast in  the im aged die/paddle and 

die/heat slug interfaces for package design I and III respectively, reveals extensive 

delam ination o f  the die attach layers. A lthough the loss o f  signal (red coloured regions) in 

sample G ’s im aged interface only appears pixelated underneath the die, Figure 3.25(b,i), 

the expert’s in terpretation was that the delam ination affected the entire die surface area in 

both samples. N ote that the dark coloured region at the top  right-hand side com er o f 

sample C ’s die region in  Figure 3.25(b,ii), results from  the sam e scratch on the package 

external surface, that distorted the SAM  im age o f  the die top surface in Figure 3.25(a,ii).

The SAM  im ages obtained using a different equipm ent for package design I, samples 

(A,G,H) in  Figure A. 5, although o f  poorer resolution, also show  delam ination o f  the die 

attach layers over the full area o f  the dies. The delam ination patterns at the die com ers o f 

sample G in  Figure A .5(b) m atch those obtained for this sam ple in F igure 3.25(b,i).

Subsequent cross sectioning revealed that the delam ination was located at the die 

attach/paddle and die attach/heat slug interface in package designs I and III respectively, along 

which a continuous air gap o f on order 2 to 3 ¡im thickness was measured, Figure 3.26.

D ie attach delam ination in the sam ples m ounted on the populated  board, is suspected to 

have occurred during com ponent-to-board assembly. W hereas the com ponents on the 

SEMI boards w ere assem bled using a standard convective reflow  process, a  m anual 

soldering process w as used for the populated board. The latter process subjected the 

package parts to elevated tem peratures (over 200°C) for a considerably longer period than 

in a standard reflow  process.

Consequently, considerable therm o-m echanical stress w ould have been induced in  the 

packages due to differential therm al expansion o f  the m aterials adjacent to the die-metal 

interface, w hose CTEs are on order 3 ppm /°C , 17 ppm /°C  and 22 ppm /°C  for the die, 

paddle and heat slug m aterials respectively. D ifferential therm al expansion between 

mating m aterials is a w ell-docum ented source o f  interfacial delam ination in  IC packages, 

studied by for exam ple [216]. CTE m ismatch is am plified by thermal shock and cycling 

during soldering [217]. M atijasevic et al. [218] described the resulting mechanisms o f 

thermal expansion induced stress w ithin a typical die-die attach-paddle structure, which can 

overcome the adhesive bond betw een the die and paddle, thereby resulting in delamination.

A  contributing factor to the delam ination could have been the possible presence o f 

ingressed m oisture, trapped at the die/paddle or die/heat slug interface. Epoxy, used in IC 

encapsulants and die attach adhesives, is hygroscopic and absorbs w ater w hen exposed to 

hum idity [219]. D uring soldering, the absorbed w ater turns into steam  w hich can build up 

considerable vapour pressure, driving the interface tow ards delam ination. This m echanism  

is referred to as “pop-com ing” [10,219,220]. The relative contributions o f  each
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mechanism , nam ely differen tial therm al expansion and vapour expansion pressure, are 

how ever no t know n in this instance.

C how dhury et al. [221] studied experim entally the im pact o f  die attach delam ination on 

the Pow erQ uad2’s therm al perform ance for varying degrees o f  m oisture ingression w hich 

resulted in different extents o f  delam ination. For the sam e therm al test die and die attach 

material as used in  the present com ponents, C how dhury et al. m easured an air gap 

thickness o f  2 to 3 pm  w hen the delam ination extended over the entire die attach/heat slug 

interface, F igure 3.27(a). This agrees rem arkably well w ith  the delam ination thickness 

m easured in  this study, Figure 3.26. The associated increase in  com ponent j unction-to- 

ambient therm al resistance they m easured, 1.4°C/W, w as found to be independent o f  

convective environm ent, Figure 3.27(b), as observed in Section 3.3.3.3. N ot surprisingly 

therefore, this m agnitude is in line w ith  that observed from  the characterisation data 

presented in Section 3.3.3.3.

From  discussion w ith the com ponent vendor, A nalog D evices, die attach delam ination 

was a defect extrem ely com m on i f  not generalised for the Pow erQ uad2 package in the early 

to m id 1990’s, w hich was still an em erging packaging solution. The sam ples used in this 

study were Pow erQ uad2 prototypes for the packaging o f  ICs m anufactured by A nalog 

Devices in 1992. As this defect was generally not found to im pact on device functionality, 

unless cracking o f  the resin  or die surface delam ination occurred, pulling o ff the bond 

wires, it w as deem ed acceptable at the tim e. Subsequent research identified the 

m echanism s causing die attach delam ination, as sum m arised above. As a  corrective action 

in regard to hygro-therm om echanical stress dam age, a JED EC standard w as established in 

the early 1990’s to control the m oisture exposure o f  electronic assem blies. Subsequently, 

tem perature cycle testing becam e one o f  the m ost im portant reliability  tests for plastic 

encapsulated IC assem blies to screen for delam ination defects. D ie attach delam ination 

defects in the Pow erQ uad2 package w ere subsequently reduced by the developm ent o f  a 

delam ination resistant m oulding com pound, exhibiting both im proved m oisture resistance 

and suitable elastic properties, as well as the use o f  dry-pack conditions prior to com ponent 

assembly onto PCBs [222]. Such defects are no m ore tolerated in IC  packages.

Padd le-hea t s lu g  in terface, package  design  I. X-Ray im aging from  the package side, 

Figure 3.22(c), h ighlights the presence o f  a continuous film  o f  seeped resin at this interface. 

Its thickness was determ ined at on order 15 to 19 um  across the interface. Resin seepage is 

not uncom m on in  PQ FP packages containing a  heat slug, as this part is not m echanically or 

chemically bonded to the paddle, bu t instead m anually inserted into the m ould cavity [211]. 

The m oulding pressure can therefore cause the resin to seep betw een the paddle and heat 

slug during the IC encapsulation process.
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(i) Package design I (ii) Package design III

(a) S A M  im ag ing  o f  th e  d ie  to p  - m o u ld in g  co m p o u n d  in terface

F ig u r e  3 .2 6  M agnified view  o f  the die - paddle interface for package design I, showing 

delam ination.

(i) Package design I, die-paddle interface (ii) Package design III, die-heat slug interface

(b) SA M  im ag in g  o f  th e  d ie  attach layer

Note: Images for package designs I and i n  were taken from components G  and C respectively. Red coloured 

regions indicate delamination.

F ig u r e  3.25 Scanning A coustic M icroscopy (SAM ) analysis for the 160-lead PQFP 

com ponent geometry.

Paddle

A g -f i lle d , d ie

a ttach  epoxy ----->
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D ie A ttach E poxy

(22 jim  th ick) H eat slug

A ir G ap (2 to  3 |im )

(a) Typical micrograph o f  a cross sectioned sample, showing delamination at the die attach/heat slug interface
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(b) Junction-to-ambient thermal resistance as a function o f  percentage o f  die ita c h  delamination

F ig u r e  3 .2 7  Im pact o f m easured die attach delam ination on com ponent therm al resistance 

for a 208-lead Pow erQ uad2 package [221],

The above analyses provide accurate geom etric detail for com ponent num erical 

modelling. The source o f  increased therm al resistance in the packages m ounted on the 

populated board w as identified. The sim ilarity o f package designs II and I l l ’s junction-to- 

package top tem perature drop, 5.0°C and 4.9°C respectively, reflects die attach 

delam ination from  the heat slug surface. For package design III, the presence o f seeped 

resin betw een the paddle and heat slug contributes to an additional therm al resistance, 

resulting in a to tal junction-to-package top tem perature drop o f  on order 6.1°C.

The com ponent num erical models described in Chapter 4 are constructed based on the 

foregoing findings. As w ill be shown, the interfacial resistances identified do not 

underm ine the benchm ark data as they can be accurately accounted for in the num erical 

models.
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3 .3 .5  E x p e r im e n t a l  A ir f lo w  V is u a l is a t io n

The therm al characterisation data presented in  Section 3.3.3.3 is augm ented by 

experim ental v isualisations o f  the forced-air flow s over the populated boards, perform ed in 

this study using tw o com plim entary techniques, consisting o f  sm oke-flow  and a novel 

paint-film  evaporation m ethod. A irflow  visualisations perform ed over the SEM I PCB 

using a paint-flow  m ethod by Lohan et al. [223], are also presented.

These analyses w ill serve to (i) dem onstrate how  tw o com plim entary flow  visualisation 

techniques can easily be applied to visualise forced airflow s over PC B s; (ii) highlight the 

relationship betw een flow  phenom ena, PCB topology and convective heat transfer; and in 

doing so, (iii) propose that flow  visualisation be considered as a  valuable tool in  the early 

design stage to both  guide designers tow ards the selection o f  an appropriate flow  modelling 

strategy, and enable cautious interpretation o f  the tem perature predictions in  PCB regions 

exposed to com plex flows.

W hile it is recognised that detailed fluid flow  and heat transfer m easurem ents provide a 

more accurate assessm ent o f the flow  phenom ena than  qualitative m ethods, such 

m easurem ents generally require access to expensive and specialised equipm ent m ore suited 

to the research environm ent, and their use m ay only act to prolong the design cycle. As 

will be dem onstrated in  Chapter 7, qualitative flow  m easurem ents w ere sufficient to link 

temperature prediction errors w ith corresponding flow  field predictions in  this study. 

W hile w ater flow s offer better resolution o f  the prim ary flow  features than  air [59,68], the 

present flow  visualisations were perform ed using airflow s due to the availability o f  wind 

tunnels and the low er cost involved.

3 .3 .5 .1  E x p e r im e n t a l  M e th o d s

The literature abounds in flow  visualisation m ethods and their application to a very 

large range o f  situations, and A zar and R odgers [59] sum m arise those m ost applicable for 

visualising airflow s in electronic systems. F low  visualisation m ethods can be  grouped into 

two categories; those suited to investigate the com plexity o f  the stream lines ju s t above a 

surface, or those suited to characterise the surface heat transfer properties. These analyses 

combined, can provide a detailed description o f  the flow  phenom ena and their effects on 

the heat transfer processes.

Flow  visualisation w as carried on the populated board, for Stages 1, 2 and 3. N ylon 

flatpacks w ere used to represent the functional com ponents therm ally  characterised by 

Lohan and D avies [106] for flow  visualisation purposes.

Sm o k e -F low  V isua lisa tion . The flow  stream lines over the test PC B s w ere visualised 

using the sm oke-w ire technique [58,68,164], Sm oke w as introduced into the flow  using a
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0.18 m m  diam eter, heated nichrom e wire, placed upstream  o f  the P C B ’s leading edge and 

flush w ith  its surface, as illustrated in Figure 3.28. This w ire had a resistance o f  19 O hm /m  

and a 10V pow er pulse w as used to com bust tiny oil droplets on the w ire to give strands o f 

bright w hite sm oke that illum inated the dow nstream  flow  fields. The oil used was 

D antec’s Safex ‘Standard’ fog fluid [224]. As indicated in  F igure 3.28, the PCB was 

placed centrally and vertically w ithin a  w ind tunnel having a  300 x  300 m m  test section, 

Figure 3.29, w hich generated uniform  velocities up to 10 m /s. The visualised flow s were 

recorded using a Sony C ybershot digital video cam era for free-stream  air velocities o f  2 

and 4 m/s. H ow ever, the sm oke-flow  visualisations perform ed for 4 m /s w ere o f  poor 

visual quality. This was attributed to the smoke streaks m ore rapidly diffusing by turbulent 

m ixing at the higher velocity. In addition, the w ire R eynolds num ber, based on wire 

diameter, w as o f  the order o f  the critical value quoted by G arim ella [68], 40, above w hich 

wakes from  the sm oke-w ire can becom e unsteady. G lobal flow  characteristics, such as 

boundary layer thickness, regions o f  flow  re-attachm ent and re-circulation, w ere how ever 

observed. Therefore, all flow  visualisations presented here are for 2 m/s.

N o te: The lettering A to O identifies component location.

F ig u r e  3 .2 8  Stage 3 PCB m ounted vertically w ithin the w ind  tunnel test section for 

sm oke-flow  visualisation.

F ig u r e  3 .2 9  W ind tunnel used for paint-film  evaporation and sm oke-flow  visualisation.
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P a in t-F ilm  E vapo ra tio n . This m ethod was used to h igh ligh t the im pact o f the flow  

features visualised using the sm oke-wire technique, on the surface heat transfer. H eat 

transfer rates are indicated by m onitoring the rate at w hich a  thin , evenly applied layer or 

film  o f  paint, initially w et, evaporates from  the PCB surface in  a  forced airflow. The 

drying o f the PCB surface is a mass transfer process. B ased on the Reynolds analogy 

which can be used to relate m ass transfer, shear stress and heat transfer for boundary layer 

flows, regions o f  h igh m ass transfer w ould correspond to h igh  heat transfer and shear 

stress. H ow ever m ultiple stagnation lines exist on  populated PC B s resulting from  flow  

separation or re-attachm ent, and in these regions the Reynolds analogy is not applicable as 

high heat transfer rates exist, yet shear stress is zero [62]. Therefore, on the assum ption 

that the pain t is evenly distributed over the entire PCB surface, the drying sequence should 

highlight regions o f  high m ass transfer, analogous to high heat transfer rate, w hich m ay not 

necessarily coincide w ith regions o f  high shear stress.

The application o f  this technique is a refinem ent o f  that presented by Eveloy et al. [128]. 

The paint-film  applied in  this study consists o f  an ethanol - talc pow der m ixture, in  the 

approxim ate ratio 30:1. The use o f this m ixture enabled a  faster drying sequence than w ith 

the isopropanol -  talc pow der m ixture used in [128]. Consequently, contrary to [128], the 

PCB was not pre-heated prior to applying the paint-film  to accelerate the evaporation 

process. P re-heating could result in non-uniform ity o f  the board surface tem perature 

during board cooling. Such a transient heat transfer process could adversely im pact on the 

adiabatic drying, hence evaporation sequence. A lthough this factor was not found to  be a 

significant issue in [128], it was elim inated here considering the greater com plexity o f  the 

PCB topologies and associated flow  fields.

As in [128], the PCB w as horizontally orientated w ith in  the w ind tunnel test section to 

facilitate the application o f  the paint m ixture, bu t w ithout airflow. C ontained w ithin a 

sealed bottle, the ethanol - talc pow der liquid m ixture is pressurised by a  small hand pum p 

and forced through a nozzle located approxim ately 250 m m  above and dow nstream  o f  the 

horizontal PCB surface. A ccess to the PCB is achieved by rem oving a w indow  on the wind 

tunnel test section’s top w all, Figure 3.28. As the je t o f  fine m ist em erges it is directed 

towards the PCB at an angle o f  30° and allow ed to descend onto the PCB surface. The je t 

is rem oved once the entire PCB surface has been w etted. N ote that this paint-film  is so 

thin that it only acts to dam pen the PCB surface and excess pain t build-up or droplets in 

certain regions should be avoided. A t this stage the test section is resealed, airflow  applied 

and the visualisation results are obtained by recording the evaporation process for up to 

five minutes. The contrast betw een the dry regions, indicative o f  h igh heat transfer, and the 

wet regions, is enhanced through the use o f  the talc pow der that leaves a grey finish w hen
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dry. The transient evaporation process was recorded using a  Sony C ybershot digital video 

camera. The accuracy o f  this qualitative m ethod is dependent upon applying a  thin, evenly 

distributed film  o f  paint across the entire surface. As this condition is difficult to achieve, 

several evaporation sequences o f  the same PCB topology w ere visualised and while some 

variation existed, the im ages presented here reflect the dom inant features alw ays present.

3 .3 .5 .2  V is u a l is e d  F lo w s

Interpretations o f  the flow  fields visualised about the PC B s are presented, w hich will be 

used as supporting qualitative data to provide an insight into instances o f  num erical 

com ponent junc tion  tem perature prediction errors. The resu lts obtained are presented  in 

order o f  increasing flow  com plexity, from  the  single board  m ounted com ponents to the 

insulated Stage 3 PCB. The airflow  d irection  is from  left-to -righ t in  all flow  

v isualisation  im ages presented.

S ta g e  1 P C B  T o p o lo g y . The sm oke-flow  and pa in t-film  flow  visualisations are 

presented in  F igures 3.30 and 3.31 respectively.

Sm oke-F low  V isualisa tion . In th is instance, the sm oke w as in troduced 2 m m  

upstream  o f  the P C B ’s leading edge and flu sh  w ith  its fron t surface. The stream lines in 

Figure 3.30 d isplay  characteristics o f  steady, lam inar flow  at all locations on the PCB, 

except in  the v ic in ity  o f  the com ponent and its dow nstream  w ake region. The 

developm ent o f  a  classic horseshoe vortex, identified by B oyle and A sante [61] and Azar 

and Russell [84], upstream  o f  the com ponent, and its tails sw eeping inw ards imm ediately 

dow nstream  o f  the com ponent are identified  in  the F igure 3.30(a) inset. The im pact o f  

the reattaching flow  after one com ponent-length  dow nstream  o f  the com ponen t’s trailing 

edge is also striking.

Pain t-F ilm  Evaporation . N otable features in the paint-film  evaporation sequence 

presented in F igure 3.31 indicate that, as expected, the highest heat transfer rates exist 

close to the P C B ’s leading edge and com ponent top surface, Figure 3.31(a). These high 

heat transfer rates are revealed as the w et paint-film , represented by the black surface, 

slowly evaporates from  these regions first, leaving a dry, grey surface. The im pact o f  the 

weaker flows that reattach directly dow nstream  o f  the com ponent, are also apparent in 

Figure 3.31(a), bu t it is clearly show n in F igure 3.31(b) how ever that the highest heat 

transfer rates dow nstream  o f  the com ponent lie at the reattachm ent point. These 

observations are reinforced as tim e elapses in  Figures 3 .31(b) and 3.31(c), w ith  the paint 

film  com pletely evaporating after 220 s. The w ake region im m ediately dow nstream  o f the 

com ponent displayed the w eakest heat transfer, drying after 210 s.
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As highlighted in the description o f  this technique, the application o f  a thin, evenly 

distributed film  o f  pain t across the entire board surface is a condition  difficult to achieve, 

w hich necessitated that several evaporation sequences o f  the sam e PC B  topology were 

visualised to identify the dom inant features alw ays present. Evidence o f  a  slightly uneven 

paint-film  is show n in Figure 3.31, where the upper righ t com er o f  the PCB in  Figures 

3.31(b) and 3.31(c) rem ains w etter than the low er right com er. H ow ever, repetition o f this 

test showed that both  regions dry at the same rate, bu t in all cases the distinguishing 

features o f  the flow  about and im m ediately dow nstream  o f  the com ponent were always 

present.

Com parison o f  the results obtained from  both  flow  v isualisation  m ethods in Figures 

3.30 and 3.31, highlights how  these m ethods com plem ent each other. Each m ethod helps 

to identify im portant features o f  both the flow  phenom ena and the heat transfer, and when 

com bined they can form  a clear im pression o f  the flow  condition.

. *»-

(a) PCB front view (inset also at 2 m/s)

0  -----------

(b) PCB plan view inclined at 4° to horizontal

N o te: Smoke introduced 2 mm upstream and flush with the PCB surface.

F ig u r e  3 .3 0  Sm oke-flow  visualisation over the Stage 1 PCB at 2  m/s.
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(a) Degree o f  evaporation after 50 s

(b) Degree o f  evaporation after 105 s

(c) Degree o f  evaporation after 220 s

F ig u r e  3 .3 1  Paint-film  evaporation sequence from  the Stage 1 PCB at 2 m /s using an 

ethanol pain t film.
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S E M I  P C B . Lohan et al. [223] present a  series sketches, derived from  dried oil-streak 

patterns created by forced airflows o f velocity o f 2 to 4 m /s over the single board-mounted 

component. These sketches, presented in Figure 3.32, outline the sensitivity o f the flow  

phenom ena to the free-stream  velocity over the range o f  airflow s considered. Despite the 

fact that the Reynolds num ber, based on the com ponent heigh t (B), does not exceed 970, 

significant flow  disturbance w as evident about the com ponent as illustrated in Figure 3.32.

Note: Powder deposits,[ _ _ _ ]  . Local flow boundary, .
ReB represents the Reynolds number, based on the com ponent height, B.

F ig u r e  3 .3 2  Interpretations o f  oil-streak patterns on the SEM I standard PCB, obtained in  2 

and 4 m/s airflow s [223],

S t a g e  2  P C B  T o p o lo g y .  D iscussion is confined to  the sm oke-flow  visualisations, 

presented in  F igure 3.33, to  h ighligh t the im pact o f  aerodynam ic disturbance generated 

by the leading edge com ponents (A ,F,K ), upstream  o f  com ponen t H.

Sm oke-F low  V isua lisa tion . Figure 3.33 show s that the  com plexity  o f  the flow  field 

increased significantly  from  that show n for the sing le-com ponent PCB in F igure 3.30(a). 

In Figure 3.33(a), the flow  field  over the m ajority  o f  the PCB is dom inated by two 

features that em anate from  each com ponent on the leading edge: the reattachm ent o f  the 

flow  over the com ponent top  surface and its in teraction  w ith  the tails o f  the horseshoe 

vortex that flow  around each com ponent. R esulting  from  their c loser proxim ity  to the 

PC B ’s leading edge, shorter reattachm ent lengths are recorded  for the leading edge 

com ponents, in  F igure 3.33(a) than  for com ponent H in F igure 3.30(a). This is clearly 

evident w hen Figure 3 .33(b) is com pared w ith  F igure 3.30(b).
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(a) Front view

(b) Plan view with smoke flow over com ponent A

Note: Smoke introduced 4 m m  upstream and flush with the PCB surface

F ig u r e  3.33 Sm oke-flow  visualisation over the non-insulated Stage 2 PC B  at 2 m/s.

S ta g e  3  P C B  T o p o lo g y . The sm oke-flow  v isualisa tions and pain t-film  evaporation 

results are presented  in F igures 3.34-3.35 and 3.36 respectively.

Sm oke-F low  Visualisation, non-insulated PCB. In Figure 3.34, the sm oke-flow  patterns 

at the PCB leading edge reveal sim ilar flow  features to those for the Stage 2 configuration, 

Figure 3.33. The tightly packed stream lines tend to flow  closely to the com ponent-PCB 

surfaces near the leading edge. This is particularly evident bo th  in  the regions betw een the 

components, and for the stream lines that im pact close to the front face com ers o f  the 

leading edge com ponents and sweep inw ards over their top  surface as they flow  

downstream.
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N o te: Smoke introduced 4  mm upstream and flush with the P C B  surface.

F ig u r e  3 .3 4  Sm oke-flow  visualisation over the non-insulated  Stage 3 PCB at 2 m/s.

Insulated PCB. For the same w ire position in  the insulated  case, Figure 3.35(a), the 

leading edge stream lines no longer follow  the com ponent-PC B  contours. Instead, the flow  

field is now  dom inated by a strong reattaching flow  that sw eeps inw ards from  the PCBs 

left-hand-side leading edge corner, and the m ainstream  flow  that reattaches in  a  region ju s t 

dow nstream  o f  the leading row  com ponents A ,F,K . The m agnitude o f  the separation zone 

beneath this reattaching m ainstream  flow  is best view ed in  p lan view , w ith  Figures 3.35(b) 

and 3.35(c) show ing the flow  over the central F com ponent. This clearly shows a larger 

separation zone than  that generated by the non-insulated PCB. The extent o f this 

separation zone over com ponent A  was similar. Since the im pact angle o f  the re-attaching 

flow  is m uch greater for the insulated PCB in  Figures 3.35(b) and 3.35(c) than  in the non- 

insulated case, it is no t surprising that the sm oke streak lines break dow n m uch m ore in 

Figure 3.35(a) than  in  Figure 3.34, indicating a h igher degree o f  flow  m ixing and 

turbulence dow nstream  o f  the leading row. Inspection o f  a single stream line over the 

central F com ponent in Figures 3.35(b) and 3.35(c) highlights the unsteady nature o f  this 

separating/reattaching flow. As both  these im ages w ere taken from  the same im age 

sequence, but 230 m s apart, it is obvious that the location o f  the re-attachm ent point varies, 

indicating unsteady flow  characteristics. A nalysis o f  m any such im age sequences revealed 

that this flow  phenom enon w as non-periodic and fluctuated random ly at frequencies 

betw een 3 and 9 Hertz. It was concluded therefore that localised characteristics o f  the flow  

over the insulated PCB were unsteady, and that the strong re-attachm ent zone immediately 

dow nstream  o f  the leading row  com ponents could pose problem s for m odelling heat 

transfer in th is region.
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(a) Front view

PCB insulation

(b) Plan view -  still 1

(c) Plan view -  still 2

Note: Time lapse between stills 1 and 2 is approximately 230 ms. Smoke introduced 4 mm upstream and 

flush with the PCB surface, and in plan view, aligned with the central stream-wise axis o f component F.

F ig u r e  3 .3 5  Experim entally visualised flow  field on the insulated Stage 3 PCB at 2 m/s.

Pain t-F ilm  Evaporation . To h ighligh t the im pact o f  the sm oke-flow  patterns 

presented for the insu lated  PCB in Figure 3.35, an im pression  o f  the heat transfer 

characteristics associated w ith this flow  was obtained using the paint-film  evaporation 

technique in F igure 3.36. The im pact o f  the vortices th a t sw eep inw ards over the PCB 

from  the leading edge, left corner is evident in Figure 3.36(a), as the pain t-film  begins to 

dry first at this point. F igure 3 .36(b) h ighlights the im pact o f  the separation and 

reattachm ent zones dow nstream  o f  the leading edge. N ote  in  F igure 3 .36(b) that the heat 

transfer rate is less over the leading edge o f  com ponent F, signifying the im pact o f  the 

separation zone identified in  Figure 3.36(b), and that the trailing edge o f  the first row  

com ponents and the leading edge o f  the second row  com ponents begin to dry first, 

signifying the higher heat transfer associated w ith the reattaching flow  in  this region.
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(a) Evaporation status after 15 seconds

(b) Evaporation status after 35 seconds

(c) Evaporation status after 60 seconds

Note: The bright regions in (a) represent reflections from the overhead lighting.

F ig u re  3 .3 6  Paint-film  evaporation from  the insulated Stage 3 PCB at 2 m /s using Ethanol.
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From  an inspec tion  o f  the  sm oke-flow  im ages in  F igure 3.30 and 3.36, it is clear that 

there is a significant increase in  the flow  com plexity  as a  resu lt o f  the com bined effects 

o f  including m ore com ponents on the PCB and also by  includ ing  system  level effects, 

generated in th is case using the insulating b lock on th e  PC B  non-com ponent side. It 

m ust also be concluded, how ever, that these system  level effects generated the  greatest 

level o f  flow  d isturbance and should therefore no t be ignored  w hen  either experim ental 

or num erical studies are undertaken.

The application o f  tw o com plim entary flow  v isualisation  techniques to help identify the 

com plex flow  phenom ena that develop over forced air-cooled  PC B s was dem onstrated. 

C om bined and individually, the flow  visualisation m ethods enabled the location o f  

aerodynam ically sensitive regions on the boards to  be identified. C haracteristics o f  the 

visualised flow s w ere highlighted that m ay pose significant challenge for the prediction o f 

com ponent heat transfer using CFD analysis. These analyses w ill also be used to help 

explain instances o f  num erical prediction errors in C hapter 7.

3 .4  T r a n s ie n t  C o m p o n e n t  H e a t  T r a n s fe r  C o n f ig u r a t io n s

The test configurations are based on the PQ FP 160’s package design II, Figure 3.7, 

m ounted on the SEM I standard PCB, Figure 3.9. The characterisation o f  this test vehicle 

for steady-state heat transfer was described in Section 3.3.3. D avies et al. [115] and Lohan 

and D avies [77] studied the test assem bly’s transient therm al response to pow er- and air 

tem perature cycling conditions in airflows from  0 to 4 m /s, representative o f  com ponent 

reliability screening test environm ents. In addition, the com ponent transient therm al 

response to a standard convective reflow  soldering tem perature profile in a 4 m/s airflow, 

was also m easured.

3 .4 .1  C h a r a c t e r is a t io n  M e t h o d s

The dynam ic com ponent junction  tem perature m easurem ents are reported in D avies et 

al. [115] for free convection, and Lohan and D avies [77] for forced convection. The 

m easured free convection com ponent transient response considered in  this study was not 

presented by D avies et al., w ho only report the corresponding steady-state therm al 

resistance.

Free convection characterisation was perform ed in  a  still-air enclosure described in 

Section 3.3.3.1. Forced convection characterisation w as perform ed in a  variable speed 

heated w ind tunnel capable o f  producing air tem perature ram p rates o f 60°C/min over the 

tem perature range 20 to 170°C. As shown in F igure 3.37, the PCB assem bly was vertically 

m ounted at the centre o f  the w ind tunnel test section, w hich  had cross-sectional dim ensions
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o f  125 x 125 m m  and leng th  200 mm. The velocity profile  m easured upstream  o f the 

PC B ’s leading edge had a  variation less than 3% over 80%  o f  the profile for the velocity 

range under analysis, 1 to 4 m /s, independently o f  am bient air tem perature. Corresponding 

air tem perature profiles w ere uniform  to w ithin ±3%  for the tem perature range under 

analysis, 20 to 200°C. A ir tem perature control to an accuracy o f  2°C was achieved using a 

program m able controller and feedback therm ocouple located beside the test assem bly in 

the test section. Turbulence intensity m easurem ents m ade by hot w ire anem om etry yielded 

an average value o f  2%  for the velocity range o f  interest.

Junction tem perature, com ponent pow er dissipation and airflow  velocity m easurem ents 

were m ade using the same instrum entation and to the sam e accuracy as for steady-state 

characterisation o f  the SEM I PCB (Section 3.3.3.1). The com ponent transient thermal 

response was recorded using a  standard high-speed data acquisition system.

For the reflow  tem perature profile, junction  tem perature could not be m easured as a 

result o f the solder jo in ts  reflow ing at elevated tem peratures. Consequently, com ponent 

and board surface tem peratures were only recorded using Type-T th in-film  therm ocouples, 

accurate to w ithin  ±1°C  and having 10 ms response time. D avies et al. [115] present two 

tem perature m easurem ents, taken on one com ponent span-w ise lead shoulder and on the 

board surface, centrally located beneath the encapsulant body.

The transient operating conditions used to sim ulate reliability  screening environm ents 

are given in Tables 3.14 to 3.16. For Tests I and II, the com ponent is operated w ith a 

continuous pulse o f  3W  pow er dissipation at a  fixed am bient air tem perature. Tests III to 

VIII correspond to passive com ponent operation in dynam ic am bient air tem perature 

conditions. Tests IX  and X  com bine 3W  dynam ic pow er d issipation and dynam ic am bient 

air tem perature conditions. The convective reflow  soldering tem perature profile is given in 

Table 3.17. The pow er- and air tem perature cycling boundary conditions form  well- 

defined N eum ann- and D irichlet type boundary conditions respectively for num erical 

modelling.

Feedback
Thermocouple

Variable
Speed
Motor

L- Mesh Wire

Heated airfow

—■ Bell mouth Inlet
Nichrome wire 
cage heater

— Centrifugal 
Fan
Center Line 

— Honeycomb Section

Test Section

F ig u r e  3 .3 7  Variable speed heated w ind tunnel [7 7 ],
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T a b le  3 .1 4  C om ponen t dynam ic pow er dissipation in  fixed am bient conditions.
T es t

ca se

C onvec tin g

en v ironm en t

D u ra tio n  o f  p ow e r -o n  
from  s ta r t  o f  te s t  (s)

I Free 1000

II Forced, 1 m/s 247.5

N o te : Ambient air temperature = 2CPC. Component power dissipation = 3 W.

T a b le  3 .1 5  Passive com ponent operation in dynam ic am bient air tem perature conditions.
T es t

c a se

F ree -s tream  
a ir  ve lo c ity  

(m /s)

R am p  ra te

(°C /m in )

D w e ll  t im e  (s)

III 1.0 15 300

IV 1.0 25 300

V 2.25 5 60

VI 2.25 15 60

VII 2.25 25 60

VIII 4.0 15 120

N o te: Ramp rate refers to rate o f  change o f  ambient air temperature from 30°C to 110°C. Dwell time refers 
to duration at maximum am bient air temperature.

T a b le  3 .1 6  C om bined com ponent dynam ic pow er d issipation  in varying am bient air 

tem perature condit ions.
T es t F ree -s tre am  a ir R am p D w e ll D u ra tio n  o f

ca se ve lo c ity  (m /s) ra te tim e  (s) p o w e r -o n  f r o m

(0C /m in ) s ta r t  o  f  te s t  (s)

IX 1.0 15 60 180

X 2.25 15 60 180

N o te : Ramp rate refers to rate o f  change o f  ambient air temperature from  30°C to 110°C. Dwell time refers 
to duration at maximum ambient air temperature. Component power dissipation = 3W.

T a b le  3 .1 7  Typical convective solder reflow  therm al profile in  a  4 m /s airflow.

T im e  (s) 0 -2 0 0 200 - 240 2 4 0 -3 1 0 3 1 0 -5 5 0 550 - 800

R am p  R a te  (°C /m in ) +40 0 +40 -40 0

3 .4 .2  C h a r a c t e r is a t io n  D a t a

The com ponent junction  tem perature m easurem ents for com ponent dynam ic power 

dissipation in fixed am bient conditions, Tests I and II, are presented in Figures 3.38 and 

3.39 respectively. C om ponent junction  and am bient air tem perature m easurem ents for 

passive com ponent operation in dynam ic am bient conditions, Tests III to VIII, are 

presented in Figures 3.40 to 3.45. C orresponding m easurem ents for com bined com ponent 

dynamic pow er d issipation in varying am bient conditions, Tests IX and X, are given in 

Figures 3.46 and 3.47 respectively. The com ponent transient response to the convective 

solder therm al profile is given in  Figure 3.48.

For tests involving air tem perature cycling, the m easured tem perature difference 

betw een am bient air and com ponent junction in Figures 3.40 to 3.45 is due to the therm al 

capacitance o f  the test assembly.
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4 0 0  6 0 0

T  im e  (s)

1000

F igu re 3 .38  Measured transient component junction temperature 
rise for a continuous power dissipation of 3W in a quiescent air at 
20°C, Test I.
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F igu re  3 .41  Measured passive component junction temperature in 
dynamic ambient air temperature conditions (25°C/min ramp, 300s 
dwell time), in a 1 m/s airflow, Test IV.
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F igu re 3.39 Measured component junction temperature rise for 
both continuous and pulsed 3 W component power dissipation in a 
1 m/s airflow at 20°C, Test II.

T  im e  (s)

F ig u re  3 .4 2  Measured passive component junction temperature 
in dynamic ambient air temperature conditions (5°C/min ramp, 
60s dwell time), in a 2.25 m/s airflow, Test V.

F igure 3 .40  Measured passive component junction temperature in 
dynamic ambient air temperature conditions (15°C/min ramp, 300s 
dwell time), in a 1 m/s airflow, Test III.

Time (s)

F ig u re  3 .4 3  Measured passive component junction temperature in 
dynamic ambient air temperature conditions (15°C/min ramp, 60s 
dwell time), in a 2.25 m/s airflow, Test VI.
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F igu re 3.44 Measured passive component junction temperature 
in dynamic air temperature conditions (25°C/min ramp, 60s dwell 
time), in a 2.25 m/s airflow, Test VII.
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F igu re 3.47 Measured transient component junction temperature 
rise for a pulsed 3W component power dissipation in dynamic 
ambient air temperature conditions (15°C/min ramp, 60s dwell 
time), in a 2.25 m/s airflow, Test X.
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F igu re 3.45 Measured passive component junction temperature in 
dynamic ambient air temperature conditions (15°C/min ramp, 120s 
dwell time), in a 4 m/s airflow, Test VIII.
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F ig u re  3.48 Measured passive component junction temperature in 
dynamic ambient air temperature conditions representative of those 
in a standard convective reflow soldering process.

F igu re 3.46 Measured transient component junction temperature 
rise for a pulsed 3W  component power dissipation in dynamic 
ambient air temperature conditions (15°C/min ramp, 60s dwell 
time), in a 1 m/s airflow, Test IX.
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3 .5  C o m p o n e n t  C o m p a c t  T h e r m a l M o d e l l in g  T e s t  C o n f ig u r a t io n s

This sec tion de tails the test configurations and benchm ark da ta  used to assess the 

predictive perform ance o f  CTM s. The tes t configurations com bine tw o differen t package 

types, 8-lead Sm all O utline (S 0 8 ) and therm ally enhanced 208-lead Plastic Quad Flat Pack 

(PQFP 208), individually m ounted on differen t PCB constructions, w hich w ere therm ally 

characterised in  a  range o f  convective environm en ts. B o th the sm all package size o f  the 

S 0 8  and its dependence on lead conduction to the PCB com bined, am plify the sensitivity 

o f the com ponen t opera ting tem perature to the PC B ’s hea t spreading properties. These 

attributes m ake the S 0 8  a suitable choice to assess CTM  predic tion  o f  com ponen t-board 

therm al in teraction. The PQ FP 208 serves to assess CTM  capability  to m odel the thermal 

behaviour o f  com plex com ponen t architectures.

The S 0 8  and PQ FP 208 test vehicles w ere therm ally charac terised by Lohan et al. 

[149,225] and R odgers et al. [35] respectively, w ith only the relevan t characterisation data 

presen ted here to form  benchm arks for com ponen t com pac t therm al m odelling. This data 

comprises o f com ponen t junction  tem perature and com ponen t-board surface tem perature 

m easurem en ts, perform ed using therm al tests dies and infrared therm ography respectively.

3 .5 .1  S 0 8  C o m p o n e n t  C o n f ig u r a t io n s

The vendor (Infineon) supplied test com ponen t ex ternal geom etry details are given in 

Figure A.2. The package in ternal architecture, show n in  F igure 3.49, corresponds to the 

standard design illustra ted in  Figure 3.3(a). C om ponen t in ternal geom etry was verified 

using X-Ray im aging, and cross sectioning coupled w ith high pow er m icroscopy for 

imaging o f  exposed section planes [149]. A ll package geom etry details w ere found to 

conform  to vendor nom inal data, w ith the excep tion o f  the die a ttach layer thickness. This 

param eter was determ ined at 5 pm, in con trast to the nom inal vendor value, 10 pm. The 

embedded therm al test die layout is given in  Figure A.4(b).

This com ponen t was m ounted on two FR 4-based test PCB s, an 1S/0P PCB conforming 

to JEDEC standard EIA /JESD 51-3 [226] and a 2S/2P PC B  to EIA /JESD  51-7 [227], as 

well as a non-standard 1S/1P copper-based IM S, Figure 3.50. These PCB constructions, 

referred to as FR4 #1, FR4 #2 and IM S respectively, are illustrated in Figure 3.50(b). All 

test boards had the sam e surface layout, F igure 3.50(a). For b o th  FR 4 #2 and IM S, internal 

planes were continuous, and had 100% copper coverage.

Free convection characterisation was perform ed in a still-air cubical enclosure o f volume 

0.02832 m 3, conform ing to JEDEC EIA/JESD51-2 [109], Forced convection characterisation 

conform ed to JED EC  EIA /JE SD 51-6 [110], and w as undertaken  in  a w ind  tunnel having 

a test section  o f  cross sectional d im ensions 300 x 300 m m , fo r a irflow s o f  1 to 5 m /s.
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(a) Package external geometry ( 5 x 4  mm).

5.05

N."

Bond wire

Die attach
Paddle •

a r t

1.4

3.4

1.45

(b) Cross section view taken through package centre axis, Plane A-A, imaged using high-power microscopy.

5.05

Leadframe

Paddle

____________________ 4 3 ___________________  I

— : &  &  &  J S k i A

Perimeter o f  

package body

(c) X-Ray imaging from top view.

N o te: All dimensions are in m illimetres (mm), unless otherwise specified.

F ig u re  3.49 Cross sectional analysis and X-Ray im aging o f  an S 0 8  package [149].
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FR-4 substrate . 

Copper tracking -

Electrical connector

I Y

I
I

....mull
N o te : X and Y refer to surface temperature profile analysis planes in the 

stream-wise and span-wise airflow directions respectively.

(a) Surface layout

1.6 L T
j £

F R 4

F R 4  # 1 : 1S/0P test PCB to EIA/JESD 51-3. Copper signal traces are 70 
(im thick.

_  ....  jj  h .....  ...... La’
16| __ I $b

A =  0.36 mm and B =0.71 mm TA

F R 4  # 2: 2S/2P test PCB to EIA/JESD 51-7. Copper signal traces and 
internal power planes are 70 |im and 35 ^m thick respectively. Power 

planes have 100% copper coverage.

2.0
1 .6

a .

'D ie le c tr ic

'  C o p p e r  b asep la te

IM S : non-standard IS /IP  test PCB. Copper signal traces and internal
pow er plane are both 70 urn thick. Power plane has 100% copper 

coverage.
N o te  : Signal-layer (S ) , ......; Power-layer (P), (-------).

(b) In te rn a l co n stru c tio n

Note: PCB size = 114.3 x 76.2 mm. All dimensions are in millimetres (mm), unless otherwise specified. 

F igure  3.50 S 0 8  test PCB constructions [149].

The velocity profile upstream  o f  the PCB leading edge, m easured using a hot wire 

anemom eter, approxim ated well to a  plug-profile, w ith less than 3%  velocity variation over 

80% o f the profile. Free-stream  turbulence intensity, m easured using a hot wire 

anemom eter, was less than 2%.

The therm al test dies used for com ponent junction  tem perature m easurem ent were 

calibrated to an accuracy o f  ±0.5°C [225].

For infrared surface temperature measurements, the test vehicles were sprayed with a  paint 

having a known emissivity o f 0.92. An Agema Thermovision 550 infrared imaging system, 

operating in the 3.6 to 5 (.tm spectral range, was used. For this short-wave system, measurement
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resolution was approximately 0.45 mm, while spatial temperature resolution was estimated at

1.5 mm. As this lower resolution would result in temperature averaging in regions o f localised 

high spatial temperature gradients, this factor will be taken in consideration when comparing 

predictions and measurements. The infrared imaging system was calibrated to an accuracy o f 

±0.5°C [149]. The infrared measurements used in this study were taken for free convection.

The estim ated uncertainties in m easured com ponent ju n c tio n  tem perature, surface 

tem perature, am bient air tem perature, com ponent pow er dissipation and free-stream  air 

velocity are given in  Table 3.18. These estim ates are based on an N th  order, single sample 

uncertainty analysis as described in A ppendix B.

M easured com ponent junction  tem peratures in both free and forced convection are 

presented in Table 3.19. For free convection characterisation, com ponent-board surface 

tem perature profiles extracted from  the corresponding infrared therm ographs about the 

package centre in the direction o f  package width, are presented in  F igure 3.51 as a function 

o f PCB construction. M easured com ponent-PCB surface tem perature profiles about the 

package centre in  the direction o f  package length on FR 4#2 PCB are show n in  Figure 3.52.

Table 3.18 M easured quantities and estim ated uncertainties for both  free and forced 

convection therm al characterisation o f  the SQ8 component.______________
Parameter 
and unit

Nom inal value Uncertainty

T¡ (° C ) 8 8  - 1 25 ± 0 . 5  (1 % ) to ± 0 . 9 ( 1 % )

T s (° C ) 2 0 -  1 05 ± 0 . 5

Tref ( ° C ) 2 0 ± 0 .2

Qhi.  (W) 0 .5 ± l x  1 0 ‘4

u (m/s) 1 - 5 3 %

Note: Uncertainty in junction temperature is given as both an absolute value (°C), and normalised value (%) 
in parenthesis ( ) .  The normalised uncertainty is the ratio o f  the absolute uncertainty to the measured junction 

temperature rise above ambient conditions.

T able 3.19 M easured steady-state com ponent junction  tem peratures (°C) for a  single

board-m ounted SQ8 com ponen in free and forced convection.
Airflow  

velocity (m/s)

PCB construction

FR-4 #1 FR-4 #2 IM S

0 1 2 4 .3 8 4 .9 7 1 .5

2 1 0 0 .2 7 7 .2 6 7 .2

5 8 8 .6 7 4 .3 6 6 .0

Note: FR-4 #1, FR-4 #2 and IMS refer to PCB construction, Figure 3.50(b). M easurement uncertainty, ±1%. 
Component power dissipation = 0.5 Watts. Ambient air temperature = 20°C. Percentage error in parenthesis 
( )  is calculated based on measured component junction temperature rise above ambient air temperature.

Component junction temperature measurements were found to be reproducible to within ±1°C. 

The measurements were undertaken for two component samples for each test PCB. While this is 

not a sufficient statistical criterion to capture the true stochastic mean, measured differences in 

junction temperature about the mean between samples were typically within ±0.5°C (0.7%).

86



5  1 0

x  c o - o r d i n a t e  ( m m )

(a) FR4 #1

70

6 0
0

1  5 0  

1
S 40
a
E

,2  3 0  

2 0

<
X

X

X

X

X

X

X

X

X

X
X

X X

5  1 0

x  c o - o r d i n a t e  ( m m )

(b) FR4 #2

1 5

x  c o - o r d i n a t e  ( m m )

(c) IMS

Note: Measurement uncertainty, ±0.5°C. Component power dissipation = 0.5 W. Ambient air temperature = 20°C. 

Figure 3.51 M ea su re d  co m ponen t-P C B  su rface  tem p era tu re  p ro f ile s  in  th e  d irec tio n  o f  p ack ag e  

w id th  fo r a  s in g le  S 0 8  co m p o n en t in  n a tu ra l co n v ec tio n , as a  fu n c tio n  o f  P C B  co n stru c tio n , F ig u re  

3 .50(b).
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Note: Measurement uncertainty, ±0.5°C. Component power dissipation = 0.5 W. Ambient air temperature = 20°C. 

Figure 3.52 M ea su red  co m ponen t-P C B  su rface  tem p era tu re  p ro file s  in th e  d irec tio n  o f  package  

leng th  for a  s in g le  S 0 8  co m p o n en t m o u n ted  o n  F R 4 # 2  PC B  in  n a tu ra l con v ec tio n .
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3 ,5 .2  P Q F P  2 0 8  C o m p o n e n t  C o n f ig u r a t io n s

The vendor (ST M icroelectronics) supplied package external geom etry details for the 

PQFP 208 test com ponen t are given in Figure A.3. Com ponen t internal geometry was 

verified using X-Ray imaging, and cross sectioning coupled w ith h igh pow er microscopy for 

imaging o f  exposed section planes [211]. In addition, sam ple m echanical integrity was 

qualitatively investigated using SAM at critical interfaces w ithin the package body. The 

package internal architecture, shown in Figure 3.53, corresponds to the thermally enhanced 

design in Figure 3.3(b), having an embedded heat slug exposed at the package base. The heat 

slug is com posed o f  an octagonal section, extending internally into stacked CAT-shaped and 

square portions, Figure 3.53. The thermal test die layout is given in Figure A.4(c). The FR4 

test PCB, conform ing to JEDEC standard EIA/JESD51-3 [226], is shown in Figure 3.54.

Forced convec tion characterisation conform ed to SEM I G 38-0996 [108], and was 

undertaken in a w ind tunnel having a test section o f  cross sectional dim ensions 200 x 200 

mm, for 2 m /s airflow. The quality o f  the w orking sec tion airflow  was the same as 

described for charac terisation o f  the S 0 8 .

The therm al test d ies used for com ponen t junction  tem perature m easurem en t were 

calibrated to an accuracy o f  ±0.2°C.

For infrared surface tem perature m easurem en ts, the tes t vehicles w ere sprayed w ith a 

pain t having a know n em issivity o f  0.92. The m easurem en ts w ere perform ed with an 

Infram etrics M odel 760 infrared im aging system , operating in the 8 to 12 pm  spectral 

range. This equ ipm en t had a m easurem en t resolution o f  100 pm  and a spatial tem perature 

resolution o f  approxim ately 0.35 mm. The infrared im aging system  w as calibrated to an 

accuracy o f  ±0 .7°C.

The estim ated uncertain ties in m easured com ponen t junction  tem perature, surface 

tem perature, am bien t air tem perature, com ponen t pow er dissipa tion and free-stream  air 

velocity are given in  Table 3.20. These estim ates are based on an N th  order, single sample 

uncertain ty analysis as described in A ppendix B.

T a b le  3 .2 0  M easured quantities and estim ated uncertain ties for characterisation of the 

PQFP208 component.______ ____________________ ____________________
Parameter 
and unit

Nominal value Uncertainty

T i r c ) 46-49 ± 0 .2  (1 .0% )

T , (°C ) 46-50 ± 0 . 7

T ref (°C ) 20 ±0 .2

Qdiss (W ) 2 ±1 x 10'4

U (m /s) 2 ±0 .063  (3% )

N o te : U ncerta in ty  is g iv en  as bo th  an ab so lu te  v alue , and n o rm alised  v a lu e  (% ) in p a ren th esis  ( ). For ju n c tio n  tem perature, the 

norm alised uncertain ty  (% ) is the ratio o f  th e  absolute uncertainty  (°C) to  the m easured ju n c tio n  tem perature rise above am bient conditions. 

For free-stream  velocity, th e  norm alised  uncertainty  (% ) is the ratio  o f  th e  absolute uncertain ty  (m /s) to  th e  m easured  velocity.



N o te : ------------Denotes
Section Plane shown in (b)

(a) C ro ss-sec tio n  v iew  th ro u g h  p ack ag e  cen tre  ax is  (h a lf  g eo m etry )

1 4 .0

(b) P lan  v iew  o f  q u a r te r  p ac k ag e  a lo n g  sec tio n  p lan e  d efin ed  in  (a ), sh o w in g  h ea t s lug  deta il 

F ig u re  3.53 PQ FP 208 com ponent internal architecture [211].

FR-4 substrate

Copper tracking

Electrical connector

Note: PCB size = 114.3 x 101.6 x  1.6 nun. Copper signal traces are 70 ftm thick. X and Y refer to surface 

temperature profile analysis planes in the stream-wise and span-wise airflow directions respectively.

F igure  3.54 PQ FP 208 test PCB [35].
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Experim en tal charac terisation was undertaken for tw o com ponen t sam ples. M easured 

com ponen t junction  tem peratures in a  2 m /s airflow  are g iven in  Table 3.21. Com ponen t- 

board surface tem perature profiles, ex tracted from  the corresponding infrared therm ographs 

about the package cen tre in  the stream -w ise and span-w ise airflow  directions, are presen ted 

in Figure 3.55.

T ab le  3.21 M easured com ponen t junction  tem perature fo r a single board-m ounted PQFP 

208 in a  2 m /s airflow.

Sample Measured (°C)

D evice A 46.4

D evice B 48.4

N o t e :  A and B refer to component sample characterised. M easurem ent uncertainty, ±0.2°C. Component 
power dissipation = 2 W. Ambient air temperature = 20°C.

y  c o - o r d i n a t e  ( m m )

(a) Temperature profile in the stream-wise direction, Figure 3.54
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(b) Temperature profile in the span-wise direction, Figure 3.54

Note: Device A and B refer to sample tested. M easurement uncertainty, ±0.7°C. Component power 

dissipation = 2 W. A m bient air temperature = 20°C.

F ig u re  3.55 M easured com ponent-PCB surface tem perature profiles for a single board- 

m ounted PQ FP208 com ponent in a 2 m /s airflow.
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The 2°C junction  tem perature discrepancy be tw een the tw o PQ FP sam ples tested, Table 

3.21, reflec ted in the surface tem perature profiles above the die region in  Figure 3.55, was 

found to essentially result from  the presence o f  a few -m icron th ick  film  o f  resin at the 

paddle/heat slug interface in D evice B [211]. H ow ever outside the die region (10 x  10 

mm), the m agnitude and shape o f  the m easured surface tem perature profiles for both 

sam ples are in good agreem ent, indicating that the presence o f  seeped resin  does not alter 

package internal heat spread and com ponent-board therm al interaction. R esin seepage 

therefore acts as an interfacial contact therm al resistance. N o defect was found at other 

interfaces. D evice A  was free o f  defect, and was therefore considered as a  m ore realistic 

reference to assess predictive accuracy [35].

3 .6  S u m m a r y

A  range o f  experim ental benchm arks was com piled and presented to assess CFD 

predictive accuracy for com ponent heat transfer in  bo th  application environm ents, and 

environm ents representative o f  reliability screening and assem bly processes.

The suitability o f  the experim ental data to be used as benchm ark  data was dem onstrated.

Bearing in m ind that CFD vendors are continually im proving code perform ance, such 

benchm arks could be re-used to assess the predictive accuracy o f  future software up 

grades, or other CFD codes.
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4 .0  N u m e r ic a l  M o d e ls

4 .1  I n t r o d u c t io n

In this chapter, the flu id  flow  m odelling approaches em ployed in comm ercially- 

available C om putational F lu id  D ynam ics (CFD) codes tha t are o f  relevance for the analysis 

o f air-cooled electronic com ponen t-board hea t transfer are briefly  review ed. Candidate 

turbulen t flow  models are selected to assess their capability  to predic t com ponen t heat 

transfer in  this study.

C om ponen t and P rin ted C ircu it B oard (PCB) num erical m odelling  m ethodologies are 

developed for bo th steady-state and transien t hea t transfer, and applied to the benchm ark 

test cases described in C hap ter 3. W hile detailed com ponen t m odelling serves to generate 

the a p r io r i  junction  tem pera ture predictions, com ponen t com pac t therm al m odels are also 

derived to investigate their capability to approxim ate m ulti-m ode com ponen t hea t transfer.

4 .2  F lu id  F lo w  M o d e l l in g

The governing conservation equations o f  fluid dynam ics solved by CFD analysis are 

given in A ppendix C. In this section, an overview  o f the flu id  flow  m odelling strategies 

currently available in CFD codes dedicated to the therm al analysis o f  electronic equipm ent 

is given. A lthough in-depth analysis o f  code calculation strategies and turbulence 

m odelling capabilities is beyond the scope o f  this thesis, their potential shortcom ings for 

the analysis o f  com ponent heat transfer are highlighted. A lternative flow  m odelling 

strategies available in general-purpose CFD codes are considered w hich could provide 

im prove predictive accuracy.

As outlined in C hapter 1, the application o f  eddy viscosity  turbulence m odels is likely to 

rem ain the m ost realistic approach for m odelling turbulent heat transfer in electronic 

equipm ent for the foreseeable future. In  this approach, turbulence is represented as 

enhanced fluid m ixing, by inclusion o f  a turbulent viscosity  in  the viscosity term s in the 

m om entum  equations, and a turbulent conductivity in  the conduction term  in the 

tem perature equation. The turbulent flow  m odelling capabilities o f  CFD codes dedicated 

to the analysis o f  electronics cooling are typically confined to zero-equation m ixing length 

and standard tw o-equation high-R eynolds num ber k-s differential flow  m odels, used in 

conjunction w ith  “law -of-the-w all” wall functions. These turbulence m odels are by far the 

m ost w idely-used and validated  [15], and are considered as com putationally viable in a 

design environm ent.

In the m ixing length m odel the turbulent viscosity is expressed as a simple algebraic 

formula, based on the product o f  a turbulent velocity scale and length scale. Such m odels
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are applicable in flow s w here the turbulence properties develop in  proportion to a m ean 

flow leng th scale. The m ore sophisticated k-s turbulence m odel allow s for the effects o f 

transport o f  turbulence properties by convection and diffusion, and for the production and 

destruction o f  turbulence. Two partial differen tial transport equations, for the turbulen t 

k inetic energy (k) and the rate o f  dissipa tion o f  tu rbulen t k ine tic  energy (s), are solved. 

Bo th the m ixing leng th and high-Reynolds num ber k-s m odels are prim arily valid for 

turbulen t core flows, and are no t applicable in  regions close to solid w alls where viscous 

effects predom ina te over turbulen t ones [65,66]. To solve for the tu rbulen t exchange o f 

heat and m om en tum  be tw een solid surfaces and the flu id  in the near-w all region, “ law-of- 

the-w all” w all functions are em ployed. These are based on em pirical form ulae for wall 

surface friction and hea t transfer, whereby heat and m om en tum  flux are proportionalised 

through the Reynolds analogy. In this approach, the viscosity-affec ted inner region, 

com prising o f  the viscous sub-layer and buffer layer, is no t resolved. Instead, the region 

be tw een the wall and  the fully-turbulen t region is bridged, w ith  the w all functions generally 

requ iring the near-w all flu id  node to be located outside the viscous sub-layer. This 

approach eases the necessity for fine gridding in the near-w all region, w hich would 

otherwise be required to  resolve it using an appropriate turbulence m odel.

I f  turbulent fluid flow  exists w ithin electronics enclosures, it is usually confined and 

constrained by m any closely spaced solid objects, w hich thus have the dom inant effect in 

determ ining flow  patterns, pressure drops and tem perature distributions. To capture such 

flow  fields, the use o f  the k-s m odel is generally required, bu t unfortunately for system 

level analysis its application is not feasible due to com putationally  excessive fine grid 

requirem ent, necessary to accurately represent the velocity gradients involved and hence 

estim ate turbulent viscosity. Consequently, the m ixing length  m odels are typically 

employed for such analysis. H ow ever due to the dom inant effect o f  near-w all turbulence 

on heat transfer, its representation m ay be m ore critical. In such instances the use o f zero- 

equation m odels could provide reasonable estim ates o f  turbulen t viscosity, w ithout 

introducing dram atic errors into heat transfer predictions, providing that the wall functions 

are applicable. This hypothesis form s the turbulence m odelling  strategy employed in 

dedicated CFD codes.

H owever, this strategy is not suited to detailed analysis o f  heat transfer in air-cooled 

populated PCBs, w here fluid flow  is usually classified as a  low -R eynolds num ber flow. 

Turbulence m ay be generated locally by protruding com ponents, and depending on the 

local Reynolds num ber, m ay decay locally or persist until the next dow nstream  protrusion 

where it m ay be enhanced. As turbulence is confined w ith in  the shear layers in vicinity o f 

the com ponents, and the overall flow  field rem ains essentially lam inar, the standard k-s
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turbulence m odel is no t specific for this type o f  flow. In  addition, for turbulen t flow 

calculations the predic tion o f  heat transfer is ex trem ely sensitive to the wall boundary 

conditions, hence wall trea tm en t [228]. “Law -of-the-w all” w all functions are jus tified for 

boundary layer type flow s, but are inadequate for separa ting, rea ttaching or recirculating 

flow  conditions w here the Reynolds analogy does no t hold  [67]. A nderson [163] and 

Behnia et al. [228] have cautioned on this lim itation specifically for the analysis o f  

electronic com ponen t hea t transfer. Furtherm ore, wall functions becom e less reliable in 

situations w here low -R eynolds num ber or near-w all effec ts are pervasive in the flow  

domain, and the hypo theses underlying the wall functions cease to be valid  [65]. A lthough 

m ore accurate w all trea tm en t for separating or reattaching flow  can be ob tained using non 

equ ilibrium  w all functions [229], as w ith standard wall functions they are no t in tended for 

low -Reynolds num ber flows.

D espite the lim itations o f  the standard k-s turbulence m odel and w all function approach, 

vendors o f  CFD codes dedicated to the analysis o f  elec tronics cooling argue tha t the use o f 

more sophistica ted turbulence m odels is generally no t ju s tified  for the m ajority o f 

industrial analyses undertaken w ith their software. Ignoring com putational constraints, 

advanced m odels m ay only offer a  sm all im provem en t in  predic tive accuracy, providing 

that bo th the exact geom etry o f  the problem  and all boundary  conditions are know n to a 

high degree o f  accuracy. A s such detailed inform ation is generally no t available during the 

design phase, approxim ations are requ ired w hich only enable global flow  field and 

tem perature predic tions to be obtained. By contrast, standard  turbulence m odels can 

provide efficient analysis and solution stability on simple grids. However, this view is likely 

to becom e soon outdated w ith increased computational power, w hich should facilitate the 

application o f  m ore sophistica ted turbulence m odels to elec tronic system  therm al design.

Im proved near-w all m odelling can be achieved using tu rbulence m odels specific for 

low -Reynolds num ber, w all-bounded flows, w hich perm it the governing equations to be 

integrated all the w ay to the wall. Such m odels typically  m ake use o f  damping and 

correction functions to achieve proper behaviour near the  w all [65]. A n alternative 

solution is the tw o-layer zonal m odel [230], w hereby a one-equation (k) turbulence model 

is applied in the viscosity-affected near-w all region, and either a standard k-e or m ore 

advanced R enorm alization Group (RNG) k-s or R ealizable k-s m odel is em ployed in the 

fully turbulent core region. In both approaches the integration to the wall requires a very 

fine near-w all grid resolution in the viscous sub-layer.

In contrast to turbulent flows, lam inar steady flow s can be accurately solved providing 

that the grid applied is sufficiently fine and that the solvers and discretization techniques 

are well chosen [22], U sing a lam inar flow  m odel, the calculation o f  the surface heat
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transfer does no t rely on w all functions as in tegra tion is perform ed all the w ay to the wall. 

The calculation o f  surface heat transfer is therefore no t problem a tic  at stagnation points. A 

no slip w all boundary condition is assum ed at the near-w all grid cell, w ith surface heat 

transfer being by m olecular diffusion. The wall tem peratu re boundary condition is simply 

linked  to the near-w all grid  cell by the therm al conductivity  o f  the flu id, such that:

q " = i m ( T w - T j  (4.1)
Ay

w here q ”  is the hea t flux from  the wall to the flu id  grid cell, kflUjd is the flu id  therm al 

conductivity, Ay is the distance from  the w all to the cell cen tre, Tw is the w all tem perature, 

and Tnw is the near-w all grid cell temperature.

H ow ever as discussed earlier, it is unlikely tha t the flow  field over a populated 

electronic board rem ains fully lam inar. U nfortunately due to the difficulty in defining a 

characteristic dim ension, hence transition Reynolds num ber, tha t adequately describes the 

fluid flow  regim e in non-dim ensional form  over the board [177], no m eaningful Reynolds 

number, based on either com ponen t leng th or board leng th, can be used for the a  p r io r i  

selection o f  a lam inar or turbulence model. C onsequen tly in this study, the flu id dom ain 

for all forced convec tion tes t cases was solved using bo th lam inar and a range o f  turbulen t 

flow  models. This included bo th standard turbulence m odels for the therm al analysis o f 

electronic equ ipm en t, nam ely m ixing length and high-R eynolds num ber k-s flow  models, 

and three alternative candidate low -Reynolds num ber tu rbulence m odels, includ ing a tw o- 

layer zonal m odel. Such an evaluation w ill perm it perspec tive to be given on the 

capabilities o f  dedica ted CFD codes for the predic tion o f  elec tronic com ponen t heat 

transfer, and the po ten tial for im proved predictive accuracy. The specifics o f each 

turbulence m odel are given in the following section, w ith their m a them atical form ulation 

presen ted in A ppendix C.

4 .3  N u m e r ic a l  S o f tw a r e

N um erical analysis w as undertaken using Flo therm , Version 3.2 for standard flow  

m odelling, and Fluen t, Version 6.1 to assess alternative flow  m odels. The selection o f 

these software w as outlined in  Section 2.6.1. B o th CFD codes use the finite volum e 

m ethod [231] to discretize the problem  into a set o f  non-overlapping, contiguous finite 

volumes, over w hich the conservation are solved. D etails o f  the com putational m ethods 

are given in the respective user m anuals [69,70]. This section focuses on the codes’ 

turbulent flow  m odelling capabilities o f  relevance for this study, and their application to the 

analysis o f  com ponent-PCB heat transfer.
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4 .3 .1  F lo th e r m

The com putational m e thod is based on a structured, C artesian staggered finite volum e 

discretization [231]. A  varian t o f  the SIM PLEST algorithm  [232] is used to couple the 

velocity and pressure fields, w ith first-order accurate upw inding as a  convective term  

treatm en t, second-order accurate upw inding for the diffusive term s, and first-order accurate 

tem poral discretization. The standard Gauss-Seidel algorithm  is used as equation solver.

For tu rbulen t flow  analysis, F lo therm  can solve flu id tu rbulen t viscosity  using either an 

algebraic m ixing leng th m odel, referred to as LVEL [233], and the second-order, high- 

Reynolds num ber k-e differen tial m odel [234]. B o th m odels use w all functions as near 

wall treatm ent.

A lthough the LV EL m odel w as developed specifically for low -R eynolds num ber 

turbulen t flow s in electronic cooling applications, it is only in tended for practical, coarse 

grid com putations o f  global flow  and tem perature distributions, ra ther than detailed 

com ponen t-board level analyses. The LVEL m odel autom a tically calculates a leng th scale 

for each flu id  cell by solving a  Laplacian type differen tial equation to determ ine the 

distance o f  the cell from  all apparen t walls. This leng th scale, toge ther w ith the locally 

com puted velocity is used to com pute a  turbulen t viscosity . This approach is an 

im provem en t o f  traditional m ixing leng th m odels, w hereby a fixed characteristic leng th 

scale is defined for the problem  in  question, and in som e instances, a  fixed velocity. 

Autom a tic calculation o f  bo th the local length- and velocity  scales in  the LVEL m odel, 

produces low er values o f  the tu rbulen t viscosity in  near-w all regions com pared to o ther 

mixing leng th m odels, thereby m aking the m odel m ore applicable to low -R eynolds num ber 

w all-bounded flows.

Two wall function form ulations are available for use in conjunction w ith the k-e m odel 

in Flo therm , standard and revised. The perform ance o f the s tandard m odel [235] is lim ited 

if  the first grid cell is w ithin the viscous sub-layer, as w all skin fric tion and heat transfer 

can be considerably overestim ated as w ill be show n in this study. The revised form ulation 

rem edies this issue w ith proprietary corrections blending toge ther tu rbulen t viscosity in the 

near w all region and the bulk flow. This form ulation requ ires a t least one and typically up 

to six grid cells w ithin the viscous sub-layer to ob ta in  a  grid independen t solution 

[163,236]. H ea t and m om en tum  flux are proportionalised through the Reynolds analogy, 

o f  w hich a m odified form , Taylor-Prand tl, is applied w hen the near-w all fluid node is 

located outside the viscous sub-layer. As at stagnation poin ts the Reynolds analogy is no t 

valid, to evaluate surface convective heat transfer the friction velocity  is deduced from  the 

near-wall cell value o f  kine tic energy calculated using the k-s m odel [237]. The revised 

wall function form ulation was em ployed for all com putations perform ed using the k-e
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m odel in this study, as the near-w all grid im posed by the board  surface copper tracking (71 

fx m )  resulted in  y+  values considerably lower than 11.5.

In the LV EL m odel the w all function [238] em ployed is no t y+  constrained. However, 

no correction is applied at stagnation poin ts and hence no hea t transfer is predicted.

For radia tive hea t transfer, Flo therm  uses a  surface-to-surface, gray-diffuse radiation 

model. The effects o f  surface size, separation distance and orien tation on the energy 

exchange be tw een two surfaces are accounted for by a geom etric v iew  factor function. The 

code’s view  fac tor calculation is based on the M on te Carlo m ethod.

4 .3 .2  F lu e n t

The com putational m e thod is based on a cell-cen tred, unstructured finite volum e 

discretization [239,240] and a SIM PLE-type segregated solution procedure [70]. All 

com putations in  this study w ere perform ed using second-order upw ind schem e for the 

convective term s and cen tral differencing for the diffusive term s.

A  suite o f  eddy viscosity  tu rbulen t flow  m odels su ited to the analysis o f  low -Reynolds 

number, w all-bounded flow s are available in Fluen t, nam ely: the one-equation Spalart- 

Allm aras m odel [241], several low -Reynolds num ber varian ts o f  the k-s m odel 

[131,132,242-244], tw o tw o-equation k-co m odels [245,246], and a tw o-layer zonal m odel 

[247]. As it is generally accep ted tha t low -R eynolds num ber k-e m odels do no t possess the 

degree o f un iversality and robustness necessary for prac tical engineering analyses, such 

m odels were no t evaluated in the curren t work. These m odels perform  w ell according to 

the cases used by the authors to validate them , but fail to  varying degrees w hen applied to 

other flow  types and flow s w ith different Reynolds num ber [65]. The Shear Stress 

Transport (SST) k-co m odel [246] is a refinem ent o f  the W ilcox k-co m odel [245] and is 

considered to be m ore robust in term s o f  stable convergence. Based on these 

considerations, the one-equation Spalart-A llm aras m odel, tw o-layer zonal m odel and SST 

k-co m odel w ere selected for evaluation in  this study.

The Spalart-A llm aras m odel is a one-equation m odel that solves a m odelled transport 

equation for the eddy viscosity. A lthough this m odel was derived for aerospace 

applications involving w all-bounded flows, M adhavan and Joshi [248] recently reported its 

application to the analysis o f  heat transfer in data centres. This m odel was considered in 

this study due to both its suitability for w all-bounded flow s, and low er computational 

expense relative to the follow ing tw o-equations models.

The tw o-layer zonal m odel is an alternative to the w all function approach for m odelling 

the near-wall region w hen using a  high-Reynolds num ber k-s m odel. The fluid dom ain is 

subdivided into a  viscosity-affected region and a fully-turbulent region. The demarcation
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o f  the two regions is determ ined by a  w all-distance-based, tu rbulen t Reynolds number, Re^. 

In  the fully turbulent region (Rey > 200), a  k-s m odel is em ployed. In  the viscosity-affected 

near-wall region (Re^ < 200), the one-equation m odel o f  W olfshtein [249] is applied. This 

m odel solves the same transport equation for m om entum  and the turbulent kinem atic 

energy as for the standard high-R eynolds k-s m odel, but a different algebraic equation is 

used to calculate the turbulent v iscosity  In this instance, the tw o-layer zonal m odel was 

employed in conjunction w ith either a  standard high-R eynolds num ber k-e [235] or RN G  

k-e [250,251]. The R N G  k-e m odel is derived using a m ore rigorous statistical technique 

as opposed to the standard k-e m odel, w hich results in  im proved predictions o f  near-wall 

flows, including separating and recirculating flow, detailed w ake flow  and vortex shedding 

behaviour. Its m odelling is suitable for low -Reynolds num ber situations, w here the flow  is 

fully turbulent in regions o f  lim ited extent, and effectively lam inar in  the rem aining region 

o f the domain, or transitional flows.

The SST k-co m odel blends a  standard k-co m odel in the inner region o f  the boundary 

layer, and a high-R eynolds num ber k-e m odel [235] in the outer part. The standard k-co 

m odel is based on m odelled transport equations for the turbulence k inetic energy (k) and 

the specific dissipation rate (to), w hich represents the frequency o f  the vorticity 

fluctuations. The k-co m odel is essentially a direct translation  o f  the low -R eynolds num ber 

k-e model, w ith  the addition o f  transition specific closure coefficients [66], In the SST k-co 

m odel, the definition o f  the turbulent viscosity is m odified  to account for the transport 

effects o f  the principal turbulent shear stress. It also incorporates a dam ped cross-diffusion 

term  in  the co equation.

In this study the constants used in the respective candidate turbulence models 

corresponded to  their default values in the code. As the Spalart-A llm aras, tw o-layer zonal 

and k-co m odels are designed for near-wall m odelling in conjunction w ith  appropriate near 

wall m eshes, no w all functions were employed.

In this study the perform ance o f  the above candidate turbulence m odels could not be 

evaluated directly against that o f the standard high-R eynolds num ber k-e m odel in Fluent, 

as the wall function form ulations available, nam ely standard [235] and non-equilibrium  

[229], are both  y+ constrained. Consequently, their perform ance w ill be com pared against 

that o f  the same standard k-s m odel im plem ented in Flotherm , used in  conjunction w ith the 

code’s revised wall functions.

A  suite o f  radiation m odels is available in Fluent, o f  w hich the D iscrete O rdinates m odel 

[252] was em ployed in  this study. The m odel solves radiative transfer in the form  o f  a 

transport equation for radiation  intensity, w ith  the solution m ethod identical to that used for 

the fluid flow  and energy equations. The code’s surface-to-surface radiation m odel could
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not be em ployed as it is no t applicable to problem s involving sym m etry boundary 

conditions. A s outlined la ter in this Chapter, the use o f  such boundary conditions was 

necessary for som e o f  the com putational m odels, to ease com putational constrain ts in 

Fluent.

As F luen t does no t possess pre-processing capabilities, Icepak, Version 4.0.12 [253], 

was em ployed to construct the num erical m odels. Icepak is a softw are dedicated to the 

thermal analysis o f  electronic equ ipm en t, w hich uses the F luen t solver architecture for 

therm al and flu id  flow  calculations. However, access to F lu en t’s turbulence models is 

restricted to a m ixing-leng th, standard tw o-equation h igh-R eynolds num ber k -E  and RN G  

k - s  flow  m odels, all relying on standard w all functions. C onsequen tly  no tu rbulen t flow  

analyses could be perform ed for benchm arking purposes using Icepak, w hich was only 

used to construct and m esh  the num erical m odels. The com putational m odels were 

im ported in Fluen t, w here turbulence flow  m odelling, rad ia tion  m odelling, and num erics 

were specified prior to solving.

It should be no ted tha t y+  constrain ts associated w ith the use  o f  standard w all functions 

are no t a lim itation for the m ajority o f system -level hea t transfer com putations perform ed 

on electronic equ ipm en t, w here com putational constrain ts prohibit the PCB surface copper 

tracking layer to be explicitly  modelled. Instead, the PCB substrate and copper tracking are 

m odelled as a single solid  block having effective therm o-physical properties [190,191]. In 

this approach therefore, the near-wall grid cell can be defined to encom pass the turbulen t 

buffer layer, thereby m aking standard wall functions applicable. Param etric studies, as 

perform ed by A gonafer and M offa tt [254], or autom a ted m esh  adap tation upon the y+ 

value, are typically requ ired to ensure the appropriateness o f  the near-wall grid.

However, for detailed board-level analysis, the PCB substrate and copper tracking 

require to be m odelled separately to correctly capture the local influence o f  the copper 

surface traces on PCB heat spread [149]. In  addition, the near-w all fluid grid cell needs to 

be close enough to the board surface to fully resolve the effect o f  local flow  conditions on 

convective heat transfer. Therefore, the availability o f  a revised w all function form ulation 

in Flotherm  reinforced the selection o f  this code for evaluating standard turbulent flow 

m odelling in this study.

U nlike Flotherm , Icepak’s m esher has non-conform al m eshing capabilities. This feature 

can offer com putational savings for the analysis o f  com ponent-board heat transfer, by 

enabling superfluous grid detail in  the far-field to be em ployed for the resolution o f  the 

PCB therm ofluids. H ow ever, this did not com pensate for the com putational m em ory 

requirem ents incurred using unstructured m eshing in  th is study, w hich w ere found to be 

three to four tim es those for a C artesian structured grid system  in  Flotherm . It should be
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no ted tha t the com putational constrain ts incurred in F luen t w ere no t rela ted to the 

turbulence m odel used, as verified by laminar flow  analyses.

4 .4  N u m e r ic a l  M o d e l l in g  S t r a te g y

The num erical m odelling strategy em ployed to analyse the benchm ark test cases 

described in C hap ter 3 is outlined.

The com ponen t and board  num erical m odels w ere constructed in the same m anner in 

bo th CFD codes. A ll com ponen t and PCB geom etry dim ensions and constituen t m aterial 

therm o-physical properties used for num erical m odelling corresponded to nom inal vendor 

specifications. C om ponen t internal architecture w as verified  using non-destructive and 

destructive testing for each package type in C hap ter 3. For the PQFP 160 com ponen t, 

delam ination o f  the die attach layer, and resin seepage be tw een  the paddle and hea t slug in 

package design I, w ere bo th m odelled as per structural analysis findings. In the approach 

employed therefore, no calibration is made to the num erical m odels in  a possible attem p t to 

improve predictive accuracy. This w ork therefore also perm its the su itab ility o f  the 

pragm atic m odelling stra tegy em ployed to be assessed for use in  a  design environment. 

W hile detailed com ponen t m odelling is the à p r io r i  m e thodology for benchm ark purposes, 

the predic tive perform ance o f  com ponen t com pac t th erm al m odels (C TM s) is also 

assessed.

W hen perm issible, com putational constraints for the respec tive test cases were eased by 

tak ing advan tage o f  the sym m e try o f  the heat transfer processes involved. In addition, the 

com putational dom ains w ere confined to the flu id dom ain in the vicinity o f  the PCB, to 

perm it the com putational grid to be effectively used to focus on the resolution o f the 

com ponen t-PCB therm oflu ids. D om ain boundary conditions were prescribed at a 

sufficient d istance from  the PCB assembly so as n o t to in troduce any un in ten tional 

elliptical effects.

The com putational expenses associated w ith unstructu red m eshing prohibited sufficien t 

grid resolution to be applied to full board geom etry m odels in  Fluent. The insulated Stage 

3 PCB configurations could therefore no t be m odelled, as no  sym m etry o f  the heat transfer 

processes could be exploited to ease com putational constrain ts. Consequently, the low- 

Reynolds num ber tu rbulen t flow  m odels w ere evaluated for the non-insulated PCB case. 

W hile the insulated case presen ted m ore challenging flow  conditions for num erical 

analysis, the significan t errors ob tained using the s tandard k-s flow  m odel for the non 

insulated PCB indica ted tha t this configura tion still provided a sufficien t level o f
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com plexity for assessing the predic tive capability o f m ore advanced tu rbulen t flow  models. 

These m odels w ere evaluated using the non-insulated S tage 1 and 3 PCB configurations in 

a 4 m /s airflow. M easurem en ts for the non-insulated S tage 3 configu ra tion existed for bo th 

individually and sim ultaneously pow ered com ponen ts (Sec tion 3.3), thereby perm itting the 

predic tion o f  bo th aerodynam ic and therm al factors to b e  stud ied. By contrast, data for 

sim ultaneously pow ered com ponen ts was no t available in a  2 m /s airflow.

The flu id  dom ain for all free convec tion analyses w as solved as lam inar using Flotherm . 

The forced airflow s w ere solved  using bo th lam inar and a range o f  tu rbulen t flow  m odels.

Using standard tu rbulen t flow  m odelling in Flo therm , the tw o-equation  k-s flow  m odel 

predictions form  the a p r io r i  tu rbulen t flow  predic tions, w ith the LV EL model only 

evaluated due to its greater applicability for system  level analysis. F lo therm ’s revised wall 

function form ulation was em ployed for all com putations perform ed using the k-s model.

The accuracy ob tained w ith the standard k-e m odel in F lo therm  w ill be considered as the 

base line accuracy, based on w hich the perform ance o f  alterna tive turbulence models, 

nam ely the Spalart-A llm aras, tw o-layer zonal and SST k-co, can  be quantified. It should be 

no ted tha t the objective o f  this study is no t to com pare the perform ance o f  tw o CFD codes, 

but tha t o f  differen t turbulence models for detailed board  level analysis. However, 

previous stud ies tha t have explicitly com pared com ponen t hea t transfer predic tions for 

lam inar flow  analysis be tw een the two codes have reported com parable accuracy 

[148,255]. This is in  line w ith w ha t was found for the S tage 1 PC B  analyses in  this study.

The com putational grids applied in F lotherm  w ere structured Cartesian, while 

unstructured non-conform al hexahedral m eshes w ere em ployed in Fluent. Because o f  the 

problem  geom etry how ever, w hich alm ost exclusively contained rectilinear objects aligned 

w ith the C artesian co-ordinate system  axes, the construction o f  the latter m esh was sim ilar 

to a Cartesian grid.

Fluid dom ain gridding for a  given test configuration differed in free and forced 

convection so as to resolve the respective boundary layer flows. N on-uniform  grids were 

applied having highest density both w ithin the com ponent bodies to resolve conductive 

heat spread, and in the near-w all regions, to resolve the h igh  velocity and tem perature 

gradients w ithin the hydrodynam ic and tem perature boundary layers respectively and thus 

their near-wall effects on both  surface friction and heat transfer.

For the forced convection configurations, the respective grids w ere refined until they 

captured the m ain flow  features anticipated in bluff-body flows, nam ely: leading edge 

separation, dow nstream  reattachm ent and flow  recirculation, as these m ay im pact on the
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prediction o f  bo th near-w all fluid tem perature and hea t transfer coefficient. In add ition, the 

near-wall transverse grid w as refined w ith tw o objectives; firstly, i f  turbulen t conditions 

exist it is im portant to correctly capture the velocity com ponen t norm al to the wall as it 

could con tribute significan tly  to the transfer o f  m om en tum  and energy through the 

boundary layer; and secondly, to enable the correct applica tion  o f  the appropria te turbulen t 

flow  m odel a t the highest free-stream  velocity.

M inim al gu idance w as available in the literature for gridding the PCB near-w all flu id 

domain. W hen possible, analy tical or sem i-em pirical analysis was used to estim ate 

boundary layer thickness grow th over the board to gu ide the construction o f  the near-wall 

transverse grids. These grids w ere then refined by param etric analysis.

The grid volum es em ployed for the single board-m ounted com ponen t configurations 

exceeded the m inim um  density requ ired to produce grid independen t solutions. However, 

the com putational penalty incurred was no t an issue in this study, the objective o f  w hich 

was to benchm ark predic tive accuracy. The grid volum es em ployed for the Stage 2 and 3 

populated boards analyses represen ted the m axim um  em ployable w ith the available 

com putational resources, as constrained by com puter memory. C om putation was 

perform ed using a D ELL Precision 420 w orkstation w ith dual 1 G H z Pen tium  III processor 

and 2 GB RA M , operating on W indows 2000 Professional. W hile the com putational grid 

volum es em ployed for the populated board analyses w ould be considered im practical in a 

design environm en t, the solutions ob tained for the m ulti-com ponen t board analyses w ere 

no t truly grid independen t. P redic tion sensitivity to bo th low er grid volum es, and finer grid 

resolution applied to h a lf  geom etry m odels derived from  quasi sym m etry boundary 

conditions, was assessed. H owever, w ith regard to conductive m odelling, the grid densities 

applied w ithin the com ponen t bodies on the m ulti-com ponen t PCB s were verified to be 

adequate w hen applied as a low er bound test for the single com ponen t-PC B  models.

All com putations w ere perform ed using double precision because o f  small cell sizes in 

the near-w all regions.

In Flo therm , solution convergence was defined w hen the residual error sum  for each 

variable was reduced to the term ina tion error level, w hich w as se t to the software default 

settings, nam ely: 0.5%  o f  the overall m ass flow  for pressure, 0.5%  o f  the sum  o f  overall 

m om en tum  flow s for velocity, and 0.5% o f  the sum  o f  hea t sources for temperature. In 

addition, for the k-e flow  m odel, the term ina tion error level for tu rbulen t k ine tic energy (k) 

was 0.5% o f  the product at inle t o f  turbulen t k ine tic energy and m ass flow, and for the rate 

o f  dissipated turbulen t energy (e), 0.5% o f  the product at in le t o f  the dissipa ted turbulen t 

energy and m ass flow. W hen these criteria could no t be m et, solution convergence was
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also assessed based on the stab ilisation o f  m onitored solution variables w ith outer iteration 

count at poin t locations w ithin the flu id dom ain and com ponen t bodies. Convergence 

difficulties w ere found to arise due to instab ilities in the buoyan t plum e em ana ting from  the 

populated board in  free convection, or the w ake dow nstream  o f  this board in forced 

airflows w hen solving the flow  dom ain as laminar.

Solution convergence in  Fluen t was assessed based on the norm alised  residual errors for 

all variables being less than 5 x  10'5. In addition, convergence w as also assessed based on 

the stab ilisation o f  m onitored solution variables w ith outer itera tion count at poin t locations 

w ithin the flu id  dom ain and com ponen t bodies.

Grid aspec t ra tios w ere m ain ta ined w ithin satisfactory ranges to elim ina te convergence 

difficulties.

4 .5  C o m p o n e n t  a n d  P C B  M o d e l l in g

In this section, num erical m odelling m e thodology is developed and applied to m odel the 

test configurations described in  Chap ter 3. N um erical grid d iscretiza tion details and 

verifica tion o f  solution independence to bo th grid and com putational dom ain size are also 

outlined.

4 .5 .1  C o m p o n e n t  M o d e l l in g

B o th de tailed and com pac t com ponen t therm al m odelling m e thodologies are presented. 

Using a  de ta iled approach, bo th the m echanical architecture and therm o-physical properties 

o f  the com ponen t constituen t elem en ts are explicitly represen ted, w ith conduction solved 

w ithin the com ponen t solid domain. By con trast, resistor ne tw ork-based CTM s model 

steady-state com ponen t therm al behaviour using sim plified few param eter-based 

represen tations o f  the package conductive dom ain [46,167].

The de tailed com ponen t and PCB m odelling m ethodologies are based on R os ten’s et al. 

approach [103], w ith the follow ing m inor alterations: (i) air gap hea t transfer benea th the 

com ponen t bodies is explicitly m odelled, (ii) the PCB copper tracking thickness is 

explicitly represen ted, and (iii) the PCB surface copper tracking pa ttern geom etry is 

modelled in finer detail. This m e thodology is ex tended to the m odelling o f  transien t 

com ponen t-PCB hea t transfer in this study, w hich requires the represen tation o f  the thermal 

capacitance.

For com ponen t CTM  derivation, the procedure presen ted by A ranyosi e t al. [49] was 

adopted, w hich is a varian t o f  the D ELPH I approach [46,167].

The detailed and com pact com ponen t therm al m odels are described in Sections 4.5.1.1 

and 4.5.1.2 respectively, w ith the PCB m odels described in  Sec tion 4.5.2.
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4 .5 .1 .1  D e ta i le d  C o m p o n e n t  M o d e l l in g

The PQ FP 160 num erical m odels are presen ted in  Figures 4.1 to 4.3 for package designs

I to III respectively. The S 0 8  and PQFP 208 com ponen t num erical m odels are show n in 

Figures 4.4 and 4.5 respectively. D e tailed com ponen t m odels for these packages were 

previously presen ted by Lohan et al. [149,225] and R odgers e t al. [35]. H owever, to bo th 

derive the CTM s from  the detailed com ponen t m odels and accura tely com pare CTM  versus 

detailed m odel predic tive perform ance, bo th detailed m odels were re-constructed in this 

study.

N om inal dim ensions for external package architecture are given in Figures A .l to A.3 

for the three com ponent types. The m easured internal architecture o f  the three PQ FP 160 

package designs w as presented in Figures 3.22 to  3.24, w ith  the S 0 8  and PQ FP 208 

internal geom etries show n in Figures 3.48 and 3.52 respectively.

The com ponent constituent m aterial therm o-physical properties are listed in  Tables 4.1 

for the three package types. For the m odelling o f  transient com ponent heat transfer using 

the PQFP 160 com ponent, specific heat capacity and density are also defined for the 

package constituent elem ents.

T a b le  4 .1  Vendor specified therm o-physical properties for com ponent constituent elem ents .
Package element S 0 8 PQFP 208 PQFP 160

Thermal
conductivity

(W /ntK)

Thermal
conductivity

(W /ntK)

Thermal
conductivity

(W/nuK)

II Specific heat 
capacity 
(J/kg.K)

E ncapsu lan t 0.62 0.63 0.63 1820 882

Silicon die 1 1 7 .5 -0 .4 2  (T-10C0 _ 2330 712

D ie attach 1.25 1.90 1.90 — —

L eadfram e /  padd le 260 260 302 8900 385

H eat slug N /A 260 398 8940 385

Leadfram e insulation tape . . . . . . 0.2 . . . —

N o te: T  = temperature in °C.

All package constituent elem ents w ere m odelled w ith the exception o f  bond-w ires due 

to the com putational constraints associated w ith their sm all diameter, on order 30 |am. In 

general neglecting w ire conduction is not a  lim itation as bond-w ires do no t represent a 

significant therm al path  due to their small cross sectional area [103], In addition, for the 

PQFP devices, package heat spread is dom inated by the heat slug.

All package features were represented by three-dim ensional conducting solid blocks, 

w ith the exception o f  the die attach layer. Explicitly m odelling its thickness, 5, 25 and 30 

Hm for the S 0 8 , PQ FP 160 and PQFP 208 respectively, w ould  introduce a layer o f  thin grid 

cells into the com putational dom ain that could result in  slow  convergence o f  the iterative 

algorithm  used to solve the equations for tem perature. This layer w as therefore m odelled

104



using a conducting planar elem en t, w ith conduction m odelled only in the through-plane 

direction, thereby neglec ting in-plane heat spread. This e lem en t type is im posed at a grid 

cell interface and has no thickness in the finite volum e grid, but can be a ttributed a planar 

therm al resistance. This approxim ation was perm issible as the die heat flux is uniform ly 

distributed across the die a ttach layer. For certain  package constructions, no t explicitly 

m odelling the die attach thickness can increase the therm al resistance o f  the die to package 

top, due to the increased encapsulant thickness be tw een the die active area and package 

surface. This can be overcom e by increasing the die thickness by an am ount equalling the 

die attach thickness. Such a m odifica tion was only necessary for the S 0 8  package in this 

study. For the PQ FP com ponents, heat transfer w as found to be insensitive to the m odelled 

encapsulant thickness betw een the die and package surface, as on order 92%  o f  die heat 

dissipation is directly to the heat slug.

Die heat dissipation w as m odelled as a N eum ann-type boundary condition using a two- 

dim ensional planar source elem ent located on the die active surface. This elem ent type is 

im posed at a  grid cell interface and has no thickness in the finite volum e grid. The use o f  a 

tw o-dim ensional, rather than three-dim ensional source, w as justified  in this instance as the 

die active area is confined to w ithin 10 (J.m o f  die thickness and the heat load generated by 

the therm al test die is uniform ly distributed over its surface.

The tie bars in  both  the PQ FP 160, package design I, and PQ FP 208 w ere m odelled in 

the same plane as the leadfram e. To elim inate considerable com putational expenses that 

would be incurred w ith  m odelling the tie bars diagonally orientated from  the paddle corner 

to the package com er, as a  result o f their non-alignm ent w ith  F lo therm ’s Cartesian co 

ordinate system  axes, the following approach was em ployed. The effect o f  tie bar on 

package heat spread was sim ulated using two tie bar elem ents aligned w ith the Cartesian 

co-ordinate system  axes, extending from  the paddle corner to the package sides. The tie 

bars elem ents w ere m odelled at h a lf  the actual tie  bar thickness. This is illustrated in 

Figure 4.5(b) for the PQ FP 208 component. A lthough this approxim ation does not 

explicitly m odel tie  bar heat spread, it is not a significant lim itation in  this instance, as the 

heat slug is the dom inant heat spreader w ithin the packages. Thus for the PQFP 160, 

numerical sensitivity analyses revealed that the tie bars had negligible effect on com ponent 

thermal resistance. H ow ever for standard package constructions having no heat slug, the 

tie bars are an im portant heat transfer path w hich can low er junction-to-am bient therm al 

resistance by on order 2 to 3 °C/W  [103].

To avoid potential com putational constraints associated w ith  explicitly m odelling the 

leadframe and external leads geom etries, both were m odelled using a  so-called ‘com pact’ 

or ‘sm eared’ approach [103,256]. This perm its these geom etries to be m odelled as single
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blocks having effective therm al conductivities based on the constituen t m aterials 

volum etric ratios. In addition for the PQFP 160 com ponen t, effective density values are 

also defined, w hich are calculated based on the volum e tric ra tios o f  the constituen t solid 

materials. The specific heat capacity values o f  the leadfram e and ex ternal leads com pact 

models equalled tha t o f  the metal. The calculated effective therm o-physical property 

values are given in Table 4.2 for the three package types. The therm al capacitances o f  bo th 

the die attach layer and PQ FP 160 leadfram e insulation tape are neglec ted due to their 

small therm al mass.

The robustness o f  th is com ponent m odelling m ethodology has been dem onstrated for 

steady-state heat transfer by R osten’s et al. [257], w ho obtained excellent agreem ent w ith 

com ponent heat transfer predictions obtained by explicitly  m odelling the package 

leadframe and external lead geom etry details in a F inite E lem ent model. Repeating the 

validation procedure o f  R osten  et al. [257], Parry et al. [258] showed the m ethodology to 

be also applicable to the m odelling o f  com ponent transient heat transfer.

T a b le  4 .2  Effective therm o-physical properties values for the m odelled leadfram e and 

leads elem ents for the SQ8, PQ FP 208 and PQ FP 160 packages.___________________
Package element E ffective thermal conductivity, kPrr(W/m.K) Effective density, p efr (kg/nt3)

S 0 8 PQFP 208 PQFP 160 PQFP  160

L eadfram e Inner section: 

208  (80%  m etal) 

O u ter section: 

96 (37%  m etal)

130 (50%  m etal) 151 (50%  m etal) 5360 (50%  melai)

L eads 96 (37%  m etal) 106 (41%  m etal) 129 (43%  m etal) 3814 (43%  metal)

N o t e :  keff = a  ki + (1 -a) k2, where a  is the metal volumetric ratio, ki is the leadframe/lead thermal 

conductivity and k2 is the encapsulant/air thermal conductivity. peff =  a  pi + (1 -a) p2, where a  is the metal 
volumetric ratio, pi is the leadframe/lead density and P2 is the encapsulant/air therm al density.

B oth Flotherm  and Icepak allow  explicit m odelling o f  the PQ FP heat slugs’ geom etries, 

having angled surfaces relative to the Cartesian co-ordinate system  axes. This was not 

possible w ith  the Flotherm  release previously em ployed by R odgers et al. [35], Version 2.1 

for m odelling the PQ FP 208 com ponent. Instead R odgers et al. m odelled angled surfaces 

using a staggered staircase fashion, aligned w ith the C artesian grid, w hich was then a 

standard approxim ation [259],

For the PQ FP 160 com ponents on the populated board, the delam inated die attach layer 

was m odelled as a  one-dim ensional contact therm al resistance, w ith  conduction m odelled 

only in the through-plane direction. This approxim ation w as appropriate as both the die 

heat flux is uniform ly distributed across the die attach layer, and the delam ination thickness 

is consistent throughout the interface (Section 3.3.4). B ased on an average 2.5 ¡am air gap 

thickness, the delam ination therm al resistance w as estim ated at 1.48 °C /W  using one 
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dim ensional conduction, This resistance was m odelled in series w ith  tha t o f  the die attach, 

using a single conducting planar element. Chow dury e t al. [221] investigated the 

m odelling o f  delam ina tion at the die attach/hea t slug in terface o f  Pow erQ uad 2 packages in 

a sim ilar way, and concluded that it could be accurately m odelled  as a constant a ir gap.

A sim ilar approach was em ployed to m odel resin  seepage be tw een the paddle and heat 

slug in package design I. A s the resin  film  thickness was consis ten t across the interface 

(Section 3.3.4), it was m odelled as a con tact therm al resistance o f  thickness o f  17 )im.

As w ill be show n in C hap ter 5, the m odelled in terfacial con tact therm al resistances 

accurately represen t the additional therm al resistances induced w ithin  the package bodies, 

and do no t alter in any way the package in ternal conductive hea t transfer. This was verified 

by com paring the num erically predicted distributions o f  the com ponen t heat transfer paths 

for com ponen ts m odelled w ith and w ithout the above in terfacial therm al resistances. The 

predic ted hea t transfer paths were found to be insensitive to this m odelling variable.

N um erical sensitivity stud ies to com ponent m odelling param eters are perform ed in 

Chapter 5 to assess the robustness o f  the models.

X Y
(a) Overall package geometry detail.

(b) Die, paddle, internal and external lead details. (c) H eat slug detail.

F ig u re  4 .1  PQFP 160 num erical m odel, package design I.
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External leads
insulation 

tape

(b) Die, leadframe insulation tape, internal and 

external lead details.

F ig u r e  4 .2  PQ FP 1 6 0  num erical m odel, package design II

(c) H eat slug detail.

(a) Overall package geometry detail. 

Leadframe

(b) Die, paddle, leadframe insulation tape, internal (c) H eat slug detail.

and external lead details.

F ig u re  4 .3  PQ FP 160 num erical m odel, package design III.
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F ig u r e  4 .4  D e ta iled S 0 8  num erical model.

(a) Overall package geometry detail.

(b) Die, paddle, tie bar, internal and external (c) Heat slug detail,

lead details.

F ig u r e  4 .5  D etailed PQ FP 208 num erical m odel (quarter geometry).

Square section

CAT section
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4 .5 .1 .2  C o m p o n e n t  C o m p a c t  T h e r m a l  M o d e l l in g

This section details the derivation o f  the S 0 8  and PQ FP 208 com ponen t CTM s and their 

im plem en tation in  Flo therm .

The C TM s w ere generated using a statistical param e ter ex traction-based m ethod, 

outlined by A ranyosi et al. [49], In this m ethod, the C TM  is derived from  the therm al 

response o f  the detailed com ponen t m odel to non-redundant sets o f  R obin-type boundary 

conditions applied at the package prim e lum ped surfaces, consisting o f  un iform  heat 

transfer coefficien ts w ith a  fixed am bien t tem perature. These surfaces are defined in 

Figure 4.6 for bo th package types, w ith their areas given in Table 4.3. The detailed m odel 

therm al response da ta was generated using the same com ponen t m odel as used for CFD 

analysis. The eigh t sets o f  boundary conditions em ployed to generate the S 0 8  and PQFP 

208 CTM s were chosen using a D esign o f  Experim en ts approach [49] and cover the 

m axim um  and m in im um  possible heat transfer coefficien ts for each prim e lum ped surface. 

These sets are listed in Table 4.4. The CTM  param eters w ere ex trac ted using a non-linear 

op tim isation technique w hich m inim ises the global errors in  m atching the junction  

tem perature and hea t flow s through each prim e surface, w ith constrain ts im posed on the 

m axim um  allow able errors for these variables. The cost function used in m inim ising 

global errors is given in [50].

A ranyosi et a l.’s [49] m ethodology differs from  the D ELPH I approach [46,167] in  the 

selec tion o f  the boundary conditions em ployed for CTM  derivation. W hereas A ranyosi et 

al. [49] use a D esign o f  Experim en ts approach, the D ELPH I procedure uses a m ore 

extensive set o f  up to 99 boundary conditions [50], spanning the com plete range o f  heat 

transfer coefficien ts encountered in  elec tronics cooling applications. O rtega et al. [48] 

argue tha t such an exhaustive set is no t requ ired, as conceded by Lasance [260], The 

D esign o f  Experim en ts approach therefore perm its to considerably reduce the 

com putational expense incurred to com pute the detailed m odel therm al response data. 

A ranyosi e t a l.’s [49] successfully applied their CTM  genera tion m e thodology to thirteen 

electronic package families.

T a b le  4 .3  Prim e lum ped surface areas for the S 0 8  and PQ FP 208 packages (quarter 

package geom etry), F igure 4.6. _______
Package prime 
lumped surface

Area (mm3)

S0 8 PQFP 208

TI 0.86625 21 .16

TO* 8.40875 219.78

BI 1.70595 42.25

BO 3 .29405 153.75

L 1.29 18.34

Note: * Sides (S) lumped with Top_outer 1 (TO_l).
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(a) S08 package 

TI = Top_inner

B I = Bottom inner

L = Lead foot

S = Sides

(b) PQFP208 package
* Note: TO surface area equals (TO _l + S) surface area, with side surface below area (S) treated as adiabatic. 

F ig u r e  4 .6  N om enclature for package prim e lum ped surfaces (quarter geometry).

3  B I  B O  B I  B O

(a) (b) (c)
N o te : Nomenclature for package prime lumped surfaces given n  Figure 4.6. F = floating node.

F ig u r e  4 .7  Illustrations o f  standard resistor netw ork topologies for com ponent com pact 

therm al models, (a) tw o-node, (b) star-shaped, (c) shunted, and (d) shunted w ith floating 

node.
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Exam ples o f  standard CTM  resistor ne tw ork topologies are show n in Figure 4.7. 

Considering the predic tive lim itations o f tw o-resistor ne tw ork topologies [172,173], only 

star-shaped and shunted topologies are evaluated in this study. U nlike star-shaped 

configurations, shunted topologies allow  the redis tribution  o f  hea t flows be tw een the 

package ex ternal surfaces v ia  shunt resistors [49,261], and consequen tly  are considered to 

provide the à p r io r i  predictions in this study. In addition, to  investigate i f  the prediction o f 

the com ponent-board therm al interaction could be im proved, a  shunted netw ork having a 

floating node w as also evaluated. This category o f  netw orks can provide additional 

flexibility in  m odelling the distribution o f  heat flow s [49,262]. The shunted netw orks were 

optimised to predict com ponent junction  tem perature and heat flow s to w ithin 5% and 10% 

o f the detailed m odel respectively, w hile m inim ising the cost function used. The 

m axim um  allow able errors in junction  tem perature and heat flow s were increased to 10% 

and 20%  respectively for the star-shaped network.

To enable CTM  im plem entation using F lo therm ’s C om pact C om ponent Sm artPart 

feature, all netw ork topologies were constrained to having no Side node. The Sm artPart 

deals w ith  this constraint by im posing the same tem perature to the sides o f the com ponent 

body above the leads and the Top_outer surface, as these surfaces represent the same node 

in the CTM  network. In effect, the Com pact C om ponent Top_outer surface extends down 

to the package sides above the leads, as show n in F igure 4.8. Consequently, as 

recom m ended by the CFD vendor [263], to generate the CTM s the sam e boundary 

condition was applied to the detailed m odel side surface above the package leads, and the 

Top_outer surface, as illustrated in Figure 4,6. B oth the Top_inner / Top_outer and 

Bottom  inner / B ottom  outer surface area ratios w ere defined based on the tem perature 

and heat flux distributions predicted by the detailed num erical models.

The S 0 8  and PQ FP 208 detailed m odels therm al response data to the boundary 

condition sets listed in Table 4.4, are given in Tables 4.5 and 4.6 respectively. O ne shunted 

netw ork was generated for the S 0 8  com ponent, w hile a  star-shaped, shunted and shunted 

floating node netw ork w ere derived for the PQ FP 208. A ll netw ork topologies contained 6 

nodes, w ith  the exception o f  the floating node netw ork w hich  had 7 nodes. The optim ised 

values o f  resistors for the S 0 8  CTM  are given in Table 4.7, w ith the netw ork topology 

shown in Figure 4.10(a). The optim ised values o f  resistors for the PQ FP 208 CTM  are 

given in Tables 4.8, 4.9 and 4.10 for the star-shaped, shunted and shunted floating node 

networks respectively. These topologies are illustrated in Figures 4.11(a) to 4.11(c). 

N etw ork accuracy for each set o f  optim isation boundary conditions is detailed in Table 

4.11 for the S 0 8  com ponent, and Tables 4.12 to 4.14 for the PQ FP 208.
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T a b le  4 .4  Im posed set o f  therm al Boundary C onditions used to generate detailed
com ponen t m odel t lerm al response data for five prim e lum ped surfaces, Figure 4.6.

B C  no.

A p p lied  h e a t  t r a n s f e r  c o e ff ic ie n t  fW /m 2.K )

T I T O * B I B O L

1 10 10 10 10 10

2 10 10 10 1000 1000

3 10 1000 1000 10 10

4 10 1000 1000 1000 1000

5 1000 10 1000 10 1000

6 1000 10 1000 1000 10

7 1000 1000 10 10 1000

8 1000 1000 10 1000 10

N o te : * Sides (S) lumped with T o p o u te r  1 (TO _l), Figure 4.6.

T a b le  4 .5  S 0 8  de ta iled m odel therm al response da ta  to the B oundary Conditions defined 

in Table 4.4.

BC no.

Applied 
hent lonü 

(W>

Junction
tem perature

(°C)

H e a t  flow  (W )

T l T O * B I B O L

1 0.010 86.54 0 .00056 0 .0 0536 0 .0 0112 0 .0 0213 0.00083

2 0.145 90 .10 0 .00049 0 .00373 0.00095 0 .09771 0.04211

3 0.200 89.17 0 0 0 0 3 6 0 .1 3300 0.06485 0 .0 0 1 3 4 0.00045

4 0 .240 85.07 0 .0 0032 0 .09657 0.05401 0 .0648 0.02431

5 0.154 89.00 0 .02837 0 .00387 0 .0 6914 0 .0 0 1 5 4 0 .0 5109

6 0.195 90.14 0 .02775 0 .0 0 3 6 4 0 .0 6439 0 .0 9 8 7 2 0 .0 0 0 5 0

7 0.195 95 .18 0 .02283 0 .13030 0.00102 0.00141 0 .0 3 9 4 4

8 0.215 89.35 0 .0 2046 0 .11133 0 .0 0 0 8 7 0 .0 8 2 0 0 0 .0 0035

N o te: * Sides (S) lumped with Top outer 1 (TO _l), Figure 4.6. Residual error sum for temperature less 
than 1% o f the applied heat load. Thermal response data generated using quarter geometry model. Ambient 

temperature = 20°C.

T a b le  4 .6  PQ FP 208 detailed m odel therm al response data  to the B oundary Conditions 

defined in Table 4.4.

BC no.

Applied 
lient load 

(W)

Junction
tem perature

<°C)

H e a t  f lo w  (W )

T I T O * BI B O L

1 0.12 57.65 0 .00573 0.05705 0.01161 0 .0 4 0 7 5 0 .0 0484

2 1.40 55 .56 0 .00519 0.03428 0 .00993 1.13648 0.21415

3 2 .0 0 56 .92 0 .0049 0.99528 0 .96875 0 .0 2 8 6 0 0.00245

4 2.80 56.71 0 .00483 0 .7 5132 0 .91557 0 .9 9 1 5 8 0.13675

5 1.60 56.39 0 .21737 0 .04406 0 .9 9747 0 .0 3 3 7 2 0.30735

6 2 .4 0 56.12 0 .2 1 2 5 7 0 .0 3822 0 .9 4114 1 .20512 0 .0 0 2 9 9

7 1.40 57 .30 0 .20197 0 .95876 0 .0 1114 0 .0 2 9 4 6 0 .1 9 8 7 0

8 2 .10 56.40 0 .19387 0 .81795 0 .0 1026 1 .07602 0 .0 0 1 8 6

N o te : * Sides (S) lumped with Top outer 1 (TO _l), Figure 4.6. Residual error sum for temperature less 

than 1% o f the applied heat load. Thermal response data generated using quarter geometry model. Ambient

temperature = 30°C.

T a b le  4.7 O ptim ised values o f  resistors for SQ8 CTM  shunted netw ork, Figure 4.10(a).
T h e rm a l  resistance fC /W )

J T I T O * B I B O

T I 131.11 — — — —

T O * . . . 12.49 — - — —

B I 118.40 — — — —

B O 154.48 — — — —

L — 60.05 138 .20 ‘14.47

Note: * Sides (S) lumped with Topouter 1 (TO_l), Figure 4.6.
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T a b le  4 .8  O p tim ised values o f  resistors for PQ FP 208 C TM  star-shaped ne tw ork, Figure 

4.11(a).
T h e rm a l  r e s is ta n c e  (°CAV)

J T I T O * B I B O

T I 19.37 — — — —

T O * 6.45 — — — —

B I 0.87 — — — —

B O 4.31 — — — —

L 15.88 — — — —

Note: * Sides lumped with Top_outer, Figure 4.6.

T a b le  4.9 O p tim ised values o f resistors for PQ FP 208 C TM  shunted ne tw ork, Figure 

4.11(b). ______________________________________________
T h e rm a l  re s is ta n c e  (°C /W )

J T I T O * B I B O

T I — — — — —

T O * — — — — —

B I 0.56 17.70 7 .48 — —

B O 5.06 — — 4 6 .4 2 —

L — 5.82 2 7 .8 4 6.69

Note: Sides (S) lumped with Top_outer 1 (T O _l), Figure 4.6.

T a b le  4 .1 0  O p tim ised values o f  resistors for PQ FP 208 C TM  shunted ne tw ork having a 

floating node, F igure 4 .1 1(c)._____________________________________
T h e rm a l  re s is ta n c e  fC A V )

F J T I T O * B I B O

T I 3.67 — — — — —

T O * — 4 .59 — — — —

B I — — 1.51 — . . . —

B O 33.52 — 0.57 — — —

L 42.57 1.36 — — . . . . . .

Note: Sides (S) lumped with Top_outer 1 (TO _l), Figure 4.6.

C TM  ne tw ork  accuracy. Considering the boundary conditions used for CTM  generation 

in Table 4.4, the S 0 8  netw ork accuracy in  Table 4.11 is in  all cases w ithin 1.6% and 4.7% 

o f the detailed m odel predictions for com ponent junction  tem perature and heat flow 

respectively. Average errors for junction  tem perature and heat flow  do not exceed 0.1% 

and 0.7% respectively.

For the same sets o f  im posed boundary conditions, average discrepancies in  junction 

tem perature and heat flow  for the PQFP 208 netw ork in Tables 4.12 to 4.14 do not exceed 

0.5% and 1.7% respectively, w ith the shunted netw ork displaying best accuracy.

Therefore for both package types, the accuracy o f the netw orks generated meets the 

degree o f  boundary condition independence generally required for CTM  parameters to be 

considered as applicable to any practical environment. This accuracy requirem ent is 

typically 5% to  10% for both junction tem perature and heat flow  [49,50,172],

In Chapter 5, it w ill be evaluated how  netw ork accuracy translates in actual PCB 

convective environments.
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T a b le  4 .11  S 0 8  CTM  resistor ne tw ork accuracy versus detailed m odel for the imposed set

o f thermal Boundary Conditions defined in Table 4.4.

BC  no.

D iscrepancy  (% )

Ju n c tio n

te m p e ra tu re

H ea t flow (W

T I T O * B I B O T I

1 -0.1 -0.1 0.1 0.0 0.0 0.0

2 -1 .2 -0.1 0.0 0.0 -1.5 1.6

3 -0 .2 -0.1 1.1 -1 .0 0.0 0.0

4 0.4 -0.1 1.1 -0 .9 0.3 -0 .4

5 -0.9 4.7 -0.3 -3.0 0.0 -1 .4

6 -0.5 3.1 -0 .2 -0.7 -2.3 0 .0

7 0.1 -1 8 0.1 0.0 0.0 1.7

8 1.5 -1 .6 1.1 0.0 0.5 0 .0

M ax . 1.6 4 .7 1.2 3 .0 2 .2 2 .0

M e a n -0.1 0.5 0 .4 -0.7 -0 .4 0 .2

Note: * Sides (S) lumped with Top_outer 1 (TO _l), Figure 4.6.

T a b le  4 .1 2  PQ FP208 CTM  star-shaped resistor netw ork accuracy versus detailed m odel 

for the im posed set o f  therm al Boundary Conditions defined in  Table 4 A

BC no.

D iscrepancy  (% )

Ju n c tio n

te m p e ra tu re

H eat flow (W

T I T O * B I B O T I

1 -0.5 0 .0 -0.2 -0.1 0.2 0.1

2 1.3 0 .0 1.5 0.1 -2.2 0.6

3 1.7 0.0 -3.8 2 .9 0.7 0.1

4 -6.1 0 .0 0.5 -2.1 -0.5 2.1

5 3.1 0.5 0.9 2.4 0.5 -4.3

6 1.4 0.1 0.7 2.1 -3 .0 0.1

7 -0.1 1.2 -4.3 0.0 0.8 2.3

8 -2.3 0.3 0.4 0.0 -0 .9 0.1

M a x . 6.1 1.2 4.3 2 .9 3 .0 4.3

M e a n -0 .2 0.3 -0.5 0.7 -0 .6 0.1

Note: * Sides (S) lumped with Top_outer 1 (TO I), Figure 4.6.

T a b le  4 ,1 3  PQ FP208 C TM  shunted resistor netw ork accuracy versus detailed m odel for 

the im posed set o f  therm al Boundary Conditions defined in  Table 4 .4.

BC no.

D isc repancy  (% )

Ju n c tio n

te m p e ra tu re

H eal now  (W _

T I T O * B I B O T I

1 -0.3 0.0 0.1 -0.1 0 .0 0.0

2 0.3 0.0 0.2 0.0 0.3 -0.5

3 -0 .2 0 .0 -0.3 0.2 0.2 0.0

4 -0.5 0.0 -0.8 1.0 1.0 -1.3

5 0.6 -1.1 0 .0 0.1 0.1 1.0

6 0.0 -0.8 0.0 0.8 0.0 0.0

7 -0.5 0.5 -0.4 -0.1 0.1 -0.2

8 0.2 0 .4 0.1 0.0 -0.5 0.0

M ax . 0.6 1.1 0.8 1.0 1 0 1.3

M e an 0.0 -0.1 -0.1 0.2 0.2 -0.1

Note: * Sides (S) lumped with Top_outer 1 (TO_l), Figure 4.6.
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T a b le  4 .1 4  PQ FP208 C TM  shunted resistor ne tw ork w ith floa ting node accuracy versus
detailed m odel for the im posed set o f  therm al Boundary C onditions defined in Table 4.4.

BC no.

D iscrepancy  (% )

Ju n c tio n

te m p e ra tu re

H e a t  flow (W

T I T O * B I B O T I

1 -0.2 -0.1 0 .2 0 .0 0 .0 0.0

2 0.7 -0.1 -0.1 3 .2 0.1 -3.1

3 -2 .0 -0.1 4 .4 0.0 -4 .2 0.0

4 0.1 -0.1 1.9 0 .4 -0.1 -2.1

5 -1.4 8.4 -0.5 -0 .4 -7.3 -0.2

6 1.6 4.5 -0 .2 0 .0 -0 .9 -3.4

7 0.6 0.8 -0 .5 -0.3 0 .0 -0.1

8 5.0 0.0 2 .0 0.0 0.1 -2 .0

M a x . 5.0 8.4 4 .4 3 .2 7.3 3 ,4

M e a n 0.5 1.7 0 .9 0 .4 -1 .5 -1 .4

Note: * Sides (S) lumped with Top_outer 1 (TO _l), Figure 4.6.

CTM  im p lem enta tion  in the CFD  model. CTM  im plem en tation in F lo therm  using the 

Com pact C om ponen t Sm artPart, is illustrated in F igure 4.8 for a  leaded package. Each 

Sm artPart elem en t represen ts a resistor node, w hose ex ternal surface area equals tha t o f the 

corresponding prim e lum ped surface defined for CTM  derivation. In  addition, each 

Sm artPart elem en t is iso therm al, and therm ally  insulated from  o ther elem en ts unless 

in terconnected by resistive links represen ting  the C TM  resistor network.

The Sm artPart im poses tw o approxim ations to ex ternal com ponen t geom etry m odelling. 

Firstly, the heat transfer betw een the package base and PCB surface is no t explicitly 

modelled. Instead, the air gap (standoff) is by default represented by a contact therm al 

resistance as show n in Figure 4.8. This is no t a  significant lim itation as the heat transfer 

betw een the package base and PCB is prim arily by gaseous conduction. Correspondingly, 

the CTM  body height m ust be increased by an am ount equalling the standoff to m aintain 

the same aerodynam ic disturbance as generated by the detailed com ponent model. The 

second geom etric constraint im poses that the CTM  lead feet extend directly from  the 

package body, Figure 4.8, w ith  no offset betw een the leads and package sides as shown for 

the detailed m odel in F igure 4.9(a). In this study the CTM  lead w idth w as defined so as to 

generate the sam e aerodynam ic disturbance as in  the detailed com ponent model. In 

addition, a  contact therm al resistance was prescribed betw een the CTM  lead foot base and 

the PCB surface, so as to  better represent the location o f  the lead foot/PCB interface and 

thus the local PCB spreading resistance. A s the CTM  Sm artPart overrides contacting 

planar thermal resistances, the above contact therm al resistance was m odelled as a three- 

dim ensional conducting block o f  thickness that o f  the standoff. N ote that deactivating the 

lead foot extrem ity in  the detailed com ponent m odel had a negligible im pact on  com ponent 

operating tem perature. The m odified CTM  im plem entation is show n in Figure 4.9(b). The 

S 0 8  and PQ FP 208 C TM  representations in the CFD m odels are show n in Figures 4.10 

and 4.11 respectively, w ith  corresponding geom etric details given in Table 4.15.
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For package lead m odelling, the C om pact C om ponen t Sm artPart supports the 

specification o f  either a single or tw o lead nodes, applicable to dual and quad packages 

respectively [263]. B o th the single and tw o-lead node op tions w ere applied for the PQFP 

208 test case, to assess CTM  predic tive sensitivity to lead node coupling and its im pact on 

the prediction o f  the com ponen t-board therm al in teraction.

TO TI TO

L TO J TO L

BO BI BO ^ -------Lead foot

PCB ^  Collapsed standoff approximating
-------------------------hea t transfer between package base

and PCB surface

Note: Nomenclature for the package prime lumped surfaces, corresponding  to the resistor network nodes, are 
defined in Figure 4.6.

F ig u r e  4 .8  D efault geom etry im plem en tation o f  a resistor ne tw ork-based CTM  for a 
leaded package in Flo therm , using the code’s C om pact C om ponen t SmartPart.

Leadframe

3ie

[Paddle I 1 I 1
Encapsulant

Lead offset from - » J  
package body '

(a) Detailed model

/

Lead width 

Lead foot

J

TI TO

J TO L

BI BO

1 \

Lead
width

Conducting solid block approximating 
heat transfer between package Adiabatic jnterface

for lead offset

(b) CTM

base and PCB surface

Lead-PCB 
thermal contact

F ig u r e  4 .9  M odified CTM  im plem en tation, show n for the S 0 8  componen t.

T a b le  4 .1 5  G eom etric construction o f  CTM  im plem en tation in the CFD model.
SmartPart element Component model dimensions (nun)

S 0 8 PQFP 208

O verall body 5 x 4 2 8 x 2 8

Top in n er (TI) 2.1 x  1 .6 5 x 0 .9 5 9.2 x  9 .2 x  1.605

B o ttom _inner (BI) 3 .0 6 x 2 .2 3  x 0.429 1 3 x 1 3 x 1 .0 9 5

Junction  (J) 2.1 x  1 .6 5 x 0 .2 9.2 x  9 .2  x  1.05

S tan d o ff thickness 0.2 0.35

L ead  w id th 0.5 0.8

Note: S08 and PQFP 208 CTM implementations in CFD model shown in Figures 4.10 and 4.11 respectively. 

Element dimensions refer to length x width x height.

117



(a) Resistor network (b) Resistor network superimposed on 
detailed com ponent model

(c) Numerical model for network (a) 

F ig u r e  4 .1 0  S 0 8  com ponen t com pact therm al model.

é L

(a) Star-shaped resistor network (b) Shunted resistor network 

-TO

(c) Shunted resistor network with floating node (b) Numerical model for networks (a), (b) and (c) 

F ig u r e  4 .1 1  PQ FP 208 com ponen t com pac t therm al m odels.
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4 .5 .2  P C B  M o d e l l in g

The num erical m odels for the single-com ponen t PCB s and populated board are shown 

in Figure 4.12 and Figure 4.13 respectively. Corresponding PC B  layouts for the populated 

PCB, SEM I PCB, S 0 8  and PQFP 208 PCBs w ere given in  F igu res 3.8, 3.9, 3.49 and 3.53 

respectively.

To correctly cap ture the local influence o f  the copper surface traces on PCB hea t spread 

[149], the substrate and copper tracking were m odelled separa tely using three-dim ensional 

conducting blocks.

Discretely modelling the PCB surface copper tracking was not computationally feasible. To 

overcome computational constraints, a compact modelling approach similar to that employed 

for the component leadframe was used for modelling the PCB copper tracks and air interfills. 

As the surface copper tracks diverge significantly away from the component leads for the S 08  

and PQFP 208 PCBs, Figures 3.49 and 3.53, they were modelled by a  number o f blocks spaced 

at regular intervals as shown in Figure 4.12. Their effective thermal conductivity values, based 

on the volumetric ratios o f copper and air interfills, decreased as the tracks diverge further apart 

to reflect the increasing volumetric ratio o f air. The same approach was used for the SEMI 

PCB, over which copper tracking density varied in different regions o f the board, Figure 3.9. 

The embedded continuous copper planes in the multi-layer S 0 8  PCBs were each modelled 

individually as a single block. On the populated board’s component side, the copper tracks 

surrounding each component were modelled as four individual blocks having the same effective 

thermal conductivity. On the board non-component side, where copper tracking density varied, 

the approach described for the SEMI PCB was employed.

The actual copper tracking thickness (71 (im) w as m odelled for both  the S 0 8  and PQFP 

208 PCBs. By contrast on both the SEMI PCB and populated  board, copper tracking 

thickness was m odelled at tw ice its actual value (35 (nn) in Flotherm  to avoid potential 

convergence difficulties, associated w ith  the presence o f  th in  grid cells. A ccordingly 

therefore, the tracking effective therm al conductivity w as halved. This m odelling had a 

negligible aerodynam ic im pact as it only increased the board thickness by on order 4 %.

The constituent m aterial therm o-physical properties for both  the FR-4 based and IMS 

test boards are listed in Tables 4.16. The FR-4 substrate therm al conductivity was 

m odelled as anisotropic using the values m easured by G raebner and A zar [190], nam ely 

0.29 W /m .K  and 0.81 W /m .K  in the substrate through-plane and in-plane directions 

respectively. These values reflect the m aterial inherent anisotropy, highlighted in m any 

experim ental studies [146,264,265], w hereas the vendor isotropic specification, 0.3 

W /m.K, was only representative o f  the through-plane conductivity. A ll o ther m aterial 

therm o-physical properties are board vendor specifications. The tem perature dependency
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o f S tyrofoam  therm al conductivity w as m odelled for the ellip tical insulating block attached 

to the Stage 3 PCB non-com ponent side, Figure 3.6(b).

The effective therm al conductivity values applied to the tracking m odel blocks are given 

in Figure 4.12 and 4.13 for the single- and populated boards respectively. Thermal 

conductivity values o f  385 W /m .K  and 0.03 W /m .K  w ere taken  for copper and air 

respectively. For the m odelling o f  transient com ponent heat transfer, the copper tracking 

com pact m odel blocks w ere also assigned effective density values based on the constituent 

m aterial volum etric ratios. Their specific heat capacity value equalled that o f  copper.

For the S 0 8  and PQ FP 208 com ponent com pact therm al m odelling configurations, the 

same PCB m odel w as used for the com pact and corresponding detailed m odel.

Based on infrared m easurem ents o f  PCB surface tem perature, w hich revealed  negligible 

therm al interaction betw een the PCBs and their m echanical support, these fixtures were 

modelled as non-conducting.

e 4.16 N om inal m aterial therm al property values for 3CB constituent elem ents.
PCB design Element Thermal conductivity 

(W/m. K)

Density (kg/m3) Specific heat 
capacity 
(J/kg.K)

FR -4 designs FR -4 substrate k in=  0 .81 , k ,„=  0 .29 * 1920 1300

C opper tracking 385 8950 385

S tyrofoam , Stage 3 PCD 0 .0 2 6 +  1 x  10"4 (T-10) 45 1400

IM S design D ielectric 2.2 — —

C opper base 400 8933 385

N ote: * k ip and k tp are in -p lane and th rough-p lane therm al conductiv ities  values respectively  [190]. 

T = temperature in °C.

ki=96.3 —  

k2=77.0 —

k3=55.0

ki_

k3 ki

k2
ki

k3

_Exposed
FR-4

kj=229.2 

k2= l 10.9 
k3=82.5

A

k2= 118.8

ki=204.1

k3=82.0

(a) S 08  PCBs (b) PQFP 160 PCB (half geometry) (c) PQFP 208 PCB (quarter geometry)

(quarter geometry)
Note: Surface copper tracking thickness modelled as 71 (im. Effective track therm al conductivity value 

calculated as k = a  kCll + (1 -a ) kair , where a  is the copper volumetric ratio, kCu and kair are the thermal 
conductivities o f  copper (385 W/m.K) and air (0.03 W /m.K) respectively. For the PQFP 160 PCB, effective 

tracking conductivity halved as its thickness is m odelled at twice actual value, 35 [im.

F ig u re  4 .1 2  N um erical m odelling o f  single-com ponent PC B s copper tracking.
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k t = 58.1 

k2 = 82.5 

k3 = 61.7 

k4 = 62.7 

k5 = 54.9 

ke = 231 
k7 = 79.3 
k 8 = 162.7 
k9 = 41.3 
k 10 = 30.4 
k „  = 46.3

(b) Non-component side

Note: Surface copper tracking thickness modelled as 71 (xm. Effective track thermal conductivity value 

calculated as k = a  kCtl + ( I - a )  k„r , where a  is the copper volumetric ratio, kCu and kajr are the thermal 
conductivities o f  copper (385 W/m.K) and air (0.03 W/m.K) respectively. Effective tracking conductivity 

halved as its thickness is m odelled at twice actual value, 35 |un.

F ig u re  4 .1 3  N um erical m odelling o f  populated PCB copper tracking.
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4 .6  N u m e r ic a l  M o d e l s

4 .6 .1  P o p u la te d  B o a r d  T e s t  C o n f ig u r a t io n s

This section describes the free and forced convection num erical m odels for the Stage 1,

2 and 3 populated board test configura tions detailed in  Sec tion 3.3.

4 .6 .1 .1  F r e e  C o n v e c t io n

The free convec tion analyses were undertaken using F lo therm , and the Stage 1 and non 

insulated S tage 3 num erical m odels are show n in Figure 4.14.

The com putational dom ains w ere confined to the flu id  dom ain in  the vicinity o f  the 

PCB to perm it the com putational grid to be effectively used  to focus on the resolution o f 

the com ponent-PCB therm ofluids. Free-air boundary conditions were applied at the 

com putational dom ain boundaries, fixing the relative pressure to zero w ith any incom ing 

air entering at the prescribed am bient tem perature. These artificial boundaries were 

im posed at a sufficient distance from  the PCB assem bly so that no significant unintentional 

elliptical effects w ere introduced. Their locations relative to the PC B  are defined in Table

4.17.

D ue to com putational constraints, different com putational m odels w ere used for the 

analyses o f  the Stage 3 individually- and sim ultaneously pow ered com ponent 

configurations.

S im u ltaneously  p ow ered  Stage 3 PCB . For this configuration, the m easured operating 

tem peratures o f  com ponents A  and K  were on order 10°C higher than those o f  E and O 

respectively, Table 3.4, due to different package designs. Consequently, the buoyancy- 

induced flow  over the board was not sym m etric in the span-w ise direction about 

com ponents C,H ,M . The com plete board geom etry was therefore required to be m odelled 

for this case, Figure 4.14(c).

To guide the gridding o f  the near-w all fluid dom ain for this m odel, as a starting point an 

estim ate o f  the hydrodynam ic boundary layer grow th on the board non-com ponent side was 

obtained by considering the PCB as an isotherm al flat plate. U sing the follow ing analytical 

expression presented by Incropera and D e W itt [266] for an isotherm al vertical flat plate, 

the hydrodynam ic / therm al boundary layer grow th can be estim ated as:

R ■ 6 L

( G ^ r  (4.2)

where 5L is the hydrodynam ic or therm al boundary layer th ickness, L is the PCB length in 

the stream -w ise direction, and Gr is the PCB G rashof number. For air, the hydrodynam ic
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and therm al boundary layer thicknesses are com parable as the Prand tl num ber is o f order 

unity.

U sing an average PCB surface tem perature obtained from  the infrared therm ographs 

presented in F igure 3.15(b), the board G rashof num ber, based  on stream -w ise length, was
7 Q

calculated to be 1.8 x 10 . The board R aleigh num ber, thus less than 1 x  10 , clearly 

indicated that a lam inar velocity boundary layer existed o n  the PCB non-com ponent side. 

Using Equation (4.2), the transverse hydrodynam ic boundary layer thickness at the PCB 

trailing edge w as calculated to be 19.5 mm. This near-w all d istance w as discretized using 

21 grid cells spaced by a  pow er-law  grid distribution. O n both  the board com ponent- and 

non-com ponent sides, the first fluid grid node was set a t 71 pu i distance from  the PCB 

surface, coinciding w ith  the copper tracking surface. The first fluid cell adjacent to the 

packages’ top surface extended 100 (am from  the wall.

On the PCB com ponent side, Equation (4.2) is not directly  applicable to calculate the 

board boundary layer grow th due to com ponent interaction. N evertheless, the fluid dom ain 

in the vicinity o f  the PCB surface was even m ore finely resolved by the transverse grid 

im posed by the respective com ponent architectural features.

The rem aining portions o f  the fluid dom ain both  on the board non-com ponent side and 

above the com ponent surface w ere m odelled using a pow er law  grid spacing distribution in 

the transverse direction, w ith  increasing cell size tow ards the dom ain  boundaries.

This initial grid was then refined by param etric analysis. A  com putational grid volum e 

o f  3.75 m illion cells, details o f  w hich are given in  Table 4.18 and visualised in Figure 

4.15(c), w as found to produce com ponent junction  tem perature predictions that were 

w ithin 0.1°C o f  those obtained using a  denser grid constructed w ith  6 m illion cells.

Ind iv idua lly  p ow ered  S tage 3 PCB. The above grid resolution o f  3.75 m illion cells, was 

found to be insufficient for the analyses o f the individually  pow ered cases, for w hich 

com ponent junction  tem perature predictions differed by up to 1°C relative to the 6 m illion 

grid. As the latter grid density w ould have been com putationally prohibitive for the 

analyses o f  all individually pow ered cases, h a lfb o a rd  geom etry m odels were used, Figure 

4.14(b). These m odels had a  sym m etry boundary condition applied along the PCB central 

stream -wise axis, defined by the centre axis o f com ponents C ,H ,M . This m odelling 

sim plification was perm issible as infrared im aging, show ed that (i) for com ponents C,H ,M  

individually pow ered, the com ponent-PCB surface tem perature distributions were 

sym m etric about the PCB central stream -w ise axis, and (ii) fo r all other individually 

pow ered com ponent configurations, board heat spread did  no t extend to the other h a lf o f  

the PCB. The sym m etry plane was m odelled as an adiabatic, frictionless and imperm eable
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surface. A s bo th the board boundary layers were thinner and  the therm al plum es w ere less 

buoyan t than for the sim ultaneously powered cases, the com putational dom ain size for the 

individually pow ered m odels was reduced in bo th the s tream -w ise (y) and transverse (z) 

airflow  directions, to the dim ensions given in Table 4.17. These m odelling sim plifications 

perm itted a higher grid density to be em ployed for the resolution  o f  com ponen t heat 

transfer, than w ould have been achieved using a com plete board geom etry model. For the 

h a lf geom etry m odels, a grid having 3.61 m illion cells, de tails o f  w hich are given in Table 

4.18 and visualised in  Figure 4.15(b), was found to produce com ponen t junction  

tem perature predictions tha t were w ithin 0.1 °C o f  those ob ta ined using an increased grid 

volum e o f 6 m illion cells.

The Stage 1 num erical m odel, Figure 4.14(a), was derived from  the individually 

pow ered, Stage 3 m odel, Figure 4.14(b), by depopulating the PCB o f  the unnecessary 

com ponen ts, w ithout altering the com putational grid.

T ab le  4.17 Loca tion o f  applied artificial boundary conditions rela tive to the PCB for the 
S tage 1 and non-insulated S tage 3 free convec tion num erical m odels, F igure 4.14.

PCB topology and  
powering  configuration

Top Component
side

Non-component

side

Stream -wise edge

Stage 1
Stage 3, individually powered

180 37 29 35

180 37 29 35

Stage 3, simultaneously powered 235 47 44 35

Note: A l l  d im e n s io n s  are in  m il lim e tr e s . C o m p u ta tio n a l m o d e ls  c o n str u c te d  u s in g  F lo th er m .

T ab le  4.18 Com putational dom ain size and grid discre tiza tion details for the Stage 1 and 
non-insulated Stage 3 free convection num erical models.______________________________

Stage 1,
Stage 3, individually powered

S tage 3, simultaneously powered

X y z Total, xyz X y z Total, xyz

Domain size (mm) 151.5 365.0 67.6 — 303.0 420.0 92.6 . . .

Computational grid 171 243 87 3,615,11 f 1 237 172 92 3,750,288

Note: x , y  an d  z  c o -o rd in a tes  re fer  to  th e  sp a n -w ise , s tre a m -w ise  and  tran sv erse  f lo w  d ire c t io n s r esp ec tiv e ly ,  

F ig ure 4 .1 4 . C o m p u ta t io n a l m o d e ls  c o n s tr u c te d  u s in g  F lo th e rm .

The fluid dom ain w as solved as lam inar and steady for all test configurations, w ith 

variable flu id property trea tm en t applied. In  addition, for the sim ultaneously pow ered 

Stage 3 case the flow  field was also solved as unsteady.

R adiative heat transfer was m odelled from  the com ponen t top and bo ttom  surfaces, 

PC B ’s FR-4 substrate and copper tracking surfaces. These surfaces were specified to 

radiate to a black body source external to the com putational dom ain, w hose temperature 

was prescribed at am bient surroundings. Radiating surfaces w ere finely subdivided to 

capture the influence o f  steep surface spatial tem perature gradients.
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components (A-C, F-H, E-M)

Note: Unmarked computational domain boundaries are free-air boundaries. Gravity vector acts in (-y) 

direction. Computational m odels constructed using Flotherm.

F ig u r e  4 .1 4  N on-insulated Stage 1 and 3 free convection num erical models.
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Component H

Y

A
Z X

Component H

(a) Stage 1 (b) Individually pow ered Stage 3 configurations,
components (A-C, F-H. E-M)

(c) Simultaneously powered Stage 3 configuration 

Note: Computational grid discretization details given in Table 4.18. M odels constructed using Flolherm. 

F ig u re  4.15 C om putational dom ain discretization grid applied for the free convection, 

non-insulated Stage 1 and 3 num erical m odels show n in Figure 4.14.
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For the individually pow ered com ponen t configurations all solutions ob tained w ere fully 

converged. H ow ever for the sim ultaneously pow ered case, the residual error sum s for the 

respective variables could only be reduced to w ithin 10% o f  their term ina tion error levels 

when solving the flow  as steady. The residual errors for all variables were found to be 

located w ithin the therm al plum e above the board. N ote that grid aspect ratios were 

m aintained w ithin satisfactory ranges to m inim ise convergence difficulties. Convergence 

difficulties w ere therefore suspected to be caused by an instability  in the therm al plume. 

This was supported by the calculated local G rashof num ber in  the plum e, on  order 10s, 

w hich indicated that this flow  was transitional [267,268]. Consequently, convergence for 

com ponent junction  tem perature was assessed by m onitoring th is variable w ith  outer 

iteration count. Com ponent junction  tem peratures w ere found to rem ain invariant w ith 

iteration after stabilising, indicating that the predicted dow nstream  instability did not 

adversely im pact on  PCB heat transfer. This w as verified  by solving the flow  as unsteady, 

which led to im proved convergence o f  the plum e, but yielded the sam e junction  

tem perature predictions as the steady-state model. The unsteady m odel predicted the 

plum e to oscillate in the transverse flow  direction at a  very low  frequency, approxim ately 

0.03 Hz. However, the flow  field over the board was predicted to be steady, w hich is in 

line w ith D rabbels [156], w ho encountered a sim ilar m odelling situation. Solving the flow 

as turbulent was also investigated, though not ju stified  on the basis o f  either the board 

G rashof number, or that o f  the plume. The code’s tw o-equation k-e turbulence m odel, w ith 

revised wall function form ulation, was em ployed. The predicted com ponent junction  

temperatures w ere found to be on average 5°C low er than  those obtained using the lam inar 

flow model. A dditionally, the k-e flow  m odel predicted the board boundary layers to 

turbulently expand, instead o f  m erging into a  single p lum e dow nstream  o f  the PCB trailing 

edge, as experim entally visualised by smoke flow  visualisation [201]. The use o f  the k-s 

m odel was therefore not appropriate in this instance.

4 .6 .1 .2  F o r c e d  C o n v e c t io n

In this section the com putational models constructed using Flotherm  for the Stage 1, 2 

and 3 test configurations, and built in Icepak for the 4 m /s non-insulated Stage 1 and 3 

configurations are described.

Flotherm  Com putational M odels, Stages 1 to 3

The forced convection num erical m odels are show n in  Figure 4.17 for Stages 1 and 2, 

and in Figure 4.18 for Stage 3. The com putational dom ains w ere confined to the fluid 

dom ain in the vicinity o f  the PCB, to perm it the com putational grid to be effectively used
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to focus on the resolution o f  the com ponent-PCB therm ofluids. The follow ing artificial 

boundaries w ere im posed at a sufficient distance from  the PCB assem bly so that no 

significant unintentional elliptical effects w ere introduced. A  uniform  free-stream  inlet 

velocity boundary condition was applied upstream  o f  the PCB leading edge, and a pressure 

outlet boundary w as positioned dow nstream  o f  the PC B  trailing edge. Free-stream  

boundaries were applied parallel to the PCB com ponent- and non-com ponent sides, and its 

stream -wise edge. These boundaries fixed the relative pressure to zero w ith any incom ing 

air entering at both the prescribed am bient tem perature and inlet free-stream  velocity. 

Their location relative to the PCB are defined in Table 4.19 for both the non-insulated and 

insulated m odels. For turbulent flow  analysis turbulence intensity w as specified at 2%  at 

the dom ain inlet boundaries, w ith  the prescription o f  th is boundary condition detailed in 

A ppendix C for the k-e flow  model.

The fluid dom ain w as solved using both lam inar and turbulent flow  m odels. For 

turbulent flow  analysis, both  the LVEL m odel, and the high-R eynolds num ber k-e model 

w ith revised w all functions, were employed.

Based on experim ental flow  visualisation, the flow  field  was solved as steady for all 

analyses, w ith the exception o f  the insulated Stage 3 case at 2 m/s. This flow  field was 

m odelled as unsteady. It is acknow ledged that the k-s m odel is not suited to the analysis o f  

the unsteady flow  over the insulated PCB at 2 m/s. This is reflected in the tim e-invariant 

flow  field predictions above com ponent G at 2 m /s, p lo tted  in Figure 4.16. H owever, as 

evident in the same figure, the lam inar m odel does predict flow  unsteadiness. The tim e 

invariance o f  the k-e predictions possibly results from  an overprediction o f the turbulent 

viscosity dam ping out any transient flow  features. This hypothesis is in line w ith the fact 

that the k-e m odel yielded com ponent junction  tem perature predictions that w ere w ithin 

2°C o f  those obtained w hen the flow  field was solved as steady. H ow ever, the k-e model 

was assessed for this case to reflect norm al design scenarios, w here there is no a p r io r i 

knowledge o f  the flow  regim e, and w hether it is steady or unsteady.

V ariable fluid property  treatm ent was applied for all analyses.

R adiation heat transfer w as m odelled in the sam e m anner as for the free convection 

analyses, though its contribution w as considerably low er in this instance.

For each test configuration a generic grid was em ployed to perm it the application o f 

both lam inar and turbulent flow  models. To resolve these flow  features, the grid was 

constructed to m eet the k-e flow  m odel gridding requirem ents at 4 m /s, w hich necessitated 

the finest detail.
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— a— Laminar, 1.5 mm 

-  -  - a -  -  -  k-e, 1.5 mm 

— X— Laminar, 6 mm 

— I—  k-e, 6 mm 

— o— Laminar, 12 mm 

- - - - - - -  k-e, 12 mm

0 2 4 6 8 10 12 14

Time (s)

Note: Distance given is the transverse location o f the flow field m onitor poin t above the centre o f the 

package top surface.

F ig u re  4.16 N um erically  predicted flow  unsteadiness in  the stream -w ise direction above 

com ponent G on the insulated Stage 3 PCB in  a 2 m /s airflow.

For the non-insulated PCB, the following approach was em ployed to guide the gridding 

o f  the near-w all flu id  dom ain. The board non-com ponent side can be considered as a flat 

plate over w hich the boundary layer can be characterised as a  classical unheated starting 

length problem . Thus, the PCB hydrodynam ic boundary layer w ould develop at the PCB 

leading edge, w ith  the therm al boundary layer developing further dow nstream , depending 

on com ponent topology and pow ering configuration. This is due to PCB heat spread being 

confined to the vicinity o f  the com ponent, as show n by the infrared therm ographs in Figure

3.17. The near-w all grid applied m ust resolve both  boundary layers, w ith  the therm al 

boundary layer being the thinner. As a  starting point the board Reynolds num ber based on 

stream-wise length w as calculated to be 5.9 x 104 at 4 m /s. This value is less than l x l 0 5, 

indicating that a lam inar velocity boundary layer exists on the PCB non-com ponent side. 

The corresponding hydrodynam ic boundary layer grow th can be estim ated using the 

following analytical expression presented by Incropera and D e W itt [269]:

5 l  . 5L

(4.3)

where 5l  is the hydrodynam ic boundary layer thickness, L is the PCB length in the stream- 

wise direction, and R eL is the PCB Reynolds num ber.
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Using Equation (4.3), the transverse hydrodynam ic boundary  layer thickness at the PCB 

trailing edge was calculated to be 4.8 m m  at 4 m/s. The near-w all distance from  the PCB 

non-com ponen t side corresponding to the thinner boundary layer thickness o f  4.8 mm, was 

discretized using 13 grid cells spaced by a pow er-law  grid distribution. The first fluid grid 

node was set at 71 (am d istance from  the PCB surface, coinciding w ith the copper tracking 

surface.

On the PCB com ponen t side, Equation (4.3) is no t d irec tly  applicable to calculate the 

board boundary layer grow th due to com ponen t in teraction. N evertheless, the flu id dom ain 

in vicinity o f  the PCB surface was m ore finely resolved by the transverse grid im posed by 

the com ponen t architecture. To resolve the flow  detail above the com ponen t surface, 

gridding o f  the near w all region follow ed the gu idelines outlined by B urgos et al. [236] and 

A nderson [163]. A nderson found tha t the non-dim ensional w all co-ordinate, y+, needed to 

be less than 2, w hereas B urgos et al. proposed tha t the distance from  the w all equ ivalen t to 

y+ «  11.5, w hich defines the dem arcation be tw een the applica tion o f  the linear and 

logarithmic law s-of the-w all, be discretized by six cells un iform ly spaced. The latter 

analysis is m ore easily applicable as in  con trast to A nderson [163], the w all shear stress 

value is no t requ ired to be calculated for estim ating y+. Instead, B urgos et al. [236] 

propose the follow ing em pirical correlation to estim ate the thickness o f  the viscous sub 

layer:

—  = 0.3966 -  0.0996 lo g ]0(R eL) (4.4)
L

where ys is the distance from  the wall equivalent to y+ «  11.5, L is the com ponent length in 

the stream -w ise direction, and ReL is the Reynolds num ber based on com ponent lenght.

Thus, for 4 m /s airflow  velocity, Equation (4.4) yields th a t the first six fluid grid cells 

should be uniform ly distributed w ithin 0.373 m m  from  the com ponent surface respectively, 

w ith near w all grid cells o f  62 jam thickness. It should be noted that both B urgos et al. and 

A nderson’s recom m endations were developed for large com ponent bodies, such as the 

PQFP 160, w here package top surface was the dom inant heat dissipating path. In these 

studies therefore, h igh heat dissipation sensitised the m odelling o f  convective heat transfer 

from the package top surface, thereby leading to fine gridding requirem ent in the near-wall 

region. This approach m ay how ever result in  excessive gridding w hen applied to the 

present m odels, as only one third o f  the com ponent heat loss was dissipated from the 

package top surface, Table 7.12. Therefore, the grid detail calculated using Burgos et al. 

criterion was m odified by placing only four transverse grid cells w ith in  the distance defined 

by Equation (4.4) using a pow er law  grid distribution, w ith  the first fluid grid cell 

extending 71 (am from  the package surface.
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The rem aining portions o f  the fluid dom ain both  on the board  non-com ponent side and 

above the com ponent surface were m odelled using a pow er law  grid spacing distribution in 

the transverse direction, w ith  increasing cell size tow ards the dom ain boundaries. The 

Stage 1 and 2 numerical models were derived from  that o f the non-insulated Stage 3 by 

depopulating the PCB o f  the unnecessary components, w ithout altering the computational grid.

For the insulated Stage 3 PCB configuration, the gridding detail on the board com ponent 

side was m aintained as for the non-insulated case above. H ow ever, the grid on the board 

non-com ponent side was redistributed to account for the elliptical insulation block.

The com putational grid volum es used w ere o f  order 4 m illion  grid cells, details o f  w hich 

are given in  Table 4.20. Prediction sensitivity to finer grid resolution was investigated 

using h a lf geom etry m odels, w ith  a sym m etry boundary condition applied along the PCB 

central stream -w ise axis (Plane X-X, Figure 3.6(a)). This approxim ation w as m ade as 

w orst-case asym m etry in  m easured com ponent junction  tem perature in the span-wise 

direction about the PCB central stream -wise axis did not exceed 3.5°C on the insulated 

Stage 3 PCB. W hile the use o f  h a lf geom etry m odel w ould therefore be inappropriate to 

report predictive accuracy, it did perm it grid sensitivity to be evaluated by doubling the 

overall grid volum es given in Table 4.20. U sing these finer grids, junction  tem perature 

predictions varied by less than 1.5°C and 3°C for the non-insulated and insulated cases 

respectively, relative to the standard grid details applied to h a lfb o a rd  geom etry. As will be 

shown, the m agnitude o f  prediction errors reported typically exceeded these variations. 

Furtherm ore, net accuracy did not necessarily im prove w ith  the com bined effects o f the 

symmetry m odelling and grid refinem ent. A ll m odels w ere verified to produce solutions 

that were independent to com putational dom ain size, for either flow  m odel applied and 

free-stream  air velocity.

T ab le  4.19 Location o f  applied artificial boundary conditions relative to the PCB for the

PCB  model Inlet Outlet Free-stream  boundaries

Component side N on-componen t/ 
insulation side

S tream -wise edge

Non-insulated 80 150 32 29 20

Insulated 100 150 65 50 37

Note: All dimensions are in millimetres. Computational models constructed using Flotherm.

T ab le  4.20 C om putational dom ain size and grid discretization details for the forced 

convection Stages 1, 2 and 3 num erical models.
Non-insulated  PCB Insulated  PCB

Total, xyz Total, xyz

Domain size (mm) 463 212 63 — 483 229 166 ...

Computational grid cells 298 165 79 3,884,430 276 147 101 4,097,772

Note: x, y and z co-ordinates refer to the stream-wise, span-wise and transverse directions respectively, 

Figures 4.17 and 4.18. Computational models constructed using Flotherm.
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Uniform free-str 
inlet velocity

Track

Component

PCB connector 

M echanical support

Pressure outlet 
boundary

(a) Stage 1 PCB

Uniform free-stre 

inlet velocity

Track

Component

Y
A

PCB connector 

M echanical support

Pressure outlet 
boundary

L (b) Stage 2 PCB

Note: Unmarked computational domain boundaries are free-stream boundaries. Gravity vector acts in (-y) 

direction. Computational models constructed using Flotherm.

F ig u re  4.17 Stages 1 and 2 forced convection num erical m odels.
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Note: Unmarked computational domain boundaries are free-stream boundaries. Gravity vector acts in (-y) 

direction. Computational models constructed using Flotherm.

F ig u r e  4 .1 8  Stage 3 forced convection num erical models.
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(b) Insulated Stage 3 PCB

Note: Computational grid discretization details given in Table 4.20. M odels constructed using Flotherm. 

F ig u re  4.19 Com putational dom ain discretization grids applied to the Stage 3 forced 

convection num erical m odels show n in Figure 4.18.
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W hile all tu rbulen t flow  solutions were fully converged, default convergence could no t 

be obtained for lam inar com putations for the S tage 2 and 3 PCB configurations. For the 

insulated PCB cases, the residual error sum s for pressure and x-velocity  could only be 

reduced to w ithin 6 % and 2%  respectively o f  their term ination  error levels. The field 

errors for pressure w ere found to be located in the w ake flow  dow nstream  o f  the board. As 

grid aspect ratios w ere m aintained w ithin satisfactory ranges to m inim ise convergence 

difficulties, it was suspected that the dow nstream  dom ain outlet w as not positioned at a 

sufficient distance from  the PCB trailing edge to fully resolve the transient w ake region. 

However, increasing the stream -w ise length o f  the dom ain w as com putationally unfeasible 

as the grid volum e already exceeded 4 m illion cells. Instead, to assess i f  convergence 

could be im proved, a sim plified PCB m odel was used, w hereby both  the com ponent 

internal architecture and PCB copper tracking details w ere not m odelled. As the software 

uses a structured grid, th is perm itted the superfluous grid detail that w ould otherw ise be 

required to m aintain low  grid aspect ratios to be redeployed, thereby enabling the dom ain 

stream-wise length to be extended by 200 mm. How ever, convergence for pressure did not 

improve, w hile tem perature predictions for the sim plified com ponents only changed by on 

average ±0.3°C  relative to those for the sm aller dom ain. O n th is basis, it was concluded 

that the w ake flow  was sufficiently resolved so as not to adversely im pact on com ponent 

junction tem perature prediction accuracy.

Fluent C om putational M odels. Stage 1 and N on-Insulated Stage 3

The num erical m odels for the Stage 1 and non-insulated Stage 3 test configurations, 

analysed in a  4 m /s airflow, are show n in  Figures 4.20 and 4.21 respectively. As 

com putational expenses associated w ith  the unstructured m esh prohibited sufficient grid 

resolution to be applied to full board geom etry m odels, com putational constraints were 

eased by taking advantage o f  the sym m etry o f  the heat transfer processes for each test 

configuration.

For the Stage 1 PCB, the num erical m odel w as confined h a lf  board geom etry, w ith a 

symmetry boundary condition applied along the PC B ’s central stream -w ise axis. This 

symmetry plane w as m odelled as an adiabatic, frictionless and im perm eable surface.

For the non-insulated Stage 3 PCB, w orst-case asym m etry in m easured com ponent 

junction tem perature in  the span-wise direction about the P C B ’s central stream -w ise axis 

(Plane X-X, F igure 3.6(a)), was ±1°C about com ponent I for the sim ultaneously pow ered 

configuration, Table 3.8. Taking advantage o f  this sym m etry, the m odelling o f h a lf board 

geometry w as firstly  evaluated, but com putational constraints did not perm it sufficient grid 

resolution to be applied to resolve the PCB therm ofluids. Consequently, the suitability o f
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confining the m odel to the central stream -w ise com ponen t row  (com ponen ts F - J), w ith 

symmetry planes applied at h a lf com ponen t spacing be tw een adjacen t stream -w ise 

com ponen t row s, Figure 4.21(a), was investigated. This w as assessed using Flo therm , in 

w hich the com plete board geom etry could be m odelled, F igure 4.18(a). For the high- 

Reynolds num ber k-s m odel, com ponen t junction  tem peratu re predic tions were only found 

to vary by a  w orst-case +0.9°C and +0.7°C for the individually and sim ultaneously pow ered 

com ponen t configura tions respectively, rela tive to the predictions obtained by m odelling 

the com plete board geom etry, using the sam e grid construction. This m odelling approach 

was therefore appropriate, given the com putational constraints. The sym m etry boundary 

conditions w ere defined in the same w ay as for the Stage 1 num erical model.

The Stages 1 and 3 com putational dom ains w ere constructed in  a  sim ilar m anner as the 

corresponding forced convection num erical m odels in Flotherm . A  un ifo rm  4 m /s free- 

stream  velocity  in le t boundary condition w as applied upstream  o f  the PCB leading edge, 

and a pressure outlet boundary was positioned dow nstream  o f  the PCB trailing edge. Free- 

stream boundaries w ere applied parallel to the PCB com ponent- and non-com ponent sides. 

In addition for Stage 1, a  free-stream  boundary was also applied parallel to the PCB 

stream -wise edge. The location o f  these boundaries are defined in Table 4.21 for both 

models. Turbulence intensity was specified at 2%  at the dom ain inlet boundaries, w ith  the 

prescription o f  this boundary condition detailed in A ppendix C for the respective turbulent 

flow  models.

The fluid dom ain w as solved as turbulent using the Spalart-A llm aras, tw o-layer zonal 

and SST k-co m odels. The tw o-layer zonal m odel was em ployed in  conjunction w ith both 

the standard high-R eynolds num ber k-e and R N G  k-s flow  m odels. B ased on experim ental 

flow visualisation the flow  field was solved as steady, w ith  variable fluid property 

treatm ent applied.

Radiative heat transfer was m odelled from  the com ponent top and bottom  surfaces, 

PC B ’s FR -4 substrate and copper tracking surfaces using the D iscrete O rdinates model. In 

this instance, the gray radiation assum ption was used, and the fluid  treated as a non 

participating m edium .

The application o f  low -Reynolds num ber turbulence m odels necessitated a finer near 

wall transverse grid resolution than required for the standard high-R eynolds num ber k-s 

model. The non-insulated Stage 3 num erical m odel was discretized using an unstructured 

non-conform al hexahedral mesh, w hereas a  conform ai m esh w as em ployed for Stage 1. 

The non-conform al m esh perm itted the superfluous grid cell volum e in  the far field 

upstream  and dow nstream  o f the board, generated by the fine transverse grid in the vicinity 

o f  the PCB, to be redeployed to focus on the resolution o f  the PCB therm ofluids. The first
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fluid grid cell w as set 35 [im from  the com ponen t- and board  surfaces, w hich resulted in y+  

values being on the order o f  unity.

The m eshes ob tained con tained approxim a tely 0.9 M  and 1.5 M  cells for S tages 1 and 3 

respectively, w ith corresponding grid details given in  Table 4.22. These grids are 

visualised in Figures 4.20(b) and 4.21(b) for S tages 1 and 3 respec tively.

For the S tage 3 num erical m odel, the sub-dom ain defined by the inner m esh region was 

discretized using on order tw ice the grid resolution em ployed for the standard high- 

Reynolds k-s m odel in the same rec tilinear volum e. U sing this m esh, the SST k-ro m odel 

junction  tem perature predic tions ob ta ined using second-order accura te upw ind scheme 

were found to differ by w orst-case 0.6°C from  those ob ta ined using the first-order scheme, 

w ith negligible difference against the Q U ICK  scheme. M esh dependency o f  the solutions 

was also assessed using local adap tive solution features o f  the code to ensure an accurate 

resolution o f  the flu id tem perature and velocity gradients. M esh adap tation was found to 

have m inim al im pact on com ponen t junction  tem perature predic tions in  this instance. For 

Stage 1, increasing the grid volum e to 1.5 M  cells had  negligible im pac t on junction  

temperature. C onsequen tly, the m esh constructions given in Table 4.22 w ere considered as 

adequate for each m odel.

The solutions ob tained were fully converged, w ith the norm alised residuals for 

continuity, m om en tum , and the tu rbulen t variables being less than 5x1 O'5, and for energy 

and radia tion intensity, less than 10'9 and 10‘7 respectively.

T ab le  4.21 Loca tion o f  applied artificial boundary conditions rela tive to the PCB for the 

S tages 1 and 3 forced convec tion num erical m odels, Figures 4.20 and 4.21.________
PCB model Inlet Outlet Free-stream  boundaries

Component side N on-com ponen t/ 
insulation side

Stream -wise edge

Stage 1 (half geometry) 80 150 32 29 20

Non-insulated Stage 3 (F - J) 55 150 30 27 . . .

Note: All dimensions are in millimetres. Computational models constructed using Icepak/Fluent.

T ab le  4.22 C om putational dom ain size and grid discretization details for the Stages 1 and 

3 forced convection num erical m odels.
Domain
region

Stage 1 (halfgeometry) N on-insu la ted  S tage 3 (F  - J)*

X y z Total, xyz X y z Total, xyz

Domain size (mm) Overall 463 100 63 . . . 438 45 58.6 . . .

Inner — . . . . . . . . . 326 45 29.4 . . .

Computational grid cells Overall 204 81 55 908,820 . . . 1,549,975

Inner . . . . . . . . . . . . 1,463,200

Note: x, y and z co-ordinates refer to the stream-wise, span-wise and transverse directions respectively, 

Figures 4.20 and 4.21. *Unstructured, non-conformal mesh, w ith Overall referring to the global 

computational domain, and Inner to the sub-domain discretized by the inner mesh. Computational models 

constructed using Icepak/Fluent.
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(b) Computational mesh

No te: Unm arked com putational domain boundaries in (a) are free-stream  boundaries. Gravity vector acts 

in (-y) direction. Com putational grid discretization details given in Table 4.22. Computational model 

constructed using Icepak/Fluent.

F ig u re  4 .2 0  Stage 1 forced convection num erical m odel (h a lf geom etry).
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Z  X

(a) Computational model

Pressure outlet 
boundary

(b) Non-conformal, unstructured computational mesh

Note: Computational domain boundaries: z- and y-planes are defined as free-stream and symmetry boundary 
conditions respectively. Gravity vector acts in (-y) direction. Computational grid discretization details given 

in Table 4.22. Computational model constructed using Icepak/Fluent.

F ig u re  4.21 N on-insulated Stage 3 forced convection num erical m odel (Central stream- 

wise com ponent row, F - J).



4 .6 .2  S E M I  P C B  T e s t  C o n f ig u r a t io n s

The num erical m odels for the single board-m ounted PQ FP 160 test configurations, 

presen ted in Sections 3.3 and 3.4 for steady-state and transien t hea t transfer respectively, 

are described here. N um erical analysis w as undertaken using Flo therm , and the 

com putational m odels are show n in Figures 4.22 and 4.23 for free and forced convec tion 

respectively.

Free convection. It w as no t necessary to ex tend the com putational m odel to the 

enclosure w alls as the enclosure ro o f did no t adversely im pac t on the buoyan t therm al 

plum e em anating from  the PCB assembly, and as there w as negligible therm al stratification 

in the vicinity  o f  the PCB assembly. Instead free-air boundary conditions w ere applied at 

the com putational dom ain boundaries, positioned at a sufficien t d istance from  the PCB 

assem bly so tha t no significan t un in ten tional ellip tical effects w ere introduced. These free- 

air boundaries fixed the relative pressure to zero with any incom ing air entering at the 

prescribed am bien t temperature. Their location was approxim a tely 62 m m  from  the PCB 

componen t- and non-com ponen t sides, 100 m m  from  bo th PCB vertical edges, flush with 

the bo ttom  edge o f  the PCB, and 84 m m  above the PCB top edge.

The board G rashof num ber, calculated from  the therm ographic m easurem en ts for 

steady-state heat transfer, was on order 106. Consequen tly, the flu id  dom ain was solved as 

laminar.

Radiative hea t transfer w as m odelled from  the com ponen t top and bo ttom  surfaces, PCB 

FR-4 substrate and copper tracking surfaces. A s outlined by R osten e t al. [103], it is no t 

necessary to explicitly m odel the radiative exchange be tw een the com ponen t-PC B  surfaces 

and the enclosure w alls, as the enclosure w all em issivity has negligible effect on the net 

radiative hea t loss from  the com ponen t-PCB. This is explained by the com ponen t-PCB 

radia tion hea t transfer being analogous to a small object radia ting w ithin a large cavity, for 

which gray-diffuse radiation heat transfer is analytically described by the following 

expression [270]:

q =  (4.5)
1

---+
£ l

- i - 1
V82

where a  is the Stefan-B oltzm ann constant, A i and A 2 are the sm all convex object and 

enclosure surface areas respectively, w ith Ti and T2 being the  corresponding surface 

tem peratures, and Si and £2 the corresponding surface em issivities.

Thus from  Equation (4.5), as the enclosure surface area is considerably larger than the

140



effective radia ting area, the enclosure does no t im pact on the PCB ne t radia tive heat loss. 

Therefore R osten et a l.’s [103] m odelling approach can also be em ployed, whereby 

com ponen t-PCB surfaces are specified to radiate to a black body source at 20°C  external to 

the com putational dom ain. This m ethod w as applied to m odel radiation  heat transfer from  

the com ponent top and PCB surfaces.

F orced  convection. For the forced convection m odels, a uniform  free-stream  velocity 

inlet boundary condition was applied 57.5 m m  upstream  o f  the PCB leading edge, and an 

outlet pressure boundary was positioned 100 m m  dow nstream  o f  the PCB trailing edge. 

The dom ain w as extended to the wind tunnel test section w alls in bo th  the span-wise and 

transverse directions. The test section surfaces were m odelled  using the code’s default 

friction setting for sm ooth surfaces. As discrepancies existed betw een the program m ed and 

m easured test section free-stream  air tem perature cycles, resulting  from  the therm al inertia 

o f the heater, the experim entally recorded tim e-tem perature profiles w ere m odelled using a 

num erical heater located at the m odelled test section inlet, F igure 4.23(a).

The calculated board Reynolds num ber for steady-state heat transfer at 4 m /s was on 

order 2x105, suggesting that the flow  was possibly transitional [271], Consequently, the 

fluid dom ain was solved as lam inar for both free convection, and 1 m /s and 2.25 m /s 

airflows, and as both  lam inar and turbulent at 4 m/s. For turbulent flow  analysis the 

standard high-R eynolds num ber k-s flow  m odel was em ployed. V ariable fluid property 

treatm ent w as applied.

R adiation was m odelled as for the corresponding free convection analyses.

The spatial grid discretization details for both the free and forced convection num erical 

models are provided in  Table 4.23, w ith  the grids visualised in Figures 4.22(b) and 4.23(b). 

The grid construction follow ed sim ilar guidelines as given for the populated board 

num erical m odels in Section 4.6.1.2. The solutions w ere verified to be grid-independent, 

w ith less than  0.5°C difference in ju n c tio n  tem perature predictions obtained by halving the 

grid volum es given in Table 4.23.

Table 4.23 C om putational dom ain size and grid discretization details for the SEMI PCB

Free convection Forced convection

X .V z Total, xvz x y z Total, xvz

Domain size (mm) 193 200 125 — 235.5 128.0 125.0 ...

Computational grid cells 124 93 114 1,314,648 132 79 114 1,188,792

Note: x, y and z co-ordinates refer to the direction o f  package width, length and height/the stream-wise, span- 

wise and transverse directions respectively.
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PCB 
and 
support

Computational
domain

(b) Computational grid

Note: Computational domain boundaries are free-air boundaries, with the exception o f  the y-low plane, 

which is m odelled as a wall boundary. Gravity vector acts in (-y) direction. Computational grid discretization 

details given in Table 4.23. Computational model constructed using Flotherm.

F ig u re  4.22 Free convection num erical m odel for the single board-m ounted PQFP 160 

component.

(a) Computational model

Component
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(a) Computational model

(b) Computational grid

Note: Unmarked com putational domain boundaries are wall boundaries. Gravity vector acts in (-y)

direction. Computational grid discretization details given in Table 4.23. Computational model constructed 

using Flotherm.

F ig u re  4.23 Forced convection num erical m odel for the single board-m ounted PQFP 160 

component.
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For the analyses o f  the transien t test configurations, bo th hea t transfer and flu id  flow  

were solved as unsteady. N on-un iform  tem poral grids w ere applied having highest density 

in the tim e in tervals w here h igh ra tes o f tem perature change w ere experim en tally recorded 

on the test assem bly. These grids w ere constructed using tim e steps ranging from  3 ms to 5 

s. The solutions obtained w ere verified to be tem poral grid independent.

All solutions w ere fully converged to the code’s default settings.

4 .6 .3  C o m p a c t  C o m p o n e n t  T h e r m a l  M o d e l l in g  T e s t  C o n f ig u r a t io n s

N um erical m odels for the S 0 8  and PQFP 208 test configurations w ere previously 

presented by Lohan et al. [149,225] and R odgers et al. [35] respectively, incorporating 

detailed com ponent m odels. Lohan et al. analysed com ponent heat transfer in both free 

convection [149] and 1 m /s airflow  [225], and these analyses are extended here to both  2 

and 5 m /s airflows. All analyses are undertaken using Flotherm .

The S 0 8  free and forced convection num erical m odels are show n in Figures 4.24 and

4.26 respectively, w ith  the PQ FP 208 forced convection m odel show n in Figure 4.28. The 

construction o f the com putational dom ains for free and forced convection heat transfer 

follows the approach taken for the single board-m ounted PQ FP 160 configurations in 

Section 4.6.2.

The com putational dom ains used to incorporate the  detailed com ponent models 

represented quarter and h a lf  com ponent-board geom etry for free and forced convection 

respectively. These sym m etry boundary conditions w ere perm issible as infrared imaging 

showed that the com ponent-PC B  surface tem perature profiles w ere sym m etrical about the 

package centre in the directions o f  package length and w idth  in free convection, and in the 

span-wise direction in forced convection, reflecting the sym m etry o f  the heat transfer 

processes. Sym m etry planes were m odelled as adiabatic, M otionless and imperm eable 

surfaces.

As F lotherm ’s C om pact C om ponent Sm artPart does no t support the use o f  a sym m etry 

boundary condition, the com plete com ponent-board geom etries required to be m odelled to 

incorporate the CTM s.

For all m odels, the com putational dom ains w ere confined to the fluid dom ain in the 

vicinity o f  the PCB to perm it the com putational grid to be effectively used to focus on the 

resolution o f  the com ponent-PC B  therm ofluids.

For the S 0 8  free convection case, free-air boundary conditions w ere applied at the 

com putational dom ain boundaries, fixing the relative pressure to zero w ith  any incom ing 

air entering at the prescribed am bient tem perature. Their location relative to the PCB are 

defined in Table 4.24.
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T a b le  4 .2 4  Loca tion o f  applied artificial boundary conditions rela tive to the PCB for the 

S 0 8  free convec tion num erical m odels. Figure 4.24. __________
Free-stream boundaries

Component
side

Non-component
side

Edge

50.0 25.0 11.9
Note: All dimensions are in millimetres.

T a b le  4 .2 5  C om putational dom ain size and grid discre tiza tion  de tails for the SO 8 free 
convection num erical m odels.

Detailed  component model 
(quarter geometry)

CTM  (complete geometry)

X y z Total, xyz x y z Total, xyz

Domain size (mm) 50.0 50.0 76.6 — 100.0 100.0 76.6 . . .

Computational grid cells 68 64 116 507,832 136 129 116 2,035,104

Computational grid cells in [149] 44 51 47 105,468 . . . . . . . . . . . .

Note: x, y and z co-ordinates refer to the direction o f package width (leaded), length and height respectively, 
Figure 4.24.

For the forced convec tion cases, the com putational dom ains w ere no t ex tended to the 

w alls o f  the w ind tunnel test section as there was no flow  in terac tion be tw een the PCB in 

plane surfaces and opposing parallel walls. Instead, free-stream  boundaries w ere applied at 

a sufficien t d istance from  the test assem bly so tha t no significan t un in ten tional ellip tical 

effects w ere introduced. A  un iform  free-stream  velocity  in le t boundary condition was 

applied upstream  o f  the PCB leading edge, and an outle t pressu re boundary w as positioned 

dow nstream  o f  the PCB trailing edge. The location o f  the applied artificial boundary 

conditions rela tive to the PCB are given in  Tables 4.26 and 4.28 for the S 0 8  and PQFP 208 

models respectively.

T a b le  4 .2 6  Loca tion o f  applied artificial boundary conditions rela tive to the PCB for the 

S 0 8  forced convection num erical m odels, Figure 4.26.______________
In let Outlet Free-stream boundaries

Component
side

Non-component
side

Stream -w ise
edge

30.0 43.8 25.4 25.0 11.9

Note: All dimensions are in millimetres.

T a b le  4 .2 7  Com putational dom ain size and grid d iscretiza tion details for the S 0 8  forced 

convection num erical m odels. _______
Detailed component model

(halfgeometry)

CTM  (complete geometry)

X y z Total, xyz X .V z Total, xyz

Domain size (mm) 150 50 52 . . . 150 100 52 . . .

Computational grid cells 187 64 102 1,220,736 187 129 102 2,460,546

Note: x, y and z co-ordinates refer to the direction o f package width, length and height/the stream-wise, span- 
wise and transverse directions respectively, Figure 4.26.
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T able  4.28 Loca tion o f  applied artificial boundary conditions rela tive to the PCB for the 
PQFP 208 forced convection num erical m odel. Figure 4.28. _____

Inlet Outlet Free-stream boundaries

Component
side

Non-component
side

S tream -wise
edge

30.0 44.0 38.4 25.0 12.0
Note: All dimensions are in millimetres.

T ab le  4.29 Com putational dom ain size and grid discretiza tion details for the PQ FP 208 
forced convec tion num erical models.

Deta iled component model

(ha lf geometry)

CTM  (complete geometry)

X y z Total, xyz X y z Total, xyz

Domain size (mm) 175.6 62.8 65.0 — 175.6 125.6 65.0 —

Computational grid cells 189 79 110 1,642,410 189 158 110 3,284,820

Computational grid cells in [35] 147 63 82 759,402 . . . . . . . . . . . .

Note: x, y and z co-ordinates refer to the direction o f  package width, length and height/the stream-wise, span- 

wise and transverse directions respectively, Figure 4.28.

The fluid dom ain was solved as lam inar for all test configurations, w ith  the exception o f  

the 5 m /s S 0 8  case, w hich was solved using the standard high Reynolds k-e flow  model. 

However, predictive accuracy only decayed by 1°C using the lam inar m odel for this case, 

indicating a low  level o f  turbulent viscosity in  the flow. Variable fluid  property treatm ent 

was applied for all m odels. Radiative heat transfer was m odelled from  the PCB substrate 

and copper tracking surfaces, the com ponent top and bottom  surfaces for the detailed 

model, and the package top surface only for the com pact model.

For each test case, the same com putational dom ain grid construction w as applied for 

com pact and detailed com ponent m odelling. The grid details are given in Tables 4.25 and 

Table 4.27 for the S 0 8  free and forced convection num erical m odels respectively, and in 

Table 4.29 for the PQ FP 208 num erical m odels. These grids are visualised in  Figures 4.25,

4.27 and 4.29 respectively, and were verified to  produce grid independent solutions. The 

com putational grid volum es em ployed for the com plete S 0 8  com ponent-board geometry 

m odels were on  order 2.0 and 2.5 m illion cells in free and forced convection respectively. 

For the PQ FP 208 2 m /s case, a com putational grid volum e o f  approxim ately 2.3 M  cells 

was em ployed for the com plete geom etry m odel. The grid em ployed for the S 0 8  free 

convection m odel, was five tim es denser than  that previously reported by Lohan et al. 

[149], Lohan et al. [225] does not report the grid details for the corresponding forced 

convection analysis. For the PQ FP 208 test configuration, the grid em ployed was twice as 

dense as that reported by Rodgers et al. [35].
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(i) Detailed com ponent model (quarter geometry) (ii) Compact com ponent model

N o te: U nm arked com pu ta tional dom ain  boundaries are free-air boundaries. G ravity  v ec tor ac ts in (-z) direc tion. 

C om putational m odels cons tructed  u sing  F lo therm .

F ig u r e  4 .2 4  Free convec tion num erical m odels for the single board-m ounted S 0 8  
component.

x  Y

(ii) Com pact com ponent model
x  Y

(i) Detailed component model (quarter geometry)

Component

N o te: U nm arked  com putational dom ain  bounda ries are free-a ir boundaries. G rav ity  v ec to r ac ts in  (-z) direc tion. 

C om putational g rid  d iscre tiza tion  de ta ils g iven  in Table 4.25. C om putational m odels cons tructed  u sin g  Flo therm .

F ig u r e  4 .2 5  C om putational dom ain discretiza tion grids applied to the free convection 

single board-m ounted S 0 8  com ponen t numerical models show n in  Figure 4.24.
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N o te : Unm arked computational domain boundaries are free-stream boundaries. Gravity vector acts in (-y) 
direction. Computational models constructed using Flotherm.

F ig u r e  4.26 Forced convection num erical m odels for the single board-m ounted S 0 8  

component.

(i) D eta iled  com ponen t m odel (h a lf  geom etry) ( i i )  C o m p a c t  c o m p o n e n t  m o d e l

N o te : Unmarked com putational domain boundaries are free-stream boundaries. Gravity vector acts in (-y) 

direction. Computational grid discretization details given in Table 4.27. Computational models constructed 

using Flotherm.

F ig u r e  4 .2 7  Com putational dom ain discretization grids applied to  the forced convection 

single board-m ounted S 0 8  com ponent numerical models show n in  Figure 4.26.

C o m p o n e n t
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(a) Detailed com ponent model (half geometry) (b) Compact com ponent model

Note: Unmarked computational domain boundaries are free-stream boundaries. Gravity vector acts in (-y) 

direction. Computational models constructed using Flotherm.

F ig u r e  4 .2 8  Forced convection num erical models for the single board-m ounted PQ FP 208 

component.

(a) Detailed component model (half geometry) O’) Com pact component model

Note: Unm arked computational domain boundaries are free-stream boundaries. Gravity vector acts in (-y) 

direction. Computational grid discretization details given in Table 4.29. Computational models constructed 

using Flotherm.

F ig u r e  4 .2 9  Com putational dom ain discretization grids applied to the forced convection 

single board-m ounted PQ FP 208 com ponent numerical models show n in Figure 4.28.
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It is acknow ledged tha t such grid volum es are excessive for ob ta ining grid independen t 

solutions. In addition, as the same gridding was applied to the com pact and detailed 

com ponen t cases, these analyses do no t perm it the po ten tial com putational savings offered 

by com ponen t com pac t m odelling to be highligh ted. Such savings w ould be o f  value for 

system-level analyses, particularly using Cartesian grid system s, in  w hich the com ponen t 

and board architec tures generate grid bleeding in to the flu id  dom ain. Such aspects are 

outside the scope o f  the presen t study, w hich focuses on C TM  predic tive accuracy.

A ll solutions w ere fully converged  to the softw are default settings.

4 .7  S u m m a r y

CFD flu id  flow  m odelling strategies for the analysis o f  elec tronic com ponen t heat 

transfer w ere review ed. M ethodologies for com ponen t and prin ted circu it board num erical 

m odelling, and com putational dom ain construction w ere outlined. The com ponen t 

num erical m odels w ere based on nom inal package dim ensions and m a terial thermal 

properties.

C om ponen t junction  tem perature predictions for all m odels w ere com putational dom ain 

independen t and  p redic tion  sensitivity to grid resolution w as quantified.

The num erical m odels defined for the single- and m ulti-com ponen t test configurations 

will be used in C hap ters 5 to 7 to assess CFD predic tive accuracy for com ponen t heat 

transfer using s tandard and alternative flu id  flow  m odelling strategies.
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5 .0  N u m e r ic a l  P r e d ic t iv e  A c c u r a c y : S in g le  C o m p o n e n t  B o a r d  H e a t  
T r a n s fe r

5 .1  I n tr o d u c t io n

In this chapter, the de tailed com ponen t-Prin ted C ircu it B oard (PCB) num erical 

m odelling m e thodologies are assessed for bo th steady-state and transien t heat transfer 

using the single-board m ounted com ponen t configura tions described in Sections 3.3 to 3.5.

Predictive accuracy is firstly assessed for steady-state com ponent heat transfer, whereby 

the variable o f  therm al capacitance is elim inated. The validated  com ponent-PC B  models 

w ill then be used in C hapters 6 and 7 to assess the capability  o f  Com putational Fluid 

Dynamics (CFD) analysis to predict m ulti-com ponent board heat transfer.

A nalysis o f  the transient com ponent heat transfer configurations in  this chapter will 

provide an insight into the potential o f  CFD to predict dynam ic com ponent therm al 

behaviour in therm al environm ents representative o f those encountered in  reliability testing 

and convective solder reflow  assem bly processes. The predictive perform ance o f 

com ponent com pact therm al m odels (CTM s) im plem ented in  a  CFD environm ent is also 

evaluated for com ponent steady-state heat transfer.

These analyses are undertaken using Flotherm . A cknow ledging the difficulties in 

defining a dom inant characteristic dim ension, hence transition  Reynolds num ber, that 

adequately describes the fluid flow  regim e in  non-dim ensional form  over the PCB (Section 

2.2), the fluid dom ain for the forced convection cases w as solved using both  lam inar and 

turbulent flow  m odels. The k-e flow  m odel predictions are the a p r io r i  predictions for 

turbulent flow  analysis, w ith  the LV EL m odel only evaluated to provide a  base-line 

accuracy for corresponding analyses o f  the populated boards in  C hapter 7.

5 .2  V a l id a t io n  o f  th e  P Q F P  1 6 0  C o m p o n e n t -P C B  N u m e r ic a l  M o d e ls

The numerical models for the three PQFP 160 package designs were described in Section

4.6.2. The free and forced convection numerical m odels for package design I m ounted on 

the Stage 1 PCB are shown in Figures 4.14(a) and 4.17(a) respectively. Corresponding 

numerical models for package designs II and III on the SEM I standard PCB are presented in 

Figures 4.22 and 4.23 for free and forced convection respectively.

Numerical predictions for com ponent steady-state junction  tem perature are presented in 

tabulated format, w ith component-PCBs surface tem perature profiles shown in graphical 

format. These predictions are compared w ith corresponding experim ental measurements. In 

addition to assessing the accuracy o f a p r io r i  predictions, obtained using nom inal 

com ponent/board geom etry and m aterial properties, num erical m odel sensitivity to both
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com ponen t and PCB m odelling param eters is also investiga ted to determ ine i f  im proved 

predictive accuracy could be ob tained for subsequen t stud ies. Finally, numerical energy 

balance analyses o f  com ponen t heat transfer are also presen ted w hich provide a better 

understanding o f  the hea t transfer mechanisms associated w ith package heat loss.

5 .2 .1  J u n c t io n  T e m p e r a t u r e  P r e d ic t io n s

Predic tion discrepancy in free and forced convec tion is presen ted bo th as an absolute 

temperature error (°C), and percen tage value in  Table 5.1 for package design I m ounted on 

the Stage 1 PCB, and in Table 5.2 for package designs II and III on the SEM I standard 

PCB.

The results show that in bo th free and forced convection, predic tion accuracy is w ithin 

±3°C o f m easu rem en t for all package types, w hen account is taken o f  m easurem en t 

uncertainty. P redic tion sensitivity to PCB topology and flow  m odel is discussed.

T a b le  5 .1  C om parison o f  m easured and predic ted com ponen t steady-state junction

Airflow
(m/s)

M easured

(°C)

Prediction discrepancy (°C)

Lam inar k-e LVEL

0 8 6 .0 + 1 .9  (2 .9 % ) . . . —

2 .0 6 6 .0 + 0 .7  (1 .5 % ) + 1 .5  (3 .3 % ) - 1 .5  (3 .3 % )

4 .0 5 8 .6 + 1 .0  (2 .6 % ) + 0 .8  (2 .1 % ) - 1 .7  (4 .4 % )

N o te : M easurement uncertainty, ±0.5°C and ±0.4°C for free and forced convection respectively. Percentage 
prediction error in parenthesis ( ) is calculated based on the measured component junction temperature rise 
above ambient air temperature. Component power dissipation =  3W. Ambient air temperature = 20°C.

T a b le  5 .2 . C om parison o f  m easured and predicted com ponent steady-state junction  
tem peratures for the PQ FP 160 package designs II and III, characterised on the SEM I 

standard PCB.
Airflow
(m/s)

Package design I I Package design III

Meas.
r c )

Prediction discrepancy
r c )

Meas.

C Q

Prediction discrepancy 
(°C)

Laminar k-e Laminar k-e

0 8 3 .6 -2 .3  (3 .6 % ) — 7 7 .4 - 1 .9  (3 .3 % ) . . .

1 .0 7 0 .3 -2 .1  (4 .2 % ) — . . . . . .

2 .0 6 1 .8 -1 .7  (4 .0 % ) - 2 .7  (6 .5 % ) 5 7 .8 - 2 .0  (5 .3 % ) - 2 .9  (7 .7 % )

4 .0 5 1 .2 + 2 .0  (6 .4 % ) + 0 .9  (2 .9 % ) 4 7 .0 + 2 .1  (7 .8 % ) + 0 .9  (3 .3 % )

N o te: M easurement uncertainty, ±0.7°C and ±0.6°C for free and forced convection respectively. Percentage 
prediction error in parenthesis ( )  is calculated based on the m easured component junction temperature rise 
above ambient air temperature. Ambient air temperature =  2CPC. Component power dissipation = 3W.

On the Stage 1 PCB, com ponent junction  tem perature is consistently overpredicted 

using the lam inar and k-s flow  models. By contrast on the SEM I standard PCB, 

com ponent operating tem perature is underpredicted, w ith  the exception o f  the 4 m /s 

airflow. This variation in  accuracy w ith PCB topology m ay reflect the im pact o f
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com ponen t location rela tive to the board’s leading edge. This factor results in different 

flow  conditions about the component, to w hich the flow  m odels display different 

sensitivity. O n the SEM I PCB, junction  tem perature pred iction  sensitivity to free-stream  

airflow  velocity m ay also possibly reflect changes in the flow  conditions, experim entally 

visualised in Figure 3.32.

In forced convection, the  lam inar and k-e flow  m odel p red ic tions are w ith in  1.1 °C o f  

each other for bo th  PC B s, indicating that the k-£ m odel p red ic ts a  low  level o f  turbulen t 

viscosity  in the flow . This m ay no t be surprising considering  the lam inar nature o f  the 

flow s over the boards, as v isualised  in Figures 3.30 and 3.32. D espite its lim itations, the 

LVEL m odel pred ictions are on order w ithin 6%  o f  those  fo r the k -s m odel, Table 5.1.

N um erical sensitivity studies were perform ed to investigate junction  tem perature 

prediction sensitivity to potential m odelling uncertainties.

The im pact o f  potential uncertainties in nom inal com ponent and board constituent 

m aterial therm o-physical properties was assessed by the follow ing param etric analyses, 

perform ed in free convection.

For com ponent m odelling, the variables assessed w ere the therm al conductivity o f  the 

encapsulant, heat slug, die attach and die m aterials, and the volum etric copper content o f 

the leadframe.

A lthough Fitzgerald and D avies [272] reported good agreem ent betw een thermal 

conductivity m easurem ents o f  the epoxy encapsulant used in the present PQFP 160 

package, Sum itom o EM E-6300H , and the com ponent vendor data, prediction sensitivity to 

this m odelling variable w as assessed. Varying encapsulant therm al conductivity by 20% 

was found to only im pact on junction  tem perature predictions by 1°C (1.5% ) for package 

design I, and 0.5°C (0.8% ) for package design II. Prediction  sensitivity to this param eter 

was negligible for package design III. The sm all prediction  sensitivity to this param eter is 

due to the em bedded heat slugs dom inating heat spread w ith in  the package bodies. In 

contrast to the present results, com ponent therm al resistance can be highly sensitive to 

encapsulant conductivity for standard PQ FP constructions [103], w hich do not contain a 

heat slug, Figure 3.3(a). Regarding possible tem perature dependency o f  the encapsulant 

conductivity, F itzgerald and D avies [272] reported that its value only increased by 10% 

over a typical range o f  com ponent operating tem peratures. B ased on the above sensitivity 

analyses, there w as therefore no need to m odel th is tem perature dependency.

A lthough the heat slug therm al conductivity is w ell-docum ented [273], prediction 

sensitivity to this property w as assessed by reducing its nom inal value by 20%. This 

resulted in  on order only 0.6°C rise in junction  tem perature for the three package designs. 

However, such a conductivity variation is extreme.
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As the therm al resistance o f  the die a ttach layer is on  order only 0.2°C/W , varying the 

die a ttach therm al conductivity  by 20% had a negligible im pac t on junction  tem perature.

The local copper con ten t o f  the leadfram e varies about the average value modelled, 

50%, due to the leadfram e fingers sligh tly d iverging aw ay from  the die tow ards the 

package side, thereby resulting in higher copper con ten t in the vicinity  o f  the die. 

Therefore, the copper con ten t o f  the com pact leadfram e m odel w as increased from  50% to 

60%. This resulted in on order 0.6°C (0.9% ) reduction in ju n c tio n  tem perature. However, 

the extrem e copper con ten t assessed w ould no t be represen tative o f  the overall leadfram e 

design.

W hile the m odelled tem perature dependency o f  the die silicon therm al conductivity 

given in Table 4.1 is a  recognised industry m easu rem en t [274], predic tion sensitivity to 

this variable w as found to be m inimal. This results from  the low  die therm al resistance, 

due to bo th its rela tively  h igh conductivity and thinness.

For PCB m odelling, junction  tem perature predic tion  sensitivity to the therm al 

conductivity o f  the FR-4 substrate was assessed. G raebner and A zar [190] reported 

m easurem en t uncertain ties o f  ±5%  and ±10%  for the in-plane and through-plane therm al 

conductivity values respec tively. O n this basis, the FR -4 in-plane therm al conductivity 

was varied by 10%, rela tive to its nom inal value. This varia tion resulted in com ponen t 

junction tem pera ture varying by 0.6°C (0.9% ) and 0.4°C (0.6% ) on the S tage 1 and SEM I 

standard PCB respectively. The small predic tion sensitivity to this param eter is due to 

copper con ten t dom ina ting board hea t spread.

Corresponding analyses in  forced convec tion show ed tha t ju n c tio n  tem perature 

predictions w ere even less sensitive to these changes to the m odels than in natural 

convection. B ased on the above num erical sensitivity stud ies, there was no jus tifica tion  to 

alter the com ponent-board m odels described in  Section 4.5.

5 .2 .2  C o m p o n e n t -B o a r d  S u r fa c e  T e m p e r a t u r e  P r o f i le s

To further assess the m odelling m ethodology, m easured and predicted com ponent-board 

surface tem perature profiles were com pared in  Figure 5.1 for package design I on the Stage 

1 PCB in  free convection, and in Figure 5.2 for package design II on the SEM I PCB, both 

in natural and forced convection. These analyses are presented for both the stream-wise 

and span-wise airflow  directions about the package centre, as defined by the reference 

planes in F igures 3.19 and 3.21 for the Stage 1 and SEM I PCBs respectively.

S ta g e  1 P C B . O verall, both the m agnitude and shape o f  the predicted surface 

tem perature profiles are in  good agreem ent w ith  m easurem ents, both  in  the span-wise and 

stream -wise airflow  directions. This indicates that the PCB m odel captures well the heat
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spreading properties associated w ith bo th the surface traces, and the FR-4 substrate. The 

discrepancies be tw een predic tions and m easurem en ts over bo th the com ponen t leads, and 

PCB copper tracks at x- and y co-ordina te distances o f  30 m m , are prim arily attributed to 

experim ental error. The form er discrepancies are essentially due to (i) inaccurate cam era 

emissivity setting for m easuring lead tem perature, as their surface w as not sprayed 

(Section 3.3.3.1), and (ii) the lim ited spatial tem perature resolution o f  the A G EM A  

infrared T herm ovision  880 system , w hich w ould result in  tem perature averaging over the 

package leads and adjacent com ponent top and PCB surfaces. The discrepancies over the 

copper tracks prim arily result from  inaccurate cam era em issivity setting for m easuring the 

tem perature o f  the tracking plated portions. Package leads and tracking plated surfaces 

would have a surface em issivity considerably low er than 0.92.

Over the com ponent surface, the shape o f  the predicted  and m easured surface 

tem perature profiles in  the directions o f  package w idth and length are in good agreement, 

indicating that the m odel correctly captures internal conductive heat spread. The 

discrepancy betw een m easured and predicted surface tem perature is in line w ith the 

overprediction o f  junction  tem perature in  Table 5.1.

x co -o rd in a te  (m m ) y co -o rd in a te  (m m )

(a) Temperature profile in the span-wise direction (b) Temperature profile in the stream-wise direction

Note: Analysis planes are defined in Figure 3.19, with the origin o f  x- and y- axes corresponding to the 
package centre. Uncertainty in temperature measurement = ±1.4°C.

F ig u r e  5 .1  Com parison o f m easured and predicted com ponent-PCB surface temperature 

profiles on  the Stage 1 PCB for a single board-m ounted PQFP 160 component, package 

design I, at position H in free convection.

S E M I  PCB . U nlike for the Stage 1 PCB, the com plete com ponent-board assembly was 

sprayed for uniform  em issivity (Section 3.3.3.1). In both  free and forced convection, the 

m agnitude and shape o f  the m easured and predicted com ponent-PC B  surface tem perature
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profiles are in good agreem en t in bo th the span-wise and stream -w ise direc tions, Figure

5.2. This shows tha t (i) PCB heat spread, hence com ponen t-PC B  therm al in terac tion is 

well cap tured by the m odel, (ii) com ponen t in ternal conductive hea t spread for package 

design II is correctly m odelled. The discrepancies be tw een predic tions and m easurem en ts 

over the com ponen t leads are prim arily attributed to experim en tal error, associated in this 

instance w ith the lim ited spatial tem perature resolution  o f  the infrared m easurem en t 

system. This factor m ay also explain the discrepancy be tw een m easured and predicted 

PCB tem peratures in the vicinity o f  the com ponen t in  the span-w ise direc tion in free 

convection, Figure 5.2(a,i), on the profile left-hand side. In free convec tion, large 

tem perature gradien ts exist in this region o f the board as the copper tracks only ex tend by 5 

m m  from  the com ponen t body, Figure 5.2(a,i).

In forced convection, discrepancies between predicted and m easured board surface 

temperature are also no ted downstream o f the com ponent, F igures 5.2(b,ii) and 5.2(c,ii). 

These contrast w ith the agreem ent obtained in bo th the span-wise direction, and upstream o f 

the com ponent in the stream-wise direction, where the same PCB m odelling methodology 

was employed. These discrepancies therefore suggests tha t the flow  phenom ena downstream 

o f  the com ponent are no t fully captured. This could im pact on the prediction o f  i) the board 

local convective heat transfer coefficient, ii) the advected air temperature adjacent to the 

wall. Both quantities im pact on the prediction o f  the board surface temperature distribution. 

W hile for turbulent flow  analysis, the surface heat transfer coefficient is calculated using 

wall functions (Section 4.2), interestingly the lam inar and turbulent k-e flow  m odels are 

found to predict sim ilar board surface temperature. This therefore indicates that inaccurate 

prediction o f  the board surface temperature is m ore likely to be attributable to inaccurate 

prediction o f  the air temperature adjacent to the board dow nstream  o f  the component. Such 

discrepancies were also highlighted by Rodgers et al. [35] dow nstream  o f  single board- 

mounted devices, in forced airflows, and w ill be further highlighted for the PQFP 208 

component in Section 5.2.1. The impact o f  such discrepancies on predictive accuracy in 

multi-com ponent PCB applications having a  high degree o f  com ponent therm al interaction 

will be discussed for the populated board configurations in Chapter 7. In line with 

corresponding junction  temperature predictions, the board surface temperature downstream 

o f the com ponent is underpredicted at 2 m/s, and overpredicted at 4 m/s.

W hile no surface tem perature m easurem ents were available for package design III, the 

accuracy in junction  tem perature predictions for this package design, and in component- 

board surface tem perature predictions for designs I and II, m odelled w ith  the same 

m ethodology, provides confidence in the model. This w ill be confirm ed by the analysis o f 

the populated board in  free convection conditions, C hapter 6.
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N o te :  Analysis planes are defined in Figure 3.14, with the origin o f x- and y- axes corresponding to the package centre. 
Uncertainty in temperature measurement = ±1.4°C. Predictions are based on laminar flow analysis for both free convection and

2 m/s airflow, and obtained using thek-e flow model for 4 m/s.

Figure 5.2 Comparison of measured and predicted component-PCB surface temperature profiles on the SEMI PCB
for a single board-mounted PQFP 160 component, package design II, in free and forced convection.
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Overall, the com ponen t junction  tem perature and com ponen t-board surface tem perature 

profile analyses show  tha t the num erical models correctly cap tu re bo th com ponen t internal 

conductive heat spread and com ponen t-PCB therm al in terac tion, thereby dem onstrating the 

robustness o f  the m odelling m ethodologies employed. The level o f  accuracy ob tained is in 

line w ith that previously reported for o ther single-board m ounted com ponen ts, m odelled 

w ith the same m ethodology [35], H ow ever in forced convec tion, a w eakness o f  the CFD 

code to fully capture dow nstream  flow  phenom ena was highligh ted.

Based on the foregoing analyses, any significan t decay in  predic tive accuracy for the 

populated board configura tions could be attributed to a  w eakness o f  the CFD code to 

predict the m ore com plex flow s and their im pact on  com ponent-PC B  heat transfer. 

Sim ilarly, a decay in  predictive accuracy for dynam ic operating conditions w ould be 

associated w ith  the m odelling o f  the com ponent-PCB assem bly therm al capacitance.

5 .2 .3  E n e r g y  B a la n c e  A n a ly s e s  o f  C o m p o n e n t  H e a t  T r a n s f e r

Prediction accuracy for the three PQ FP 160 package designs gives confidence in 

undertaking energy balance analyses o f  com ponent heat transfer. The predicted energy 

balances are presented in Table 5.3 for the three package designs on the SEM I PCB, and in 

Table 5.4 for package type I on the Stage 1 PCB. A lthough no experim ental 

characterisation data w as available for package design I on  the SEM I PCB, the predicted 

heat transfer paths for this com ponent w ill perm it the influence o f  heat slug design on 

com ponent heat transfer to  be assessed for the three package designs. The net heat flux 

through each heat transfer path  is presented as a  percentage o f  the total dissipated power. 

Energy balance analyses in forced convection w ere found to be flow  m odel independent, 

w ith  less than 1% difference betw een flow  m odel predictions.

Considering first the SEM I PCB configurations, the energy balance analyses in Table

5.3 reveal that the dom inant heat transfer path is by lead  conduction, both  in  free and 

forced convection. H eat dissipation to the PCB is approxim ately 76%  and 68%  in natural 

and forced convection respectively, w ith the PCB therefore still acting as a cooling fin. As 

shown by Lohan et al. [149], this results in com ponent ju n c tio n  tem perature being highly 

sensitive to board construction, hence its modelling.

For a  given convective environm ent, the distributions o f  the heat transfer paths for 

package designs I and II are w ithin 1% o f  each other. Package design I l l ’s energy balance 

distribution is w ithin 5%  o f  that for designs I and II, d isplaying a  higher dependence on 

lead conduction. This can be attributed to design I l l ’s larger heat slug prom oting better 

heat spread w ithin  the package body, hence m ore efficiently distributing the heat to the
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leadframe. This characteristic results in low er opera ting tem pera tu res than for designs II 

and III, Table 5.2.

A  redistribution o f  the hea t transfer paths occurs be tw een  free and forced convection, 

where hea t loss to the board dim inishes by on order 8% . This reduction is driven by 

sim ilar increases in hea t loss from  the package top and side surfaces.

Com parison o f  package design I ’s energy balance on the S tage 1 and SEM I PCBs in 

Tables 5.3 and 5.4 respec tively highligh ts in this instance a  w eak sensitivity o f  the 

com ponen t hea t transfer pa ths to PCB construction and aerodynam ic conditions. Their 

im pact is charac terised by less than 3% varia tion be tw een the respective energy balance 

distributions.

T a b le  5 .3  N um erical com ponen t energy balance (%) for the PQ FP 1 6 0  com ponen t on the
SEM I PCB.
Airflow
velocity

(m/s)

Package design I Package design I I Package design II I

T op B ase Leads Sides T op B ase Leads Sides T op B ase Leads Sides

Conv Rad. Conv Rad. Cond. Conv. Conv. Rad. Conv Rad. Cond. Conv Conv. Rad. Conv. Rad. Cond Conv

0 12 11 16 2 57 2 12 10 16 2 58 2 10 10 13 2 62 3

2 24 3 14 1 53 5 24 3 14 1 53 5 22 2 12 1 58 5

4 27 2 14 1 51 5 26 2 14 1 52 5 23 2 12 1 56 6

Note: Component power dissipation = 3W. Cond. = conduction, Conv. = convection, Rad. = radiation. 
Energy balance independent o f flow model for forced convection.

T a b le  5 .4  N um erical com ponen t energy balance (% ) for the PQ FP 160, package design I, 
on the Stage 1 PCB. ________________________ _________

Airflow  
velocity (m/s)

Top B ase Leads Sides

Conv Rad. Conv. Rad. Cond. Conv.

0 12 11 13 2 60 2

2 25 6 12 1 52 4

4 28 5 12 1 50 4

Note: Component power dissipation = 3W. Cond. = conduction, Conv. = convection, Rad. = radiation. 
Energy balance independent o f flow model for forced convection.

5 .3  T r a n s ie n t  C o m p o n e n t  H e a t  T r a n s f e r

The PQFP 160 package design II, characterised on the SEM I PCB, is used to investigate the 

prediction o f  dynamic component thermal behaviour. The test configurations are described in 

Section 3.4. The free and forced convection numerical m odels are shown in Figures 4.22 and 

4.23 respectively, and were validated for steady-state heat transfer in Section 5.1.

Before assessing the prediction o f  com ponent therm al behaviour in therm al 

environm ents representative o f  those encountered in reliability  testing and reflow  soldering 

assembly processes, the num erical m odel is firstly assessed for com ponent dynam ic pow er 

dissipation in fixed am bient conditions. A ny significant decay in predictive accuracy for 

such operating conditions relative to steady-state operation, w ould be associated w ith the 

m odelling o f  the com ponent-PC B  assembly therm al capacitance.
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5 .3 .1  N u m e r ic a l  M o d e l  V a lid a tio n

The m odelling o f  the therm al capacitance is assessed based on the com ponen t therm al 

response to a pulse o f  3 W  pow er dissipa tion in fixed am bien t conditions. This 

corresponds to Tests I and II, Table 3.14, characterising therm al behaviour in natural 

convection and 1 m /s airflow.

The m easured and predicted com ponent transient therm al responses are com pared in 

Figures 5.3 and 5.4 for free convection and 1 m /s airflow  respectively. For both 

convecting environm ents, p redicted  com ponent ju n c tio n  tem peratu res are on order w ithin  

-2°C o f  m easurem ent. In Figure 5.4, the cooling rate o f  the test assem bly is also correctly 

predicted, indicating that the com ponent-PCB junction-to-am bient therm al im pedance is 

correctly m odelled.

T  im e  (s)

Figure  5.3 Com parison o f measured and predicted transient component junction 

temperature rise for a continuous power dissipation o f 3 W  in a quiescent air at 20°C, Test I.

4 0 0  6 0 0

T  im e  (s)

1 0 0 0

F ig u re  5.4 C om parison o f  m easured and predicted transient com ponent junction 

tem perature rise for both continuous and pulsed 3W  com ponent pow er dissipation in a 1 

m/s airflow  at 20°C, Test II.
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As the com ponen t and board m odels are based on nom inal m a terial therm o-physical 

properties, the follow ing num erical sensitivity analyses w ere undertaken to assess 

predic tion sensitivity to critical param eters. The im pac t o f  reduc ing bo th the specific heat 

capacity and density values o f  the encapsulant and FR-4 m aterials by 10%, w hich would 

effectively increase their therm al capacitance by 20% , w as assessed. B ecause the therm al 

mass o f  the silicon die is small relative to tha t o f  the overall assembly, and the properties o f  

silicon are well docum en ted [274], there was no need to evaluate the im pac t o f  these 

properties. For Test II, reducing the FR-4 substrate therm al capacitance only resulted in  a

reduction o f  the test assem bly’s therm al tim e constant o f  on order 6% rela tive to the

nom inal predic ted response. W hen the capacitance o f  bo th the encapsulant and FR-4 were 

altered, the assem bly’s therm al tim e constant decreased by on order 14% rela tive to the 

nom inal response. This only sligh tly im proved the predic tion  o f  the assem bly’s therm al 

response, show ing tha t po ten tial uncertain ties in  m aterial therm o-physical properties do no t 

significan tly im pac t on predictive accuracy in this instance. Consequen tly, the com ponent- 

board m odels described in Section 4.5 w ere no t altered.

5.3.2 R eliab ility  T es tin g

The com ponen t therm al response to air tem perature cycling, Table 3.15, and combined 

air- and pow er cycling, Table 3.16, are analysed.

Passive com ponen t operation in dynam ic am bien t a ir tem pera ture conditions. The 

m easured and predic ted com ponen t transien t therm al responses are com pared in Figure 

5.5, 5.6 and 5.7 for 1 m /s, 2.25 m /s, and 4 m /s airflow s respectively. For the 4 m /s

analyses, in line w ith the predictions for steady-state heat transfer in  Table 5.2, the

predicted dynam ic com ponen t therm al responses for lam inar and tu rbulen t flow  analysis 

were found to be essen tially similar, w ith the latter being sligh tly  m ore accurate. For 

clarity therefore, only the k-e flow  m odel predic tions are presen ted for this case.

1 m /s a ir  tem perature cycles, Tests I I I  a n d  IV. D uring the heating phase o f  the test 

assembly up to approxim ately 400 s, m easured and predic ted com ponen t junction  

tem peratures are in excellen t agreem en t for the two ram p ra tes applied, indicating that the 

system  therm al im pedance is correctly m odelled. However, m easurem en ts and predictions 

begin to diverge beyond this poin t till the end o f  the im posed dw ell, w here the discrepancy 

stabilises at a  m axim um  value o f  4.6°C and 3.9°C for tests III and IV  respectively. Despite 

this error, the shape o f  the predicted transient response during the cooling phase is in 

excellent agreem ent w ith  m easurem ent, as found during the heating phase up to 400 s. 

This trend confirm s that the system  therm al capacitance is correctly m odelled, w ith the 

discrepancy observed during the dw ell period being therefore related to the prediction o f
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the steady-state therm al resistance. Such a discrepancy w as no t found for the com ponen t 

pow ered-on cases, Tests I and II, and is prim arily attributed to  experim ental error. 

A lthough air density variation was num erically accounted for, L ohan and D avies [77] 

m easured a 6%  increase in  airflow  velocity w ithin  the test section for the tem perature 

range under analysis. This occurred as the w ind tunnel m otor operated at a  fixed speed, 

w ith airflow  velocity consequently increasing due to low er pressure drop. This velocity 

variation, w hich could no t be m odelled, w ould therefore resu lt in  the slight overprediction 

o f the com ponent-PC B  therm al resistance during the dw ell period.

T  im e  (s)

(a) ]5°C/min ramp, 300s dwell time, Test III.

T  im e  (s)

(b) 25°C/min ramp, 300s dwell time, Test IV.

F ig u re  5.5 Com parison o f  m easured and predicted passive com ponent junction  

tem perature in  dynam ic am bient air tem perature conditions, in  a  1 m /s airflow.
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2 .25  a n d  4 m /s a ir  tem pera ture  cycles, Tests V  to  VIII. The sam e trends are observed 

at bo th 2.25 m /s and 4 m /s, in  Figures 5.6 and 5.7 respec tively , as for the 1 m /s analyses. 

However, m inor discrepancies can be detec ted be tw een m easu rem en ts and predic tions 

during the heating phase o f  the test assem bly, w hich w ere no t observed at 1 m/s. For a 

given ramp rate, increasing the airflow  velocity reduces the therm al tim e constant o f  the 

com ponen t-PCB assem bly, thereby resulting in a h igher heating rate. W hile this could 

suggest a  possible source o f  predic tive discrepancies at h igh  velocities, this seems unlikely 

in this instance, considering tha t (i) com ponen t steady-state hea t transfer is accurately 

predicted at 2 and 4 m /s, Table 5.2, and (ii) the com ponen t therm al im pedance was 

correctly predic ted for 25°C/m in ram p rate at 1 m /s, w hich im posed a faster heating rate 

than for 5°C/min and 15°C/min ram ps at 2.25 m/s. A lthough the source o f  the 

discrepancies no ted therefore rem ains unknow n, their m agnitude is no t significan t.

T im e  (s)

(a) 5°C/min ramp, 60s dwell time, Test V.

T  im e (s)

(b) 15°C/min ramp, 60s dwell time, Test VI.
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T im e  (s)

(c) 25°C/min ramp, 60s dwell time, Test VII.

F ig u re  5.6 C om parison o f  m easured and predicted passive com ponent junction  
tem perature in  dynam ic am bient air tem perature conditions, in  a  2.25 m /s airflow.

T im e  (s)

Figure 5.7 Comparison o f measured and predicted passive component junction temperature in 
dynamic ambient air temperature conditions (15°C/min ramp, 120s dwell time), in a 4 m/s 

airflow, Test VIII.

Com bined com ponent dynam ic pow er dissipation in varying am bient air temperature 

conditions. M easured and predicted com ponent junction  tem peratures are com pared in 

Figures 5.8 for both 1 m /s and 2.25 free-stream  air velocities, Tests IX  and X  respectively. 

Overall, the shape o f  the predicted com ponent transient therm al response is in good 

agreem ent w ith  m easurem ent, both during the pow ered-on heating phase, and cooling 

phase beyond the im posed dw ell period. G ood accuracy is also obtained betw een the end 

o f  the pow er dissipation pulse and the end o f  the dw ell period, during w hich a complex 

redistribution o f  the heat transfer paths occurs. Overall, prediction  discrepancies reflect
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those observed for the active and passive com ponen t opera tion test cases previously 

analysed, tha t is:

(i) The j unction-to-am bien t therm al im pedance is underestim a ted during com ponen t 

dynam ic operation, as for Tes t II.

(ii) The junction-to-am bien t therm al im pedance is overestim a ted from  the end o f  the 

im posed dw ell period onw ards, as for Tests III -  VIII, w hich  w as prim arily attributed to 

experim en tal error.

T  im e(s)

(a) 15°C/min ramp, 60s dwell time, in a 1 m /s airflow, Test IX.

T  im e  (s)

(b) 15°C/min ramp, 60s dwell time, in a 2.25 m/s airflow, Test X.

F ig u r e  5 .8  C om parison o f  m easured and predic ted transien t com ponen t junction  
temperature rise for a  pulsed 3W  com ponen t pow er d issipa tion in  dynam ic am bien t air 

tem perature conditions.
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5 .3 .3  C o n v e c t iv e  S o ld e r  R e f lo w

The com ponen t transien t therm al response to a standard convec tive reflow  soldering 

tem perature profile, the characteristics o f  w hich were given in  Table 3.17, is analysed in 

Figure 5.9.

Contrary to the previous test configurations, poor agreem en t exists betw een 

m easurem en t and prediction. A lthough predictions are only presen ted for the therm al 

response at the board surface beneath the com ponen t, considerable discrepancies also 

existed be tw een the m easured and predic ted tem perature profiles recorded a t the 

com ponen t lead shoulder. As the com ponen t-board therm al im pedance was found to be 

correctly m odelled in previous tests, I-X, the higher ram p ra te im posed for air tem perature 

heating in the curren t tes t is unlikely to be a significan t source o f  predic tion  error. Also, it 

would be anticipated that any physical free-stream  velocity variation in the test section at 

elevated tem perature w ould have contributed to overprediction o f  the therm al impedance, 

as previously observed, as opposed to the significant underprediction in Figure 5.9. As 

predictions and m easurem ents diverge from  the start o f  the im posed air temperature 

profile, in  a  tem perature range com parable to  that applied in previous tests, potential 

uncertainties in  nom inal m aterial therm o-physical properties, associated w ith  possible 

tem perature dependency, are unlikely to be the prim ary source o f  the discrepancies in 

Figure 5.9. Furtherm ore, the m agnitude o f  these discrepancies exceeds the prediction 

sensitivities found in  Sections 5.2.1 and 5.3.1 for the steady-state therm al resistance and 

transient therm al im pedance respectively. It should be noted that for a given airflow  

velocity and tim e, the difference betw een the am bient air and com ponent junction  

tem peratures increases w ith  the ram p rate, as evident from  the air tem perature cycle tests in 

Figure 5.6. H ow ever, this trend does not hold w hen com paring the m easured assem bly 

thermal response for Test VIII (15°C/min), Figure 5.7, with that for the convective solder 

reflow (40°C/min), both for 4 m /s airflow. The tem perature gradient betw een the PCB 

surface and ju n c tio n  is no t a factor here, as the num erical m odel predicts a gradient o f  less 

than 4°C, indicating that the assem bly is essentially isotherm al.

Based on these considerations, the discrepancies betw een m easurem ent and prediction 

for the solder reflow  profile are essentially attributed to experim ental error. This is likely 

to be associated w ith  the use o f  therm ocouples, w hereas all o ther benchm arks were based 

on m easured com ponent junction  tem perature. It is suspected that in  this instance, 

parasitic conduction from  the am bient air to the m easurem ent po in t v ia  the therm ocouple 

wires resulted in  overestim ation o f  the local board surface tem perature. T-type 

therm ocouples w ere used having one leg m ade o f  copper, w hich  m akes them  prone to such 

eiTors [275,276]. In addition, the therm ocouples wires were no t insulated. As previously
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highligh ted (Sec tion 1.2.2), accurate experim en tal charac terisa tion o f  reflow  therm al 

profiles using therm ocouples can be difficult to achieve [79]. This highligh ts the potential 

value o f  using valida ted CFD m odels to aid op tim ise convec tive solder reflow  thermal 

profiles.

T im e  (s)

F ig u r e  5 .9  Com parison o f m easured and predicted passive com ponen t junction 
temperature in dynamic ambient air tem perature conditions represen tative o f  those in a 
standard convective reflow  soldering process.

5 .3 .4  S u m m a r y  o f  R e s u l t s

The results o f  these analyses com bined show  tha t based on bo th nominal 

com ponen t/PCB geom etry dim ensions and m a terial therm o-physical properties, single 

com ponen t-PCB transien t hea t transfer can be predic ted w ith good accuracy, in bo th free 

and forced convection. In  this instance therefore, confidence could be gained in applying 

CFD analysis to generate tem perature boundary conditions for use in  product electrical and 

therm o-m echanical perform ance analyses. This approach w ould  perm it the generation o f 

m ore realistic tem peratu re boundary conditions, as opposed to those ob ta ined using 

prescribed convec tive hea t transfer boundary conditions derived from  semi-em pirical 

analysis (Sec tion 2.2). The passive com ponen t opera tion cases in  varying am bient 

conditions indicate tha t CFD analysis could also be used to op tim ise assem bly processes, 

where the aim  is to m inim ise therm al gradien ts, hence stresses. CFD analysis could also 

serve to determ ine H A LT (H ighly A ccelerated Life Testing) param eters. Such variables 

may be difficult, i f  no t im possible to m easure experimentally.

The results also suggest tha t the com ponen t m odelling m e thodology em ployed w ould be 

sufficiently robust to be used for the deriva tion o f  dynam ic com ponen t CTM s 

[55,277,278]. This study can therefore be seen as a con tribution to this area. The
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assessm en t o f  de tailed m odelling m ethodologies for transien t com ponen t conductive heat 

transfer has been investiga ted by Schweitzer and Pape [114,279], but the findings canno t 

be ex trapolated  to convec tive board-level environm en ts.

5 .4  C o m p o n e n t  C o m p a c t  T h e r m a l  M o d e l l in g

The S 0 8  and PQ FP 208 test configura tions described in  Sec tion 3.5 are used to 

investigate the predictive perform ance o f  com ponent CTM s for board-m ounted com ponent 

heat transfer. The S 0 8  natural and forced convection num erical m odels are shown in 

Figure 4.24 and 4.26 respectively, w ith the PQ FP 208 forced convection m odel show n in 

Figure 4.28.

Before assessing C TM  predictive accuracy, the detailed com ponent-PC B  num erical 

m odels are validated against experim ental m easurem ents. A ny significant decay in CTM  

predictive accuracy relative to those m odels w ould be associated w ith  potential lim itations 

o f the com ponent com pact m odels used, either in their resistor netw ork or im plem entation 

into the CFD m odel, o r a com bination o f  both.

5 .4 .1  D e ta i le d  C o m p o n e n t  M o d e l l in g

Com ponent ju n c tio n  tem perature prediction accuracy is presented both as an absolute 

tem perature error (°C), and percentage value in  Tables 5.5 and 5.6 and for the S 0 8  and 

PQFP 208 test configurations respectively. C orresponding com ponent-board surface 

tem perature profiles are presented in Figures 5.10-5.11 for the S 0 8  com ponent, and Figure 

5.12 for the PQ FP 208.

The fluid dom ain was solved as lam inar for all test cases, w ith  the exception o f the 5 

m /s S 0 8  case, w hich w as solved using the high-R eynolds num ber k-s flow  model. 

However, for this configuration predictive accuracy only decayed by 1 °C using the lam inar 

model, indicating a low  level o f  turbulent viscosity  in the flow. This is in  line w ith the 

results for the SEM I test board, Table 5.2.

S 0 8  com ponen t. The S 0 8  m odel junction  tem perature predictions in Table 5.5 are 

overall w ithin ±6°C or 8%  o f  m easurem ents for the three convective environm ents 

considered, w hen account is m ade o f  experim ental error. The natural convection 

predictions differ slightly from  those reported by Lohan et al. [149], w ho used the same 

CFD code and com ponent m odelling m ethodology. These discrepancies are attributed to 

the coarser com putational dom ain grid discretization applied in  their study, w hich 

represents a fifth o f  the present grid volum e, and a coarser subdivision o f  radiating 

surfaces. For natural convection therefore, the present predictions are considered as the a  

p r io r i  results.
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T a b le  5 .5  C om parison o f  m easu red and predicted com ponen t ju n c tio n  tem peratures for a 
single board-m ounted SQ8 com ponen t.______________________________________________

Airflow

velocity

(m/s)

Prediction discrepancy (°C)

FR-4 #1 FR-4 #2 IM S

M eas.

CC)

D e ta iled

m odel

L o h a n  e t al. 

[149]

M eas.

(°C)

D e ta iled

m odel

L o h a n  e t al. 

[149]

M eas.

(°C)

D e ta iled

m odel
L o h an  e t al. 

[149]

0 124.3 -6.7 (6.4% ) -3.1 (3.0% ) 84.9 +5.5 (8.5% ) + 6 .8 (1 0 % ) 71.5 +4.1 (8.0% ) +5.0 (9.7% )

2 100.2 -5.0 (6.2% ) — 77.2 +6.2(11% ) — 67.2 +1.3 (2.8% )

5 88.6 -3.6 (5.2% ) . . . 74.3 +1.6 (2.9% ) . . . 66.0 +0.3 (0.7% ) . . .

Note: FR-4 #1, FR-4 #2 and IMS refer to PCB construction, Figure 3.50(b). M easurement uncertainty, 
±1%. Component power dissipation = 0.5 Watts. Ambient air tem perature = 20°C. Percentage error in 
parenthesis ( ) is calculated based on measured component junction tem perature rise above ambient air 
temperature.

M easured and predicted surface tem perature profiles for natural convection are 

presented in  Figures 5.10 and 5.11 for the package w idth  and length directions 

respectively. The shape o f  the predicted surface tem perature profiles over the package and 

board com pare favourably w ith measurem ent, indicating that both package internal heat 

spread and com ponent-PCB therm al interaction are overall correctly captured. 

Discrepancies exist betw een predictions and m easurem ents over the package, and the 

board in the vicinity o f  the com ponent, w hich are partly attributable to  experim ental error 

resulting from  the lim ited spatial tem perature resolution o f  the A gem a Therm ovision 550 

infrared im aging system  (Section 3.5.1). This lim itation resulted in  tem perature averaging 

in regions o f  high spatial tem perature gradients, thereby acting to  amplify predictive 

discrepancies. However, the discrepancies in  board surface tem perature in the vicinity o f 

the com ponent in Figures 5.10(b) and 5.11 suggest that the board m odel for FR4 #2 

overestim ates heat spread in  the direction o f package w idth, resulting in an underprediction 

o f  heat spread in the direction o f  package length.

PQ FP  208  com ponen t. The PQFP 208 junction  tem perature prediction in  Table 5.6 is 

w ithin -1°C (4% ) o f  m easurement. Corresponding surface tem perature profiles are 

presented in  Figure 5.12. Both the m agnitude and shape o f  the predicted surface 

tem perature profiles over the package compare well w ith m easurem ent, indicating that 

internal package heat spread is correctly modelled. The m easured and predicted board 

surface tem perature profiles are in excellent agreement in  the span-wise direction, Figure 

5.12(b), and upstream  o f the com ponent in  the stream -w ise direction, Figure 5.12(a), 

indicating that PCB heat spread is w ell captured by the copper tracking model. W hile the 

same m odelling m ethodology was em ployed downstream, the copper tracking surface 

temperature is underpredicted by on average 2.5°C. This discrepancy again suggests that 

the flow phenom ena dow nstream  o f  the com ponent are not fully captured. This trend was 

previously highlighted for the single-board m ounted PQFP 160 devices (Section 5.1.2).
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T a b le  5 .6  C om parison o f  m easured and predic ted com ponen t junction  tem peratures for a 
single board-m ounted PQ FP 208 in a  2 m /s airflow.

Measured
CC)

Prediction discrepancy

C Q
46.4 -1.0 (3.8%)

Note: M easurement uncertainty, ±0.2°C. Component power dissipation =  2 W. Am bient air temperature = 
20°C. Percentage error in parenthesis ( )  is calculated based on m easured com ponent junction temperature 
rise above am bient air temperature.

The better accuracy obtained for the PQ FP 208 com ponent, relative to  the S 0 8 , is 

attributed to its low er dependence on the m odelling o f  the board heat spreading resistance. 

This behaviour results from  both  the PQ F P’s larger package size and higher board copper 

content.

Overall, the level o f  predictive accuracy obtained for the S 0 8  and PQFP 208 

configurations again dem onstrates the robustness o f  the detailed com ponent and board 

m odelling m ethodology, and therefore provides confidence in assessing C TM  perform ance 

for these test cases.

5 .4 .2  C o m p a c t  T h e r m a l  M o d e l  P r e d ic t iv e  A c c u r a c y

The accuracy o f  the netw orks generated for the S 0 8  and PQ FP 208 detailed models was 

found to m eet the degree o f  boundary condition independence generally required for CTM  

param eters to be considered as applicable to any practical environm ent (Section 4.5.1.2). 

A ny significant decay in  CTM  accuracy relative to the detailed m odels w ould be 

associated w ith  potential lim itations o f  the com pact m odels used, either in  their resistor 

netw ork or im plem entation into the CFD m odel, or a com bination o f  both.

C om ponent junction  tem perature prediction accuracy is presented both  as an absolute 

temperature error (°C), and percentage value in  Tables 5.7 - 5.8 for the S 0 8  configurations, 

and Tables 5.11 - 5.12 for the PQFP 208. M easured and predicted com ponent-PCB 

surface tem perature profiles are com pared in Figures 5.10 and 5.11 for the S 0 8  

com ponent, and Figures 5.12 and 5.13 for the PQ FP 208. The prediction  o f  the PQFP208- 

PCB therm al interaction is further assessed as a  function o f  com ponent m odelling in Figure 

5.14. These results are com plem ented by num erical energy balance analyses o f  com ponent 

heat transfer, presented in  Tables 5.9 and 5.10 for the SO 8 natural convection and 2 m/s 

test cases respectively, and in  Table 5.13 for the PQ FP 208.

5 .4 .2 .1  S 0 8  C o m p o n e n t

C om parison o f  m easured and CTM  junction  tem perature predictions in Table 5.7, 

highlights in  som e instances a significant decay in predictive accuracy relative to the 

detailed com ponent model. H owever, a direct com parison betw een C TM  and detailed

170



model predic tions in Table 5.8 reveals tha t CTM  predic tive accuracy versus m easurem en t 

are net values. For all convec tive environm en ts, CTM  discrepancies increase w ith PCB in 

plane conductivity, from  on  average 8% for FR4 #1 to 18% for the IM S PCB. These 

discrepancies clearly exceed those ob tained for any o f  the boundary condition sets applied 

for CTM  generation in  Table 4.11. This pronounced predic tive sensitivity to PCB 

conductivity was no t observed for the detailed com ponen t m odel in Table 5.5, and 

therefore m us t be rela ted to the com pact m odelling used.

T ab le  5.7 C om parison o f  m easured and predic ted com ponen t junction  tem peratures for a 
single board-m ounted SQ8 component.______________________________________________

Airflow
velocity
(m/s)

Prediction discrepancy (°C)

FR-4 #1 FR-4 #2 IMS

Meas.

(°C)

Detailed

m odel

CTM Meas.

(°C)

Detailed

model

C T M Meas.

(°C)

Detailed

model

CTM

0 124.3 -6.7 (6.4%) -14.5 (14%) 84.9 +5.5 (8.5%) -4.0 (6.2%) 71.5 +4.1 (8.0%) -7.5(15%)

2 100.2 -5.0 (6.2%) -10.8(13%) 77.2 +6.2(11%) -3.3 (5.8%) 67.2 +1.3 (2.8%) -7.3(15%)

5 88.6 -3.6 (5.2%) -9.0 (13%) 74.3 +1.6 (2.9%) -3.9 (7.2%) 66.0 +0.3 (0.7%) -7.3 (16%)

Note: FR-4 #1, FR-4 #2 and IMS refer to PCB construction, Figure 3.50(b). M easurement uncertainty, ±1%. 
Component power dissipation = 0.5 W. Ambient air temperature = 20°C. Percentage error in parenthesis ( )  
is calculated based on measured component junction temperature rise above ambient air temperature.

T ab le  5.8 Com pact versus detailed model junction  tem perature predictions for a single 

board-m ounted SQ8 com ponent._____________________________________

A irflow  velocity
(m/s)

Prediction discrepancy (°C)

FR-4 #1 FR-4 #2 IMS

0 -7.8 (8.0%) -9.5 (13%) -11.6(21%)

2 -5.8 (7.7%) -9.5 (15%) -8.6(18%)

5 -5.4 (8.3%) -5.5 (9.8%) -7.6 (16%)

Note: FR-4 #1, FR-4 #2 and IM S refer to PCB construction, Figure 3.50(b). Component power dissipation = 
0.5 W. Ambient air temperature = 20°C. Percentage error in parenthesis ( ) is calculated based on detailed 
component model junction temperature rise above ambient air temperature.

However, considering the natural convection cases, it is w orth noting that CTM 

predictions o f  com ponent heat loss to the board are w ithin 3% o f  the detailed model 

predictions, Table 5.7, for the three PCB constructions. This is reflected in the agreement 

between the CTM  and detailed model predictions o f  the board surface tem perature in 

Figure 5.10. Considerable discrepancies exist, though, betw een the corresponding package 

surface tem perature predictions, w hich result from  im posed isotherm al surfaces in the 

CTM. For the forced convection cases, CTM predictions o f component heat loss to the board 

are within 6%  o f  the detailed model predictions, Table 5.8, for the three PCB constructions.

Possible sources o f  junction  tem perature discrepancy betw een the CTM  and detailed 

model should be assessed in future work. However, the follow ing PQFP208 analysis 

clearly highlights som e compact modelling issues.
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Figure 5.10 Comparison o f measured and predicted component-PCB surface temperature profiles 
in the direction of package width for a single S08 component in natural convection, as a function 
of PCB construction, Figure 3.50(b). Measurement uncertainty, ±0.5°C.
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Figure 5.11 Comparison of measured and predicted component-PCB surface temperature profiles 
in the direction of package length for a single S08 component mounted on FR4#2 PCB in natural 
convection. Measurement uncertainty, ±0.5°C.
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T ab le  5.9 Com parison o f  com pact and de tailed m odel predic tions o f  com ponen t heat 

transfer energy balance (% ) for a single board-m ounted S 0 8  com ponen t in natural 
convection.

PCB
construction

Component
model

H eat pa th  (%)

Top Sides Bottom Leads

FR-4 #1 Detailed 6.0 5.4 14.1 74.5

CTM — — 91.3*

FR-4 #2 Detailed 3.9 4.5 16.5 75.1

CTM — — 94.6*

IMS Detailed 2.7 3.2 13.7 80.4

CTM — . . . 97.4*
Note: * Flotherm Com pact Com ponent SmartPart output for conductive heat loss to board. Component 
power dissipation = 0.5 W. Am bient air temperature = 2(FC.

T ab le  5.10 Com parison o f  com pact and detailed m odel predictions o f  com ponent energy 
balance (%) for a  single board-m ounted SQ8 com ponent in  a  2 m /s airflow.

PCB
construction

Component
model

H eat pa th  (%>)

Top Sides Bottom Leads

FR-4 #1 Detailed 16.0 9.6 12.1 62.3

CTM — — 76.4*

FR-4 #2 Detailed 11.6 7.4 14.5 66.5

CTM — — 84.3*

IMS Detailed 8.3 5.1 12.3 74.3

CTM — . . . 92.2*

Note: * Flotherm Compact Component SmartPart output for conductive heat loss to board. Component 
power dissipation = 0.5 W. A m bient air temperature = 2CPC.

5.4.2.2 P Q F P  208 C o m p o n en t

CTM  perform ance is first analysed based on the use o f  a  single lead node in F lotherm ’s 

Com pact Com ponent Sm artPart (Section 4.5.1.2), thereby im posing that the four external 

lead quadrants be at the sam e tem perature. CTM  ju n c tio n  tem perature predictions in 

Table 5.12 are w ith in  -0.9°C, -4°C and -5.4°C o f  the detailed m odel predictions the star 

shaped, shunted and shunted floating node netw orks respectively. These predictions are 

ultim ately w ithin -1.9°C, -5.0°C and -6.4°C respectively o f  m easurem ent, Table 5.11. 

Based on the m etric o f  com ponent junction  tem perature, it could therefore be concluded 

that the star-shaped netw ork is the m ost applicable for th is test case. H ow ever, both the 

energy balance analyses o f  com ponent heat transfer in  Table 5.13, and com ponent-PCB 

surface tem perature analyses in F igure 5.12, reveal actual CTM  perform ance.

The total heat loss to the board v ia  the package leads and base is underestim ated by 

approxim ately 23% , 15% and 12% for the star-shaped, shunted and shunted floating node 

networks respectively relative to the detailed m odel predictions. These discrepancies 

clearly exceed those obtained in the derivation o f  the CTM s, Tables 4.15 to 4.17. This 

results in an underestim ation o f  the board surface tem perature, m ore pronounced for the 

star-shaped netw ork, F igure 5.12. H ow ever, this netw ork predicts a higher junction-to-
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lead tem perature difference, 13.4°C, than for the shunted ne tw ork, 8.3°C. This higher 

junction-to-board therm al resistance therefore artificially con tributes to be tter junction  

tem perature predic tion accuracy. N o te tha t the junction-to-lead  tem perature difference for 

the detailed m odel is on average 10°C.

T a b le  5 .1 1  C om parison o f  m easured and predic ted com ponen t junction  tem peratures for a 
single board-m ounted PQ FP 208 in a 2 m /s airflow.

Measured

(°C)

Prediction discrepancy (°C)

Detailed model CTM, star CTM, shun ted CTM, shunted, f loa tin g  node

1 Lead node 1 Lead node 2 Lead nodes 1 Lead node 2 Lead nodes

46.4 -1.0 (3.8%) -1.9 (7.2%) -5.0 (19%) -3.3 (13%) -6.4 (24%) -4.5 (17%)

Note: M easurement uncertainty, ±0.2°C. Component power dissipation = 2 W. Ambient a ir temperature = 
20°C. Percentage error in parenthesis ( )  is calculated based on m easured com ponent junction temperature 
rise above ambient air temperature. “ 1 Lead node” and “2 Lead nodes” refer to the num ber o f  lead nodes 
coupling the CTM  to the board.

T a b le  5 .1 2  C om pact versus detailed m odel com ponen t junc tion  tem peratu re predictions 
for a single board-m ounted PQFP208 in  a  2 m /s airflow._________________

Prediction discrepancy (°C)

Star-shaped Shunted Shunted, floa ting  node

1 Lead node 1 Lead node 2 Lead nodes 1 Lead node 2 Lead nodes

-0.9 (3.5%) -4.0(16%) -2.3 (9.1%) -5.4 (21%) -3.5 (14%)

Note: Detailed com ponent model junction  temperature prediction = 45.4°C. Component power dissipation =
2 W. Ambient air temperature = 20°C. Percentage error in parenthesis ( ) is calculated based on detailed 
model junction tem perature rise above ambient air temperature. “ 1 Lead node” and “2 Lead nodes” refer to 
the number o f  lead nodes coupling the CTM to the board.

T a b le  5 .1 3  C om parison o f  com pact and detailed m odel predic tions o f  com ponen t energy 
balance (%) for a single board-m ounted PQ FP208 in  a 2 m /s airflow.______

Component model H eat pa th  (%)

Top Sides Bottom Leads

Detailed 9.2 5.4 14.7 70.7

CTM, star-shaped, 
1 Lead node

— — 62.6*

CTM,
shunted

lLead node — — 70.6*

2 Lead nodes — — 68.0*

CTM, floating 1 Lead node — — 73.4*

2 Lead nodes . . . . . . 70.3*

Note: * Flotherm Com pact Component SmartPart output for conductive heat loss to board. Component 
power dissipation = 2 W. A m bient air temperature = 20PC.

As the code’s C om pact C om ponent Sm artPart does no t explicitly break dow n total heat 

loss to the board v ia  the individual heat transfer paths, i.e. package leads, B o tto m in n e r  

and B ottom _outer, an alternative approach, m ean flow  regions [69], w as used to estim ate 

these paths. It was found that while total heat loss to the board only differed by 8% 

between the star-shaped and shunted CTM , the star-shaped netw ork predicted that 41%  o f 

total com ponent pow er dissipation was via lead conduction, as com pared to  59% for the
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shunted netw ork. For the detailed m odel, this heat transfer pa th accounted for 71%  o f  the 

total pow er dissipation. This indicates tha t the CTM s used do no t only inaccurately predict 

total heat loss to the board, but also the distribution o f  the associa ted heat transfer paths. 

As the star-shaped ne tw ork dissipates 10% m ore heat to the board via the package base 

relative to the shunted netw ork, the board tem perature benea th the package is higher, 

Figure 5.14.

The use o f  a floating node ne tw ork im proves the predic tion  o f  to tal hea t loss to the 

board, but results in a  greater underprediction o f  junction  tem perature.

The predic tive discrepancies in heat flow  highligh ted for the PQ FP test case con trast 

w ith the agreem en t ob ta ined for the S 0 8  cases. A lthough fu rther w ork is requ ired to study 

further sources o f  error, the coupling o f  the PQ FP 208 C om pact C om ponen t leads to the 

board was found to im pac t on the predic tion o f  the board tem pera tu re distribution for this 

case. This variable was considered as the detailed num erical m odel predicts a tem perature 

difference o f  2.5°C be tw een the upstream - and dow nstream  lead feet, w ith the span-wise 

lead foo t being at an in term ediate tem perature. C TM  predic tive sensitivity to this 

m odelling param eter was investigated using tw o lead nodes, represen ting the stream -w ise 

and span-w ise lead groupings at d ifferen t tem peratures. For bo th shunted netw orks, CTM  

predictive accuracy im proved using tw o lead nodes, bo th for junction  tem perature, Table 

5.9, and com ponen t-PC B  therm al in teraction in  the stream -w ise direction, Figures 5.13(a) 

and 5.14. H owever, the discrepancy be tw een the m easured and predicted board surface 

tem peratures in the span-wise direc tion increased, Figure 5.13(b). Therefore, neither one- 

or tw o-lead node m odelling is satisfactory, but this m odelling variable served to highligh t 

predic tion sensitivity to CTM  lead node coupling to the board. W hile the curren t code’s 

Com pact Com ponen t Sm artPart is a non-decom posable object, the sensitivity highligh ted 

suggests tha t decom position o f  the Sm artPart into, for exam ple, four quarter package 

CTM s, each represen tative o f  quarter geom etry de ta iled m odel, could im prove overall 

accuracy. This analysis m ay therefore be o f  value for future im provem en t o f  CTM  

im plem en tation in the CFD code.

Considering tha t the CTM  predic ts tw ice the com bined hea t loss from  the package 

top/sides rela tive to the detailed m odel, another potential source o f  error could be the 

om ission o f  a Side node in the netw ork topology. This m ay suggest a second area for 

im provem ent o f  CTM  im plem entation in the CFD code.
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(a) Temperature profile in the stream-wise direction, Figure 3.54
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(b) Temperature profile in the span-wise direction, Figure 3.54

Note: CTM coupled  to the board using a single lead node. M easurement uncertainty, ±0.7°C.

F ig u re  5.12 Com parison o f  m easured and predicted com ponent-PC B  surface temperature 

profiles for a single board-m ounted PQ FP208 com ponent in  a 2 m /s airflow.
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y co -o rd in a te (m m )

(a) Temperature profile in the stream-wise direction, Figure 3.54

y co -o rd in a te  (m m )

(b) Temperature profile in the span-wise direction, Figure 3.54

Note: “ 1L” and “2L” refer to the num ber o f  lead nodes coupling the CTM  to the board. Measurement

uncertainty, ±0.7°C.

F ig u re  5.13 C om parison o f  m easured and predicted com ponent-PC B  surface tem perature 

profiles for a single board-m ounted PQ FP208 com ponent in a  2 m /s airflow  as a  function 

o f CTM  lead node m odelling.
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(a) Detailed model

(b) CTM, star-shaped network

( c )  C T M , sh u n te d  n e tw o r k , 1 L e a d  n o d e

(d) CTM, shunted network, 2 Lead nodes

N o t e :  “ 1 L e a d  n o d e ” an d  “2  L e a d  n o d e s ” refer t o  th e  n u m b er o f  le a d  n o d e s  c o u p lin g  th e  C T M  to  th e  b oard .

F ig u re  5.14 N um erically  p red icted  tem perature d istribution in  the plane o f  PC B  surface 
copper tracking for a  single board-m ounted PQ FP 208 com ponent in a  2 m/s airflow.
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5 .4 .3  S u m m a r y  o f  R e s u l t s

Using a de tailed com ponen t m odelling approach, com ponen t junction  tem perature 

predictive accuracy was w ithin -1°C (4% ) and ±6°C or 8%  o f  m easu rem en t for the PQFP 

208 and S 0 8  test configura tions respectively, dem onstra ting the robustness o f  the detailed 

com ponen t and board m odelling m ethodologies.

Using star-shaped and shunted resistor ne tw ork-based com ponen t com pac t therm al 

m odels, predictive accuracy was found to decay by 7%  to 20%  rela tive to the detailed 

com ponen t m odels. The m etrics o f  m easured com ponen t ju n c tio n  and com ponen t-PCB 

surface tem perature, supported by num erical energy balances o f  com ponen t hea t transfer, 

were used to provide an insigh t into po ten tial sources o f  CTM  predictive discrepancies. 

The coupling o f  the com pac t com ponen t leads to the board w as show n to im pac t on 

predictive accuracy, and suggestions were m ade to im prove CTM  im plem en tation in the 

CFD code.

5 .5  S u m m a r y  o f  C h a p t e r  5

U sing on a  range o f  elec tronic com ponen t types, therm ally  charac terised on differen t 

PCB constructions and convective environm en ts, the robustness o f  the de tailed m odelling 

m e thodologies em ployed in this study was dem onstrated for bo th steady-state and transien t 

com ponen t hea t transfer.

The use o f  com ponen t junction  and surface tem peratu re m easurem en ts has been shown 

to be effective for assessing the predic tion o f com ponen t-board therm al in teraction. For all 

models, the accuracy o f  a p r io r i  predictions could no t be im proved as there was no 

justifica tion in deviating from  the m odelling strategy em ployed.

The valida ted PQ FP 160 com ponen t-PCB m odels w ill be used in  C hap ters 6 and 7 to 

assess the capability o f  CFD analysis to predict m ulti-com ponent board heat transfer.

U sing both nom inal com ponent/PCB geom etry dim ensions and m aterial therm o 

physical properties, conjugate transient heat transfer for a  single-board m ounted 

com ponent was found to be accurately predicted for com ponent dynam ic pow er 

dissipation, in bo th  fixed and varying am bient air tem perature conditions. The results 

suggest that CFD analysis could play an im portant role in designing com ponent reliability 

screening tests involving pow er- and air tem perature cycling, and convective solder reflow 

thermal profiles.

The predictive perform ance o f  resistor netw ork-based com ponent com pact therm al 

m odels w as found to decay by 7%  to 20%  relative to the corresponding detailed 

com ponent m odels. Overall, CTM  accuracy w ould only be sufficient for the early design
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phase. The na ture o f  the  predic tive discrepancies h ighligh t issues tha t w ould need to be 

resolved before C TM s could be routinely adop ted for the predic tion o f  electronic 

com ponen t opera tional tem perature using CFD analysis.
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6 .0  N u m e r ic a l  P r e d ic t iv e  A c c u r a c y : M u lt i-C o m p o n e n t  B o a r d  H e a t  
T r a n s fe r  in  F r e e  C o n v e c t io n

6 .1  I n tr o d u c t io n

Despite ever-rising die heat fluxes, passive air-cooling is still employed for the thermal 

management o f  m any electronic applications, either as a prim ary cooling mode, or back-up 

in the event o f  fan failure in a  forced convection cooled system  [81,280,281], This cooling 

approach is simple, quiet, cost-effective, maintenance-free and reliable.

In this chap ter, the predic tion o f  m ulti-com ponen t board hea t transfer is investigated in 

lam inar free convection. The ability o f  the C om putational F lu id  D ynam ics (CFD) code to 

predict com ponent therm al interaction is assessed in  tw o controlled steps, from  

individually pow ered com ponent configurations on the Stage 3 Printed C ircuit Board 

(PCB), to a  fully pow ered configuration, w here all com ponents are sim ultaneously 

powered. The test configurations were described in Section 3.3 and the com ponent-Printed 

Circuit B oard (PCB) num erical m odelling m ethodology w as validated in C hapter 5.

These analyses are undertaken using Flotherm. Experim ental and num erical results are 

com pared for both  steady-state com ponent junction  tem perature and com ponent-board 

surface tem perature profiles. N um erical energy balance analyses o f  com ponent heat 

transfer are also presented to investigate the sensitivity o f  com ponent heat transfer to 

operating conditions.

Very little o f  the data presented here can be com pared, o r discussed in the context o f  

past publications because there is little or nothing o f  relevance.

6 .1  I n d iv id u a l ly  P o w e r e d  C o m p o n e n t  C o n f ig u r a t io n s

The num erical m odel for the Stage 3 PCB individually  pow ered com ponent 

configurations is show n in  Figure 4.14(b). C om ponent junction  tem perature prediction 

accuracy is presented bo th  as an absolute tem perature error (°C), and percentage value in 

Table 6.1.

Junction tem perature predictions for the individually pow ered com ponents on the m ulti- 

com ponent PCB are overall w ithin +3°C (5%) o f  m easurem ent w hen account is made o f 

experim ental error. This trend holds independently o f  package type and com ponent 

location. The only exception to this is com ponent G, for w hich prediction accuracy is 

slightly outside this band. Overall, junction  tem perature prediction accuracy is comparable 

to that obtained for the single board-m ounted com ponent configurations, Tables 5.1 and

5.2, where com ponent-board therm al interaction was show n to be correctly captured. 

Therefore, the com ponent and PCB m odelling m ethodology translates to  the Stage 3 PCB.
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On this basis, any significan t decay in predic tive accuracy for the sim ultaneously pow ered 

configuration w ould probably be attributed to a  potential w eakness o f  the code to predict 

m ore com plex flow s and their im pact on com ponent-PCB heat transfer.

T a b le  6 .1  C om parison o f  m easured and predicted junction  tem peratures for individually 
pow ered com ponents on the non-insulated Stage 3 PCB in free convection.

Component

location

Measured

r e )

Prediction

discrepancy

r c )

A — —

B — —

C 76.9 +1.9  (3 .3% )

D — —

E — —

F 86.0 +1.9 (2 .9% )

G 82.1 +4.1 (6 .6% )

H 83.6 +2.9  (4 .6% )

I 85.0 + 1.6  (2 .5% )

J 85.7 +0.1 (0 .2% )

K 86.2 +1.5 (2 .3% )

L — —

M 74.5 +1.5 (2 .8% )

N — —

0 — —

Note: Component location is defined in Figure 3.6(a). M easurem ent uncertainty, ±0.5°C. Percentage
prediction error in parenthesis ( )  is calculated based on the measured com ponent junction temperature rise 
above ambient air temperature. Component power dissipation = 3W. Am bient air temperature normalised to 

20°C.

6 .2  S im u lt a n e o u s ly  P o w e r e d  C o m p o n e n t  C o n f ig u r a t io n

C om ponent junction  tem perature prediction accuracy on the sim ultaneously powered 

Stage 3 PCB is presented in  Table 6.2, w ith  corresponding com ponent-PC B  surface 

tem perature profiles show n in  Figures 6.1 and 6.2.

In Table 6.2, junc tion  tem perature prediction accuracy is overall w ithin to +5°C or 7%, 

with the exception o f  com ponent I, w hich is slightly outside this band. This represents a 

decay relative to the accuracy for the individually pow ered configurations, indicating that 

com ponent therm al interaction is not fully captured.

Overall, the com ponent pow ered-off tem perature rise betw een the individually- and 

sim ultaneously pow ered configurations, that is its tem perature rise due solely to 

com ponent therm al interaction, is overpredicted by on average +3°C , Table 6.3, w ith the 

notable exception o f  device I. Its tem perature rise is overpredicted by on order 40% , 

thereby resulting in  a  w orst-case junction  tem perature error in  Table 6.2. The m agnitude 

o f this error is surprising w hen contrasted w ith the accuracy obtained for the other 

com ponents in the sam e span-wise row. W hile com ponents K  and M , w hich are located in
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the bo ttom  span-w ise com ponen t row, have the low est m easu red  tem perature rise, this rise 

is overpredicted by on order 40% , Table 6.3. This clearly exceeds m easurem en t 

uncertainty. It is suspected tha t the presen t d iscrepancies could be rela ted to inaccurate 

prediction o f  the local flow  conditions, whereby the com ponen ts could be exposed to 

buoyancy-induced forced convection conditions [282,283], Such conditions w ould result 

from  the coupling betw een the self-induced buoyant flow  for each com ponent, and the 

considerably stronger, collective board flow. This hypothesis is supported by sm oke-flow  

visualisations undertaken by Cole [201], w ho observed a  com plex coupling betw een the 

com ponent self-induced flow  and the global board flow  on  th is PCB.

Table 6.2 Com parison o f  m easured and predicted com ponent junction  tem peratures on

Component
location

Measured

(°Q

Prediction
discrepancy

(°C)

A 101.7 +4.8 (5.9%)

B 94.2 +5.4 (7.3%)

C 94.7 +5.3 (7.1%)

D 94.1 +5.6 (7.6%)

E 92.1 +5.3 (7.4%)

F 99.8 +4.7 (5.9%)

G 102.9 +4.1 (4.9%)

H 101.9 +5.2 (6.3%)

I 99.7 +7.4 (9.3%)

J 99.2 +2.1 (2.7%)

K 92.7 +3.9 (5.4%)

L 85.1 +3.4 (5.2%)

M 83.5 +5.5 (8.7%)

N 83.9 +4.9 (7.7%)

0 83.5 +3.4 (5.4%)

Note: Component location is defined in Figure 3.6(a). Measurement uncertainty, ±0.6°C. Percentage prediction 
error in parenthesis ( )  is calculated based on the measured component junction temperature rise above ambient air 
temperature. Component power dissipation = 3 W. Ambient air temperature normalised to 20°C.

T able 6.3 C om parison o f  m easured and predicted com ponent junction  tem perature rise 

betw een the individually and sim ultaneously pow ered com ponent configurations on the 

non-insulated Stage 3 PC!B in free convection.
Component M easured Prediction

location (°C) discrepancy (°C)

C 17.8 +3.4

F 13.8 +2.8

G 20.8 0

H 18.3 +2.3

I 14.7 +5.8

J 13.5 +2.0

K 6.5 +2.4

M 9.0 +4.0

Note: Component location is defined in Figure 3.6(a). M easurement uncertainty in pow eredoff component 
temperature rise, ±0.8°C. Component power dissipation = 3W. A m bientair temperature normalised to 20°C.
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To further investigate the nature o f  junction  tem pera tu re predic tion  discrepancies, 

m easured and predic ted com ponen t-PCB surface tem peratu re dis tributions w ere com pared 

on bo th the board com ponen t- and non-com ponen t sides. A  represen tative sam ple o f 

theses analyses is presen ted in Figures 6.1 and 6.2, w ith the analysis planes used defined in 

Figure 3.19.

Considering firs t the board non-com ponen t side, F igure 6.1, m easurem en ts and 

predictions agree rem arkably well, bo th qualitatively and quantitatively  in the stream -wise 

and span-w ise airflow  directions, w ith the excep tion o f  localised discrepancies. As 

discussed for the single-board m ounted com ponen t case, S tage 1 PCB, in Section 5.2.2, 

differences be tw een predic tions and m easurem en ts over the copper tracking regions in 

Plane X-X, F igure 6.1(a), are essen tially attributable to experim en tal error. In  line w ith the 

com ponen t junction  tem perature predic tions in  Table 6.2, the grea test d iscrepancy in 

surface tem peratu re (2.7°C) is in the region o f  com ponen t I, F igures 6.1(a) and 6.1(c). 

Overall, how ever, the agreem en t be tw een m easured and predic ted surface temperature 

distributions indica tes tha t the num erical m odel accura tely predic ts hea t loss from  the 

board non-com ponen t side, w hich is predic ted to account for 48%  o f  to tal pow er 

dissipation. C onsidering the im portance o f  this hea t transfer path, the agreem en t betw een 

predictions and m easurem en t indicates tha t com ponen t-board therm al in terac tion is 

accurately captured.

O n the board com ponen t side, Figure 6.2, the shape o f  the predic ted surface  tem perature 

distribution over the com ponen t bodies agree well w ith m easurem en t, w ith the m agnitude 

o f discrepancies reflec ting those o f corresponding junction  tem peratu re predic tion errors in 

Table 6.2. A s for the S tage 1 PCB (Section 5.2.2), predic tion  discrepancies over the 

packages’ leads and board surface copper tracking are prim arily attributed to m easurem en t 

error. H ow ever, m easured and predicted tem perature profiles are in good agreem en t in 

regions w here the FR4 substrate is exposed, again indicating tha t com ponen t-board thermal 

in teraction is overall w ell captured.

Overall for the sim ultaneously pow ered PCB, predic tive accuracy for com ponen t 

junction  tem pera tu re w ould qualify for the in term ediate phase o f  the design process.
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F ig u re  6.1 C om parison o f  m easured and predicted com ponent-PC B  surface tem perature 

profiles on the board non-com ponent side, for the sim ultaneously pow ered PCB in free 

convection.
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F ig u re  6.2 C om parison o f  m easured and predicted com ponent-PCB surface tem perature 

profiles on the board  com ponent side, for the sim ultaneously pow ered PCB in free 

convection.
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6 .3  E n e r g y  B a la n c e  A n a ly s e s  o f  C o m p o n e n t  H e a t  T r a n s f e r

The num erical m odels are used to investigate the sensitivity  o f  com ponent heat transfer 

to com ponent operating conditions. The predicted energy balance analyses o f  com ponent 

heat transfer are presented for both the individually- and sim ultaneously pow ered Stage 3 

com ponent configurations in Table 6.4. The net heat flux through  each heat transfer path 

is presented as a percentage o f  the total dissipated power.

Table 6.4 shows that lead conduction is the dom inant heat transfer path, w ith  package 

design III displaying th is m ost strongly.

Considering first the individually pow ered configurations, com ponent heat loss to  the 

board, v ia  the package leads and base, is on order 75% . C om ponents having the same 

package design, located w ith in  the same span-wise com ponent row , (B-E, F-I, L-O) were 

found to have the sam e energy balance. For package design III, devices located in the 

bottom  span-wise row  (L-O) dissipate 3% m ore heat to the  board v ia  lead conduction than 

those in the top span-w ise row  (B-E), possibly reflecting the influence o f  higher copper 

tracking density on the board non-com ponent side. The sam e observation can be m ade for 

com ponents A  and K , w hich  belong to the sam e stream -w ise com ponent row. The energy 

balance o f  com ponent J individually pow ered is sim ilar to that for the package design I 

devices in the sam e span-wise row  (F-J), reflecting the sim ilarity o f  their operating 

tem peratures.

T ab le  6.4. N um erical com ponent energy balances for individually and sim ultaneously

Component

location

H ea t pa th  (%)

Ind ividually  p ow ered S im u ltan eou sly  p ow ered

T o p B a s e L e a d s S id e s T o p B a s e L e a d s S id e s

C o n v . R a d . C o n v . R a d . C o n d . C o n v . C o n v . R a d . C o n v . R a d . C o n d . C o n v .

A 13 11 13 2 5 9 2 14 15 14 2 53 2

B - E 11 10 11 2 63 3 13 13 13 2 5 6 3

F - I 12 10 13 2 61 2 15 13 15 2 5 2 3

J 12 10 13 2 61 2 14 13 14 2 5 4 3

K 12 10 13 2 61 2 14 11 14 2 5 6 3

L - O 11 8 11 2 6 6 2 14 10 13 2 5 8 3

Note: Component power dissipation = 3W. Cond. = conduction, Conv.= convection, Rad. = radiation.

For the sim ultaneously pow ered com ponent configurations, heat loss to the board 

reduced by on order 6%  relative to the corresponding individually  pow ered cases. This is 

due to conductive therm al interaction from  adjacent devices reducing the com ponent 

therm al footprint.
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It is no table tha t all com ponen ts display very sim ilar behaviour, regardless o f  package 

type and location. This highligh ts the insensitivity o f  com ponen t hea t transfer paths to 

com ponen t in ternal construction, due to the dom inance o f  lead conduction  to the PCB.

The above analyses illustra te how  differen t com ponen t types therm ally  in teract w ith the 

PCB, and their varying degree o f  sensitivity to therm al and aerodynam ic conditions. This 

approach could be used in m ore com plex applications to assess therm al design options for 

low ering com ponent operating tem perature. The alternative is expensive prototyping.

6.4 S u m m ary

N um erical predictive accuracy for m ulti-com ponent board  heat transfer was 

experim entally assessed in free convection, using a CFD code dedicated to the thermal 

analysis o f  electronic systems. A  system atic approach w as em ployed to perm it both the 

m odelling m ethodology and solver capability to be carefully evaluated, w hereby test case 

com plexity was increased in controlled steps from  single-board m ounted com ponents to 

the highly conjugate m ulti-com ponent PCB.

Using nom inal com ponent dim ensions and m aterial therm o-physical properties, 

com ponent junction  tem perature predictions were found to be overall w ithin  +5°C (7%) o f 

m easurem ent, independently o f  com ponent location on the board. Such an accuracy w ould 

qualify for the interm ediate therm al design phase, bu t w ould not be sufficient for 

tem perature predictions to be used as boundary conditions for subsequent reliability and 

electrical perform ance analyses. In all instances, junction  tem perature was overpredicted, 

and w ould therefore lead to a conservative therm al design. The full com plexity o f 

com ponent therm al interaction, as characterised by the com ponent pow ered-off 

tem perature rise, w as show n not to be fully captured by the code.
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7 .0  N u m e r ic a l  P r e d ic t iv e  A c c u r a c y : M u lt i-C o m p o n e n t  B o a r d  H e a t  
T r a n s fe r  in  F o r c e d  C o n v e c t io n

7 .1  I n tr o d u c t io n

In this chapter, C om putational Flu id D ynam ics (CFD ) predic tive accuracy is assessed 

for populated board hea t transfer in  forced convection. This is achieved using the Stage 2 

and 3 Prin ted C ircu it B oard (PCB) test configurations described in  Section 3.3, generating 

differen t airflow  phenom ena and varying degrees o f com ponen t therm al interaction. To 

perm it sources o f  num erical error to be isolated, predic tive accuracy is assessed in 

con trolled steps, from  com ponen t H  individually pow ered on the Stage 2 PCB, to the 

sim ultaneously pow ered, insulated Stage 3 configuration. The com plexity o f the 

therm oflu ids and thus the challenge posed for num erical pred ic tion  was highligh ted in 

Section 3.3.3.3.

Experim en tal and num erical results are com pared for bo th steady-state com ponen t 

junction  tem perature and surface tem perature profiles. In addition, supporting airflow  

visualisations presen ted in Sec tion 3.3.5 are used to help assess predic tive accuracy. The 

com ponen t-board num erical m odelling m ethodology w as previously  validated using the 

Stage 1 PCB (Sec tion 5.2).

In the absence o f  a dom inan t length scale, hence transition  Reynolds number, that 

adequately describes the hea t transfer characteristic over the PC B , the flu id  dom ain was 

solved using bo th lam inar and a range o f  turbulen t flow  m odels as outlined in  Section 4.2. 

Using Flo therm , predic tive accuracy is evaluated for s tandard flow  m odelling approaches, 

which are typically em ployed for the therm al design o f  electronics. To investigate if  

im provem en ts in predic tive accuracy could be ob tained using alternative flow  m odelling 

strategies, several candidate turbulen t flow  m odels are evaluated in  Fluent. Such an 

evaluation w ill perm it perspec tive to be given on both the capabilities o f  dedicated CFD 

codes for the prediction o f  electronic com ponent heat transfer, and the potential for 

im proved predictive accuracy.

As in Chapter 6, very little o f  the data presented here can be com pared, or discussed in 

the context o f  past publications because there is little or nothing o f  relevance.

7 .2  S ta n d a r d  F lo w  M o d e l l in g

U sing Flotherm , predictive accuracy is evaluated for the standard high-Reynolds num ber 

k-s flow  m odel, w hich form s the a  p r io r i  prediction for turbulent flow, and the zero- 

equation LVEL m odel, due to its greater applicability for system  level analysis (Section

4.3.1).
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Predictive accuracy is assessed for the Stage 2 and 3 PC B s, charac terised in 2 and 4 m/s 

airflows. S tage 2 is firstly analysed w ith com ponen t H  individually  pow ered, and the 

leading edge devices (A,F,K) acting as a source o f  ups tream  flow  disturbance. Bo th 

individually and sim ultaneously pow ered com ponen ts on the non-insulated and insulated 

Stage 3 PCBs are then considered. The individually pow ered com ponen t configurations 

are used to isolate the im pact o f  aerodynam ic conditions on predictive accuracy. The 

sim ultaneously pow ered cases serve to assess the prediction  o f  com ponent therm al 

interaction. As the k-s predictions form  the a p r io r i  predictions for turbulent flow  analysis, 

discussion focuses on the lam inar and k-s m odel results.

For the single board-m ounted com ponent H  (Stage 1), com ponent junction  tem perature 

predictive accuracy in both 2 and 4 m /s airflow s was found to be w ithin  ±2°C (4% ) o f 

m easurem ent for all flow  m odels, Table 5.1. Therefore, any significant decay in predictive 

accuracy for the populated PCBs could be attributed to  a  w eakness o f  the CFD code to 

predict the m ore com plex flows and their im pact on com ponent-PC B  heat transfer.

7 .2 .1  S ta g e  2 ,  C o m p o n e n t  H  I n d iv id u a l ly  P o w e r e d

In Table 7.1, com ponent H ’s junction  tem perature prediction accuracy decays relative to 

Stage 1, Table 5.1, to on  average +5°C (13% ) o f  m easurem ent for bo th  the lam inar and k-8 

flow  m odels. B oth flow  m odel predictions are w ithin 0.5°C o f  each other, indicating that 

the k-s m odel predicts a  low  level o f  turbulent viscosity in  the flow. W hile H ’s m easured 

operating tem perature decreases by approxim ately 4°C from  Stage 1 to 2, Tables 5.1 and 

7.1, corresponding predictions rem ain similar. This invariance indicates that the flow 

models fail to capture the enhanced heat transfer resulting from  upstream  aerodynam ic 

disturbance generated by the passive leading row  devices (A ,F,K ), experim entally 

visualised in  F igure 3.33.

T a b le  7 .1  C om parison o f  m easured and predicted com ponent ju n c tio n  tem peratures for 

com ponent H  individually pow ered on the Stage 2 PCB in forced convection.

Airflow
(m/s)

M easured
CC)

Prediction discrepancy CO

Lam inar k-e LVEL

2.0 63.0 +5.1 (12%) +4.9(11%) +2.2 (5.1%)

4.0 54.6 +4.9 (14%) +5.3 (15%) +3.1 (9.0%)

Note: M easurement uncertainty, ±0.4°C. Percentage prediction error in parenthesis ( ) is calculated based on 

the measured com ponent junction temperature rise above ambient air tem perature. Component power 

dissipation = 3 W. Ambient air temperature = 20°C.

To investigate this aspect, m easured and predicted com ponent-PC B  surface temperature 

profiles are com pared in Figure 7.1 for com ponent H  on the Stage 2 PCB. Both at 2 and 4 

m/s, the m agnitude and shape o f  the predicted surface tem perature profiles over the package
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Figure 7.1 Comparison o f measured and predicted component-PCB surface temperature profiles 
for component H individually powered on the Stage 2 PCB in forced convection.
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compare well w ith m easurem en t, indicating tha t in ternal package hea t spread is correctly 

modelled. The m easured and predic ted board surface tem pera tu re  profiles are in good 

agreem en t in the span-wise direction, Figures 7.1(a) and 7.1(c), indica ting tha t PCB heat 

spread is well captured. W hile the same PCB m odelling m e thodology was em ployed in the 

stream -wise direction, Figures 7.1(b) and 7.1(d), d iscrepancies exist, m ore pronounced 

dow nstream  o f  the com ponen t. In this region, the board  surface tem perature is 

overpredicted by on average 2°C for bo th airflow  velocities. Such discrepancies were 

highligh ted dow nstream  o f  the single board-m ounted PQ FP 160 and PQ FP 208 devices in 

Figures 5.2 and 5.12 respectively, and were a ttributed to inaccurate predic tion o f  the 

advected air tem pera ture adjacen t to the board in this region [35]. H owever, the 

corresponding PQ FP 160 and PQ FP 208 analyses did no t show  predictive discrepancies 

upstream  o f the com ponen t. W hereas lam inar and tu rbulen t flow  m odel predic tions o f  the 

board surface tem peratu re dow nstream  o f the com ponen t are similar, Figure 7.1(b,d), 

discrepancies be tw een flow  m odel predictions are eviden t upstream  o f  the component. 

This suggests tha t inaccura te predic tion o f  the board surface tem perature in this region is 

m ore likely a ttributable to inaccurate predic tion o f  the local convective hea t transfer 

coefficient. The discrepancies in  Figures 7.1(b) and 7.1(d) are therefore clearly attributable 

to the im pact o f  upstream  aerodynam ic disturbance generated by the passive leading row  

devices on com ponen t H  hea t transfer no t being accura tely cap tured. The decay in junction 

tem perature predic tion accuracy from  Stages 1 to 2, Tables 5.1 and 7.1, is therefore linked 

to the increased com plexity  o f  the flow  phenom ena show n in F igure 3.33. The im pact o f 

such discrepancies on predic tive accuracy for m ore densely populated PCB applications 

will be discussed for the S tage 3 configurations.

7 .2 .2  S ta g e  3 , I n d iv id u a l l y  P o w e r e d  C o m p o n e n t s

N on-insulated P C B . In Tables 7.2 and 7.3, the lam inar and k-s flow  m odels predictions 

are sim ilar at 2 m /s, w ith greater differences at 4 m/s. For bo th flow  m odels, the greatest 

prediction errors occur at the first two leading edge com ponen t row s, indicating a w eakness 

o f  the code to predic t the leading edge flows, visualised a t 2 m /s in Figure 3.34. In this 

region, the k-s m odel displays be tter accuracy, particularly at 4 m/s. In free convection 

conditions, however, the operating tem perature o f  the leading edge individually powered 

com ponents was accurately predicted, to w ithin 2°C (3% ) o f  m easurem en t, Table 6.1. For 

forced convec tion, the predic tive discrepancies at the leading edge are therefore no t related 

to com ponen t sam ple, but its location on the board.
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T able 7.2 Com parison o f  m easured and predic ted com ponen t junction  tem peratures for 
individually powered com ponen ts on the non-insulated S tage 3 PCB in  a 2 m /s airflow.

Component
location

M easured
(-C)

Prediction discrepancy (°C)

Lam inar k -s LVEL

A 61.4 +7.7 (19%) +6.3 (15%) +3.1 (7.5%)

F 61.2 +7.3 (18%) +6.1 (15%) +2.9 (7.0%)

G 62.6 +7.1 (17%) +6.6(15%) +2.8 (6.6%)

H 64.4 +4.8(11%) +5.1 (12%) +1.4 (3.2%)

I 64.3 +4.3 (9.7%) +4.3 (9.7%) +1.7 (3.8%)

J 64.9 -0.9 (2.0%) -0.8 (1.8%) -2.9 (6.5%)

K 61.6 +6.9(17%) +5.6 (13%) +2.3 (5.5%)

Note: (A,F,K) and J are leading and trailing edge components respectively. Measurement uncertainty, ±0.4°C. 
Percentage prediction error in parenthesis ( )  is calculated based on the measured component junction temperature 
rise above ambient air temperature. Component power dissipation = 3W. Ambient air temperature = 20°C.

T ab le  7.3 Com parison o f  m easured and predicted com ponent junction  tem peratures for 

individually pow ered com ponents on the non-insulated Stage 3 PC B  in  a 4 m /s airflow.

Component
location

Measured
(°C)

Prediction discrepancy (°C)

Lam inar k-e LVEL

A 53.0 +9.3 (28%) +6.6 (20%) +4.5 (14%)

F 52.9 +8.7 (26%) +6.6 (20%) +4.3 (13%)

G 54.6 +6.7 (19%) +6.3 (18%) +3.5 (10%)

H 56.6 +3.9(11%) +3.7 (10%) +1.7 (4.6%)

I 55.6 +4.7 (13%) +4.9 (14%) +3.0 (8.4%)

J 56.1 +0.4 (1.1%) +0.4 (1.1%) -1.2 (3.3%)

K 52.9 +8.6 (26%) +6.7 (20%) +4.2 (13%)

Note: (A,F,K) and J are leading and trailing edge components respectively. Measurement uncertainty, ±0.4°C. 
Percentage prediction error in parenthesis ( )  is calculated based on the measured component junction temperature 
rise above ambient air temperature. Component power dissipation = 3 W. Ambient air temperature = 20°C.

Insulated Stage 3 P C B . In Tables 7.4 and 7.5, the greatest prediction  errors occur for 

com ponent G using the k-e flow  m odel, w hich is located in a  region identified as 

aerodynam ically sensitive by flow  visualisation, Figure 3.35. A s previously described, the 

flow  separates upstream  o f  the insulated PCB leading edge and re-attaches in a region ju s t 

dow nstream  o f  the leading row  com ponents A, F and K, w ith  unsteady characteristics at 2 

m/s. The flow  m odels therefore display different sensitiv ities to the aerodynam ic 

conditions on the insulated PCB, w ith  the lam inar m odel being m ore accurate. The poor 

accuracy o f  the k-s m odel for com ponent G is attributed to  the lim ited applicability o f  the 

wall functions used for the prediction o f  wall shear stress, hence heat transfer in re 

attaching flow  conditions [67]. It should also be noted that the k -s m odel is not suited to 

the analysis o f  the unsteady flow  over the insulated board at 2 m /s, as it does not capture 

flow  unsteadiness. This is due in this instance to an overprediction o f  the turbulent 

viscosity dam ping out any transient flow  features (Section 4.6.1.2). However, the k-s 

m odel w as assessed to reflect norm al design scenarios, w here there is no a p r io r i 

know ledge o f  the flow  regim e, and w hether it is steady or unsteady. Though the k-s 

predictions should therefore be considered w ith  reservation, th is m odel yields an accuracy
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sim ilar to tha t o f  the lam inar m odel for the dow nstream  com ponents H  to J.

T a b le  7 .4  C om parison o f  m easured and predicted com ponent junction  tem peratures for 

individually pow ered com ponents on the insulated Stage 3 PC B  in a  2 m /s airflow.
Component
location

Measured

(°C)

Prediction discrepancy (°C)

Lam inar k-e LVEL

A 74.1 +5.6 (10%) +6.2 (12%) +3.3 (6.1%)

F 75.2 +2.6 (4.7%) +4.1 (7.4%) +1.4 (2.5%)

G 73.3 +4.1 (7.7%) +11.9(22%) +6.7 (13%)

H 75.7 +2.9 (5.2%) +5.9(11%) +3.0 (5.4%)

I 76.6 +1.5 (2.7%) +3.0 (5.3%) +0.7 (1.2%)

J 75.8 -2.1 (3.8%) -2.0 (3.6%) -4.8 (8.6%)

K 73.4 +4.9 (9.2%) +6.6 (12%) +3.8 (7.1%)

Note: (A,F,K) and J are leading and trailing edge components respectively. Measurement uncertainty, ±0.5°C. 
Percentage prediction error in parenthesis ( )  is calculated based on the measured component junction temperature 
rise above ambient air temperature. Component power dissipation = 3W. Ambient air temperature = 20°C.

T a b le  7 .5  C om parison o f  m easured and predicted com ponent junction  tem peratures for 

individually pow ered com ponents on the insulated Stage 3 PCB in a  4 m /s airflow.

Component
location

M easured

(°C)

Prediction discrepancy (°C)

Laminar k-e LVEL

A 62.3 +5.8 (14%) +6.7 (16%) +5.3 (13%)

F 61.8 +4.5(11%) +6.6 (16%) +4.6 (11%)

G 63.0 +4.8(11%) +9.6 (22%) +7.3 (17%)

H 64.6 +3.4 (7.6%) +5.5 (12%) +3.3 (7.4%)

I 65.4 +3.4 (7.5%) +3.3 (7.3%) +1.3 (2.9%)

J 64.6 -1.1 (2.5%) -1.4 (3.1%) -4.0 (9.0%)

K 62.3 +6.7 (16%) +7.1 (17%) +4.9(12%)

Note: (A,F,K) and J are leading and trailing edge components respectively. Measurement uncertainty, ±0.4°C. 
Percentage prediction error in parenthesis ( )  is calculated based on the measured component junction temperature 
rise above ambient air temperature. Component power dissipation = 3W. Ambient air temperature = 20°C.

7 .2 .3  S t a g e  3 , S im u l t a n e o u s ly  P o w e r e d  C o m p o n e n t s

N on-insulated P C B . In Table 7.6, predictive accuracy for both  flow  m odels decays for 

the dow nstream  com ponents H  to J, relative to the corresponding individually powered 

configurations in Table 7.3. This is attributed to inaccurate prediction  o f  the downstream  

com ponent tem perature rise betw een the individually- and sim ultaneously powered 

configurations. This rise is solely due to com ponent therm al interaction, and is referred to 

as the com ponent pow ered-off tem perature rise. M easurem ents and predictions o f  this 

variable are com pared in  Figure 7.2(a). The lam inar m odel overpredicts downstream  

com ponent pow ered-off tem perature rise by on order 40% , w hereas the k-s m odel 

overpredicts by 25%. Therefore, the predictive accuracy obtained for the simultaneously 

powered PCB in Table 7.6 are only net values, and a  function o f  com ponent pow er 

dissipation. Overall, the lam inar and k-s flow  m odel com ponent operating temperature 

predictions w ould only be sufficient for the early design phase.
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T ab le  7.6 C om parison o f  m easured and predic ted com ponen t junction  tem peratures for 

sim ultaneously pow ered com ponen ts on the non-insulated S tage 3 PCB in a  4 m /s airflow.
Component
location

Measured
CC)

Prediction discrepancy C O

Laminar k-e LVEL

A 54.4 +8.8 (26%) +6.0(17%) +3.7(11%)

B 51.6 +8.9 (28%) +6.9 (22%) +2.1 (6.6%)

C 55.4 +8.4 (24%) +5.5 (16%) 0

D 57.1 +7.4 (20%) +4.7 (13%) -0.7 (1.9%)

E 57.8 +5.5 (15%) +4.0(11%) -2.1 (5.6%)

F 55.2 +7.9 (22%) +5.4(15%) +2.8 (8.0%)

G 60.0 +8.8 (22%) +7.7 (19%) +2.2 (5.5%)

H 64.2 +7.3 (17%) +5.7(13%) -0.2 (0.5%)

I 64.6 +8.8 (20%) +7.2 (16%) +0.8 (1.8%)

J 65.8 +4.5 (10%) +2.9 (6.3%) -3.3 (7.2%)

K 54.3 +8.6 (25%) +6.3 (18%) +3.5(10%)

L 51.9 +8.0 (25%) +7.2 (23%) +1.4 (4.4%)

M — — — —

N 55.2 +7.7 (22%) +6.7(19%) +1.4 (4.0%)

0 57.1 +5.5 (15%) +4.6(12%) -1.4 (3.8%)

Note: (A,F,K) and (E,J,0) are leading and trailing edge components respectively. Measurement uncertainty, 
±0.4°C. Percentage prediction error in parenthesis ( ) is calculated based on the measured component junction 
temperature rise above ambient air temperature. Component power dissipation = 3W. Ambient air temperature = 
20°C.

To investigate these discrepancies, m easured and predicted  com ponent-PC B  surface 

tem perature profiles are com pared on the board com ponent- and non-com ponent sides in 

Figures 7.3(a) and 7.3(b) respectively. Considering first the board non-com ponent side, 

m easurem ents and predictions o f  the surface tem perature d istribution agree w ell, both 

qualitatively and quantitatively for the lam inar and k-s m odels, w ith  the exception o f  

localised discrepancies. This agreem ent indicates that the num erical m odels accurately 

predict heat loss from  the board non-com ponent side, w hich  is predicted to account for 

39% o f  total pow er dissipation for all three flow  m odels. Considering the im portance o f 

this heat transfer path, th is agreem ent indicates that com ponent-board therm al interaction is 

accurately captured. As the k-s m odel predicts slightly low er surface tem perature than the 

lam inar m odel, bu t sam e convective heat loss from  this surface, it is likely to predict higher 

wall shear stress, hence heat transfer coefficients.

On the board com ponent side, Figure 7.3(a), the shape o f  the predicted surface 

tem perature distributions over the com ponent bodies agree w ell w ith  m easurem ent, w ith 

the m agnitude o f  discrepancies reflecting those o f  corresponding junction  tem perature 

prediction errors in Table 7.6.

Based on these analyses, it is suspected that overprediction o f  com ponent junction  

tem perature for individually pow ered com ponents, using the lam inar and k-s m odels, is 

related to an underprediction o f  the heat transfer coefficient. U nlike the k-s turbulent flow  

model, the lam inar m odel does not rely on the use o f  w all functions to calculate this
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variable. Since bo th m odels yield  sim ilar tem perature predic tive discrepancies, inaccurate 

prediction o f  the hea t transfer coefficien t m ust essen tially be rela ted to inaccurate flow  

field m odelling. For the sim ultaneously pow ered cases, inaccu ra te flow  field predic tion 

also im pacts on the predic tion o f  flu id  m ixing, hence advec ted air tem perature adjacen t to 

the board. Both factors com bine to am plify junction  tem perature prediction errors. This 

explains the decay in accuracy from  individually to sim ultaneously pow ered configurations 

in Stage 3.

Insulated Stage 3 P C B . W hen account is taken o f  m easurem ent uncertainty, prediction 

accuracy in  Tables 7.7 and 7.8 ranges from  +3°C to +22°C  (up to 35% ) depending on 

com ponent location, airflow  velocity and flow  model. N either flow  m odel yields best 

accuracy for all com ponents. For exam ple, the lam inar m odel m ore accurately predicts the 

junction  tem peratures o f  the first two leading edge row  com ponent row s, whereas the k-e 

predictions are m ore accurate for the dow nstream  com ponents, I and J.

As evident from  Figures 7.2(a) and 7.2(c), overprediction o f  the dow nstream  com ponent 

pow ered-off tem perature rise is m uch more pronounced than  on the non-insulated PCB, 

w hich results from  the adiabatic boundary condition im posed on the board non-com ponent 

side. These errors are m ore pronounced for the lam inar flow  m odel for devices H  to J, and 

result in junction  tem perature errors increasing w ith  distance from  the PCB leading edge. 

These trends are reflected in  the corresponding surface tem perature profile predictions in 

Figures 7.3(c) and 7.3(d). A lthough unlikely, to assess potential uncertainties in the 

insulation therm al conductivity, hence its effectiveness as an adiabatic boundary condition, 

the nom inal value for this param eter was doubled. Junction tem perature predictions 

decreased by a w orst-case 1.3°C for the 2 m /s case, indicating that the adiabatic boundary 

condition was correctly represented in the m odel. Potential uncertainties in other 

m odelling param eters w ere found to have m inim al im pact on  the predictions (Section

5.2.1).

The results for the non-insulated and insulated Stage 3 PC B s com bined clearly show  a 

weakness o f  the code to predict dow nstream  com ponent therm al interaction. This is in  line 

w ith A nderson’s results [163] for an air-cooled array o f  heated blocks. U sing the same 

turbulence m odelling and CFD code, the predicted superposition kernel functions were 

significantly overestim ated. This was attributed to underprediction o f  fluid flow  m ixing, as 

good agreem ent betw een predicted and m easured adiabatic heat transfer coefficient was 

found. Inaccurate prediction o f  the com ponent pow ered-off tem perature rise is a

3 Ratio o f the passive module adiabatic temperature rise above channel inlet fluid temperature, to the bulk 

mean temperature rise o f  the fluid. Indicates the level o f  thermal mixing.
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significan t lim itation as m any PCB applications are densely  packed m ulti-com ponen t 

boards, w ith m ore than  one com ponen t having significan t pow er dissipation.

T ab le  7.7 Com parison o f  m easured and predicted com ponen t junction  tem peratures for 

simultaneously powered com ponents on the insulated Stage 3 PCB in a 2 m /s airflow.
Component
location

M easured
(°C)

Prediction discrepancy C O

Laminar k-e LVEL

A 7 9 .4 + 7 .4 (1 3 % ) + 7 .8 ( 1 3 % ) + 3 .9  (6 .6 % )

B 7 4 .4 + 9 .9 (1 8 % ) + 1 4 .4  (2 7 % ) + 1 0 .5 ( 1 9 % )

C 81 .4 + 1 2 .4  (2 0 % ) + 9 .3  (1 5 % ) + 7 .2  (1 2 % )

D 85.8 + 1 3 .6  (2 1 % ) + 5 .7  (8 .7 % ) + 2 .5  (3 .8 % )

E 8 4 .4 + 1 3 .5  (2 1 % ) + 2 .5  (3 .9 % ) -2 .2  (3 .4 % )

F 8 1 .2 + 6 .5 (1 1 % ) + 1 1 .0 ( 1 8 % ) + 5 .5  (9 .0 % )

G 84 .0 + 1 2 .2 (1 9 % ) + 2 2 .4  (3 5 % ) + 1 4 .3  (2 2 % )

H 92.1 + 1 3 .2  (1 8 % ) + 1 5 .6  (2 2 % ) + 1 0 .2 ( 1 4 % )

I 9 5 .7 + 1 5 .5 (2 1 % ) + 1 2 .4  (1 6 % ) + 7 .3  (9 .6 % )

J 9 4 .9 + 1 2 .8  (1 7 % ) + 5 .5  (7 .3 % ) -0 .3  (0 .4 % )

K 7 7 .0 + 8 .4 (1 5 % ) + 1 4 .6  (2 6 % ) + 8 .7 ( 1 5 .3 % )

L 72 .7 + 1 0 .3  (2 0 % ) + 1 8 .2  (3 5 % ) + 1 2 .1  (2 3 % )

M . . . — — —

N 8 2 .2 + 1 3 .6  (2 2 % ) + 1 2 .4  (2 0 % ) + 9 .3 ( 1 5 % )

0 82 .5 + 1 3 .5  (2 2 % ) + 7 .9 ( 1 3 % ) + 4 .5  (7 .2 % )

Note: (A,F,K) and (E ,J,0 ) are leading and trailing edge components respectively. M easurement uncertainty, 
±0.6°C. Percentage prediction error in parenthesis ( )  is calculated based on the measured component junction 
temperature rise above am bient air temperature. Component pow er dissipation = 3W. Ambient air

temperature = 20°C.

T ab le  7.8 Com parison o f  m easured and predicted com ponent junction temperatures for 

simultaneously pow ered components on the insulated Stage 3 PCB in a 4 m /s airflow.

Component
location

Measured
C Q

Prediction discrepancy (°C)

Lam inar k-e LVEL

A 6 3 .7 + 6 .2  (1 4 % ) + 8 .9  (2 1 % ) + 7 .3  (1 7 % )

B 6 0 .0 + 7 .7 (1 9 % ) + 1 0 .0  (2 5 % ) + 9 .8  (2 5 % )

C 64.1 + 1 0 .5  (2 4 % ) + 7 .4  (1 7 % ) + 5 .7  (1 3 % )

D 6 5 .8 + 1 2 .9  (2 8 % ) + 6 .1  (1 3 % ) + 3 .2  (7 .0 % )

E 6 3 .9 + 1 2 .9  (2 9 % ) + 4 .4 ( 1 0 % ) + 0 .4  (0 .9 % )

F 6 4 .2 + 7 .6  (1 7 % ) + 1 1 .2  (2 5 % ) + 7 .6  (1 7 % )

G 6 8 .0 + 1 0 .9  (2 3 % ) + 1 6 .7  (3 5 % ) + 1 2 .6  (2 6 % )

H 7 3 .6 + 1 2 .2  (2 3 % ) + 1 2 .1  (2 3 % ) + 7 .7  (1 4 % )

I 75 .8 + 1 4 .5  (2 6 % ) + 1 0 .1  (1 8 % ) + 5 .5  (9 .9 % )

J 74.1 + 1 3 .3  (2 5 % ) + 5 .5  (1 0 % ) + 0 .4  (0 .7 % )

K 6 3 .0 + 8 .8 (2 1 % ) + 1 2 .4  (2 9 % ) + 9 .1  (2 1 % )

L 59 .6 + 8 .0  (2 0 % ) + 1 2 .5  (3 2 % ) + 8 .4  (2 1 % )

M — — — —

N 65.3 + 1 2 .3  (2 7 % ) +9.1  (2 0 % ) + 6 .8 ( 1 5 % )

O 66 .0 + 12 .1  (2 6 % ) + 5 .4 ( 1 2 % ) + 2 .8  (6 .1 % )

Note: (A,F,K) and (E ,J,0) are leading and trailing edge components respectively. Measurement uncertainty, 
±0.4°C. Percentage prediction error in parenthesis ( )  is calculated based on the measured component junction 
temperature rise above ambient air temperature. Component power dissipation = 3W. Ambient air temperature =

20°C.
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C o m p o n e n t location

(a) Non-insulated Stage 3 PCB in a 4 m/s airflow

C o m p o n e n t location

(b) Insulated Stage 3 PCB in a 2 m/s airflow

C o m p o n e n t location

(c) Insulated Stage 3 PCB in a 4 m/s airflow

Note: M easurement uncertainty in powered-off component temperature rise, ±0.8°C and ±0.6°C in 2 and 4 

m/s airflows respectively.

F ig u re  7.2 C om parison o f  m easured and predicted com ponen t junction  tem perature rise 

between the individually- and sim ultaneously pow ered configura tions for the central 

stream -w ise row  com ponen ts (F - J) on the S tage 3 PCB in forced convection.
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(d) Insulated Stage 3 PCB at 4 m/s, com ponent side 
Note: Analysis Plane X-X, Figure 3.19. (— ) denotes component body location, (— ■) denotes copper tracking location on the board component 

side, and (■•••) denotes copper tracking location on the board non-component side. Uncertainty in temperature measurement, ±1.4°C.

F igure 7.3 Comparison of measured and predicted component-PCB surface temperature profiles in the 
stream-wise airflow direction on the Stage 3 PCB in forced convection.
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A lthough the k-s predic tions form  the a p r io r i  results for tu rbulen t flow  analysis, a 

practical observation can be m ade regarding the LVEL m odel perform ance. For the 

sim ultaneously pow ered Stage 3 configura tions, the LVEL m odel predic tions are 

consisten tly low er than k -s ’s by on average 5°C (10% ). R odgers e t al. [35] reported a 

sim ilar trend for ano ther PCB topology. The discrepancy betw een the flow  m odels is due 

to LVEL predicting higher values o f  fluid turbulent viscosity  in the near-w all region, 

thereby artificially increasing both  convective heat transfer and flu id  flow  m ixing. Despite 

yielding slightly larger prediction errors than for the k-s flow  m odel, LVEL was shown to 

m aintain its predictive accuracy using low er grid densities, unsuitable for the k-s model. 

This result suggests the greater applicability o f  the LVEL m odel for system  level turbulent 

flow  analysis, w here grid density is constrained by com putational lim its.

7 .2 .4  S u m m a r y  o f  R e s u l t s

A system atic assessm ent o f  predictive accuracy w as presented for PCB-m ounted 

com ponent heat transfer, using a CFD code dedicated to the therm al analysis o f  electronic 

systems.

C om ponent operating tem perature prediction accuracy ranged from  +3°C to +22°C  (up 

to 35%) o f  m easurem ent, depending on com ponent location on the board, airflow  velocity 

and flow  m odel applied. Such an accuracy w ould only be sufficient for the early design 

phase, and represents a  significant decay relative to corresponding predictions for free 

convection, C hapter 6.

The inability o f  either the lam inar or turbulent k-s flow  m odels to resolve the complete 

forced airflow s over the board suggests the need for a flow  m odel capable o f  m odelling 

transition.

Flow  visualisation was show n to be an efficient m eans o f  identifying aerodynam ically 

sensitive regions on populated boards, w here tem perature prediction  accuracy m ust be 

view ed w ith caution.

7 .3  A l t e r n a t iv e  F lo w  M o d e l l in g  S tr a te g ie s

To investigate i f  the prediction o f  both  aerodynam ic and therm al factors that influence 

com ponent operational tem perature could be im proved, a  range o f  candidate, turbulent 

flow m odelling approaches are evaluated using Fluent, w hich w ere developed for the 

prediction o f  low -R eynolds number, w all-bounded flows. These m odels are the one- 

equation Spalart-A llm aras (SA) model, a  tw o-layer zonal m odel and Shear Stress Transport 

(SST) k-co m odel. Their characteristics were outlined in Section 4.3.2.
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Im provem en ts in  predictive accuracy are assessed for the non-insulated S tage 3 PCB, 

characterised in a 4 m /s airflow, and the m o tiva tion for selec ting this tes t configura tion was 

given in  Sec tion 4.4. Repea ting the benchm ark m e thodology applied in Sec tion 7.2, the 

single board-m ounted com ponen t (S tage 1) configura tion is firstly considered, so as to 

provide a base-line accuracy for each flow  m odel. A ny decay in predictive accuracy for the 

populated board w ould be attributable to a w eakness o f  the turbulence flow  m odel 

em ployed to predict the m ore com plex flow s and their im pact on  com ponent-PCB heat 

transfer. P redictive accuracy is again assessed in two steps, from  individually powered 

components, to a  sim ultaneously pow ered configuration, so as to isolate the im pact o f 

aerodynam ic conditions and com ponent therm al interaction on predictive accuracy 

respectively.

Candidate turbulence m odel perform ance is evaluated against that o f  the standard high- 

Reynolds k -s m odel, Tables 7.3 and 7.6, w hich is considered as the base line accuracy.

7.3.1 S tage 1 P C B

In Table 7.9, com ponent junction  tem perature predictive accuracy is overall w ithin ±3°C 

o f m easurem ent w hen account is m ade o f  experim ental error, w ith  the tw o-layer zonal 

m odel predictions slightly outside this band. The Flotherm  and F luent lam inar flow  m odel 

predictions are w ith in  1.4°C o f  each other, w hich is in  line w ith previous studies that 

com pared the softw are predictions for single com ponent board heat transfer [148,255], As 

outlined in Section 4.3, m eaningful com parison o f the high-R eynolds num ber k-s flow 

m odel [234,235] predictions betw een the codes could no t be m ade due to differences in 

w all functions form ulations. The im pact o f  wall function form ulation on predictive 

accuracy w ill be illustrated in Section 7.3.3. H ow ever, the sim ilarity in  lam inar predictions 

betw een codes indicates that differences in num erics do not significantly im pact on 

predictive accuracy.

T ab le  7.9 Com parison o f  m easured and predicted com ponent junction  tem peratures for

Measured Prediction discrepancy C Q

CQ Flotherm Fluent

Lam inar k-e Laminar Spalart-
A llmaras

2-layer zonal SSTk-co

58.6 +1.0 (2.6%) +0.8 (2.1%) +2.4 (6.2%) -1.0 (2.6%) -3.6 (9.3%) -2.3 (6.0%)

Note: M easurement uncertainty, ±0.4°C. Percentage prediction error in parenthesis ( ) is calculated based on 
the measured component junction temperature rise above ambient air temperature. Component power 

dissipation = 3 W. Ambient air temperature = 2CPC.
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7 .3 .2  N o n - in s u la te d  S ta g e  3 , I n d iv id u a l ly  P o w e r e d  C o m p o n e n t s

Overall in Table 7.10, the three candidate turbulence m odels evaluated display im proved 

predictive accuracy relative to the standard k-e m odel. This is m os t eviden t for the leading 

edge com ponen ts F and G, indicating im proved predic tion o f  leading edge flow.

Considering the predictive discrepancy o f  the tw o-layer zonal m odel for the single 

com ponen t-board case, its perform ance in this instance can be considered fortuitous. This 

m odel predic ted higher local tu rbulen t viscosity values than w ith the o ther turbulence 

models. This possibly resulted in  artificially increasing w all shear stress and hence the 

convective hea t transfer coefficient. Plo ts o f  the predic ted flow  field  vectors around the 

leading edge com ponen t F, taken along the board cen tral stream -w ise axis are com pared in 

Figure 7.4. Possibly  reflec ting high values o f  predic ted tu rbulen t viscosity , the tw o-layer 

zonal m odel is seen to predic t ex trem ely w eak flow  separa tion over the leading edge 

component. This is in con trast w ith the ex ten t o f  flow  separa tion iden tified by 

experim en tal flow  visualisa tion. The SST k-co and Spalart-A llm aras m odel predictions in 

Figure 7.4 are m ore realistic. The thinner hydrodynam ic boundary layer predic ted by the 

tw o-layer zonal m odel results in higher hea t transfer coefficien ts over the com ponen t-board 

surfaces, to w hich the low er junction  tem perature predic tions in Table 7.10 are attributable. 

Based on the above, the SST k-co m odel is considered to perform  bes t for this test 

configuration. Predic tions for the tw o-layer zonal m odel w ere found to be insensitive to 

the turbulence m odel used in  the far-field, nam ely standard k-e or R N G  k-s, suggesting tha t 

near-wall trea tm en t m ay be  the de term ining factor on predic tive accuracy in  this instance.

T a b le  7 .1 0  C om parison o f  m easured and predic ted com ponen t ju n c tio n  tem peratures for 

individually pow ered com ponen ts on  the Stage 3 PCB in a  4 m /s airflow.______
Com ponen t

loca tion

M easured

(°C)

P red iction  d iscrepan cy  (°C)

*k-e Spa la rt-

A llm aras

2 -la ye r  zona l SSTk-co

F 52.9 + 7 .6  (23% ) +4.3 (13% ) + 1 .0  (3 .0% ) +2.8  (8 .5% )

G 54.6 + 6 .5 (19% ') + 3 .7 (1 1 % ) + 0 .7  (2 .0% ) +2.3 (6 .6% )

H 56.6 + 3 .8 (1 0 % ) +2.2  (6.0% ) -0.5 (1 .4% ) + 0.8  (2 .2% )

I 55.6 + 4 .9  (14% ) +3.4  (9.6% ) +0.7  (2 .0% ) +2.1 (5 .9% )

J 56.1 + 0.5  (1.4% ) +2.6  (7.2% ) 0 + 1 .6  (4 .4% )

Note: All predictions generated with the computational model confined to the central stream-wise component 
row. (*) Predictions generated with Flotherm. F and J are leading and trailing edge components respectively. 
M easurement uncertainty, ±0.4°C. Percentage prediction error in parenthesis ( ) is calculated based on the 
measured com ponent junction temperature rise above ambient air temperature. Com ponent power dissipation 

= 3W. Ambient air temperature =20°C.
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Figure 7.4 Predicted flow field vectors at the leading edge o f  the Stage 3 PCB, taken along the 
board central stream-wise axis (Plane X-X, Figure 3.19).

7 .3 .3  N o n - in s u la te d  S t a g e  3 ,  S im u l t a n e o u s ly  P o w e r e d  C o m p o n e n ts

In  Table 7.11, w hen account is taken  o f  m easurem ent uncertainty, prediction  accuracy 

im proves from  a  w orst-case +7.9°C  (20% ) for the k-e m odel, to  +1.7°C  (4.8% ) for the SST 

k-co model. This im provem ent is attributed to  better prediction  o f  bo th  leading edge heat 

transfer, as previously highlighted, and dow nstream  tem perature rise due to  com ponent 

therm al interaction.

M easurem ents and predictions o f  dow nstream  com ponent tem perature rise  betw een the 

individually- and sim ultaneously pow ered configurations are com pared in Figure 7.5. This 

tem perature rise is solely due to  com ponent therm al interaction. W hereas the  k-e m odel 

overpredicts dow nstream  com ponent tem perature rise by  on order 25% , the SST k-co and 

Spalart-A llm aras m odel predictions are bo th  w ith in  4%  o f  m easurem ent. H owever, the
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tw o-layer zonal m odel underpredic ts com ponen t therm al in terac tion by up to 30%, w hich 

results in  junction  tem perature discrepancies increasing w ith distance from  the PCB 

leading edge, Table 7.11. Therefore, predictive accuracy for this m odel in Table 7.11 are 

net values, and a  function o f  com ponen t pow er dissipation.

T a b le  7 .1 1  C om parison o f  m easured and predic ted com ponen t junction  tem peratures for 
sim ultaneously powered com ponen ts on the S tage 3 PCB in  a  4 m /s airflow.

Com pon en t

loca tion

M easu red

(°C)

P red ic tion  d iscrepancy  (°C)

*k-e Spala rt-

A llm aras

2 -la yer  zon a l S S T  k-co

F 55.2 +6.1 (17% ) + 2.8  (8.0% ) -0 .7  (2 .0% ) +1.7  (4 .8% )

G 60 .0 + 7 .9  (20% ) + 3.5  (8 .8% ) -1.1 (2 .8% ) +1.7  (4 .3% )

H 64.2 +6.1 (14% ) +2.3 (5.2% ) -3.0  (6 .8% ) +0.3  (0 .7% )

I 64.6 +7.3 (16% ) + 3 .6  (8.1% ) -2.1 (4 .7% ) +1.7  (3 .8% )

J 65.8 +3.0  (6.6% ) + 2 .8  (6.1% ) -3 .0  (6 .6% ) +1.3  (2 .8% )

Note: All predictions generated with the computational model confined to the central stream-wise component 

row. (*) Predictions generated with Flotherm. F and J are leading and trailing edge components respectively. 
Measurement uncertainty, ±0.4°C. Percentage prediction error in parenthesis ( ) is calculated based on the 
measured component junction temperature rise above ambient air temperature. Component power dissipation 
= 3W. Ambient air temperature = 20°C.

C o m p o n e n t location

N ote: M easurement uncertainty in powered-off component temperature rise, ±0.6°C. k-s flow model 

predictions generated with Flotherm.

F ig u r e  7.5 C om parison o f  m easured and predicted com ponent junction  tem perature rises 

betw een the individually- and sim ultaneously pow ered configurations for the central 

stream -w ise row  com ponents (F - J) on the Stage 3 PCB.

A lthough no flow  field  m easurem ents are presented to assess flow  field predictive 

accuracy, energy balance analyses o f  com ponent heat transfer w ere undertaken to assess the 

sensitivity o f  the com ponent heat transfer paths to the m odelling  o f  the convective domain. 

The predicted energy balances for the sim ultaneously pow ered Stage 3 PCB are presented 

for all turbulent flow  m odels considered in Table 7.12. The net heat flux through each heat 

transfer path  is presented as a percentage o f  the total dissipated pow er. D espite differences
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in  com ponen t junction  tem perature predictions be tw een tu rbulence m odels in Table 7.11, 

the predic ted com ponen t hea t transfer pa ths for all flow  m odels are found to be very sim ilar 

in Table 7.12. This indicates tha t the com ponen t in ternal conductive dom ain is relatively 

flow  m odel independen t, w ith com ponen t junction  tem pera tu re predic tion accuracy being 

therefore rela ted to the flow  field prediction. Therefore, im provem en ts in  com ponen t 

junction  tem perature accuracy rela tive to the standard h igh-R eynolds num ber k-s model, 

ob tained using the SST k-co flow  m odel, are related to the representation  o f  the convective 

domain. Thus in  this instance, energy balance analyses o f  com ponent heat transfer help 

link junction  tem perature prediction errors to flow  field pred iction  errors.

The predicted energy balances also highlight that the com ponent heat transfer paths are 

w eakly sensitive to com ponent location on the board and convective environm ent. Thus, 

w hen com paring the k-co predictions for a 4 m /s airflow, w ith  corresponding predictions for 

free convection, Table 6.4, com ponent heat loss to the board only dim inishes by on average 

7%, to 62%. This again highlights the predom inance o f  board construction as a design 

param eter for low ering com ponent operating tem perature.

T a b le  7 .1 2  N um erical com ponent energy balances on the sim ultaneously pow ered non- 

insulated Stage 3 PCB in a 4 m /s airflow._________________________________________
Component

location

Heat path (%)

*k-e Spa!art-A Umar us 2-layer zonal SSTk-o)

T op B ase Leads Sides T op B ase Leads Sides Top B ase L eads Sides T op B ase Leads Sides

F 32 14 50 4 33 14 49 4 34 14 48 4 33 14 49 4

G 33 15 48 4 34 14 48 4 36 14 46 4 35 14 47 4

H 34 14 48 4 34 14 48 4 36 14 46 4 35 14 47 4

I 34 15 47 4 34 14 48 4 36 14 46 4 35 14 47 4

J 33 14 49 4 33 14 49 4 34 14 48 4 33 14 49 4

Note: Laminar and k-s flow m odel energy balance analyses within 1%. Com ponent power dissipation = 3 W.

This study highlights the value o f  using turbulence m odels m ore suited to low -Reynolds 

num ber flow s than a standard k-e m odel, for the analysis o f  m ulti-com ponent board heat 

transfer. W hereas com ponent operating tem perature pred iction  accuracy w ould only be 

sufficient for the early design phase using the standard k-s m odel, it w ould qualify for the 

interm ediate to final design phase using the SST k-co m odel in  this study. The Spalart- 

Allm aras m odel perform ance w as com parable despite its sim pler calculation strategy. This 

suggests its potential applicability to engineering calculations in term s o f  lower 

com putational expense.

It should be noted that using the standard k-s flow  m odel in  Fluent, w hich can only be 

applied w ith a w all function form ulation constrained to y+  values greater than 30, predicted 

junction  tem peratures w ere on average 10°C (20 to 25% ) underestim ated relative to
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corresponding k-co predic tions for the sim ultaneously pow ered com ponen ts, using the same 

com putational mesh. This highligh ts the im pact o f  near w all m eshing for w all functions 

tha t are y+ constrained.

W hile the presen t im provem en ts in predic tive accuracy m ay seem  m odest, it is 

anticipated tha t greater im provem en ts could be ob ta ined for m ore com plex flow  conditions, 

to w hich the lim itations o f  a standard high-Reynolds num ber k-e m odel w ith wall functions 

w ould be m ore exposed. Such flow  conditions are proposed in  future w ork program m es 

outlined in Section 8.2.

7.4 S u m m a ry

A  system atic assessm en t o f  CFD predictive accuracy w as presen ted for PCB-m ounted 

com ponen t hea t transfer.

Using a CFD code dedicated to the thermal analysis o f  electronic systems, component 

operating temperature prediction accuracy ranged from +3°C to +22°C (up to 35%) of 

measurement, depending on component location on the board, airflow velocity and flow model 

applied. Such an accuracy would only be sufficient for the early design phase, and represents a 

significant decay relative to corresponding predictions for free convection, Chapter 6.

U sing turbulence m odels m ore suited to the m odelling o f  low -R eynolds num ber flows, 

prediction accuracy for com ponent operating tem perature im proved by up to 15% relative 

to a standard high-R eynolds num ber k-e flow  model. Such im provem ents are attributed to 

better prediction o f  both  leading edge heat transfer and com ponent therm al interaction,

U sing an SST k-co m odel, com ponent junction  tem perature predictions were w ithin 

+2°C (5%) o f  m easurem ent. Such an accuracy w ould  enable param etric analysis o f 

product therm al perform ance to be undertaken w ith  greater confidence. Such 

im provem ents could also contribute to the generation o f  m ore accurate tem perature 

boundary conditions for use in Physics-of-Failure based reliability  prediction methods.

It is anticipated that the value o f  applying such flow  models w ould be m ore evident for the 

analysis o f m ore com plex flow  conditions than considered in this study, where the limitations 

o f  a  standard high-Reynolds num ber k-e m odel w ould be m ore exposed.

Based on the results presented, the case is m ade for vendors o f  CFD codes dedicated to 

the therm al analysis o f  electronic equipm ent to consider the adoption o f  turbulence m odels 

m ore suited to detailed board level analysis.

Until such flow  m odelling is incorporated into dedicated CFD codes, the use o f flow  

visualisation on m ock-up prototypes in the early design phase can help identify 

aerodynam ically sensitive regions on the board, w here tem perature predictions should be 

considered w ith  caution.
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8 .0  C o n c lu s io n s  a n d  R e c o m m e n d a tio n s

A n assessm en t o f  C om putational Flu id D ynam ics (CFD ) predic tive accuracy for board- 

m ounted electronic com ponen t hea t transfer was presen ted in  this Thesis. B o th standard 

flow  m odelling approaches, typically em ployed for the therm al analysis o f electronic 

systems, and alternative flow  m odelling strategies w ere evaluated. A part from  the 

prediction o f  com ponen t operational tem perature in  applica tion  environm en ts, the 

applicability o f  CFD analysis to the design o f  electronic com ponen t reliability  screens and 

convective solder reflow  tem perature profiles w as also investigated. The prom inen t 

findings o f  the research are sum m arised in this chap ter, w hich closes w ith 

recom m endations and proposals for future w ork program m es.

8 .1  C o n c lu s io n s

8 .1 .1  E x p e r im e n ta l  B e n c h m a r k s

• A  set o f  experim en tal benchm arks was presen ted for bo th  steady-state and transien t 

com ponen t hea t transfer. H igh  m easurem en t accuracy and reproducibility, com bined 

w ith m inim al therm al resistance variation betw een sam ples, established confidence in 

the experim en tal data. Fu rther confidence was gained from  com ponen t structural 

analysis, w hich served to elim inate po ten tial num erical m odelling uncertainties.

• The use o f  m easured com ponen t junction  and surface tem pera ture, w ith supporting 

experim en tal flow  visualisa tion, was show n to be effective in  isola ting sources o f  

num erical predic tion error.

• Increm en ting test case com plexity in con trolled steps, from  single board-m ounted 

com ponen ts, to sim ultaneously pow ered m ulti-com ponen t configurations, was shown  to 

be efficien t in enabling bo th the num erical m odelling m e thodologies and solver 

capability to be carefully evaluated. U sing this approach the im pacts o f bo th 

aerodynam ic and therm al factors on predictive accuracy were quantified.

8 .1 .2  C o m p o n e n t  S t e a d y - S ta t e  H e a t  T r a n s f e r

Focusing on the S tage 3 PCB configurations, w hich represen t realistic electronic 

com ponen t-board applications, the following conclusions w ere draw n on CFD predictive 

accuracy for com ponen t opera tional tem perature. R esults for the o ther test configurations 

will only be used to explain the findings.

207



S ta n d a rd  f lo w  m odelling

• In lam inar free convec tion, com ponen t junc tion  tem pera tu re predic tions w ere found to 

be overall w ithin  ±5°C or 7%  o f  m easurem en t, independen tly  o f  com ponen t location on 

the board. In forced airflows, com ponen t opera ting tem pera tu re predic tion accuracy 

decayed up to +22°C  (35% ) o f  m easurem en t, depending on com ponen t board location, 

airflow  velocity  and flow  m odel applied. This decay reflec ts a w eakness o f  the flow  

m odels to deal w ith the m ore com plex forced airflow s over the boards. By contrast, 

com ponen t junction  tem perature predictions for single board-m ounted com ponen ts were 

typically w ithin ±3°C or 5%  o f  m easurem en t, dem onstra ting the su itab ility o f  the 

com ponen t and PCB num erical m odelling m ethodologies.

• W hile for free convection, predic tive accuracy for com ponen t operational tem perature in 

m ulti-com ponen t board applications w ould qualify for the in term edia te phase o f  a 

therm al design process, it w ould only be sufficien t for the early design phase in forced 

airflows. A s predic tion accuracy could decay in real electronic system s, w here bo th 

m ore com plex flow  conditions and m odelling uncertain ties w ould exist, com ponen t 

junction  tem peratu re w ould ultim ately need to be experim en tally  m easured w hen used 

for strategic product design decisions, and perform ance and reliability  predictions. This 

dependency on experim en tal pro to typing dim inishes the po ten tial o f  CFD analysis, as a 

design m ethod, to reduce electronic product developm en t cycle tim es.

• The level o f  predic tive accuracy obtained in this study suggests tha t CFD can only be 

used w ith confidence to refine a  product therm al design by param e tric analysis, on the 

prem ise tha t qualitative predic tions can be relied upon. Such an assum p tion should be 

considered on a case-by-case basis.

• The inability o f  either the lam inar or high-R eynolds num ber tu rbulen t k-s flow  m odel to 

resolve the com plete forced airflow s over the populated boards, w ith  greatest prediction 

error and discrepancy betw een flow  m odels occurring in aerodynam ically sensitive 

regions, suggests the need for a flow  m odel capable o f  m odelling transition. By 

contrast, predictions were w eakly sensitive to flow  m odel on single com ponent board 

topologies, reflecting a  low er degree o f  aerodynam ic disturbance.

• D ow nstream  com ponent therm al interaction was found to  be inaccurately captured using 

either the lam inar or turbulent k-s flow  m odel. This is a  critical lim itation considering 

the com bined trends o f  rising Integrated Circuit (IC) pow er dissipation and com ponent 

packing density in  electronic systems, w hich act to am plify com ponent therm al 

interaction.
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• Prediction error for the k-s m odel in regions o f  strong flow  re-a ttachm en t are prim arily 

attributed to the lim ited applicability o f  the w all functions w hen the local flow  

conditions deviate significan tly from  boundary layer flow . This lim itation w ould be 

critical for the predic tion  o f  com ponen t opera tional tem pera tu re on PCBs exposed to 

upstream  fan flows, over w hich m ultiple attaching, separating and recirculating flow  

features w ould exist. Overall, using the k-s m odel, pred iction  accuracy for com ponent- 

PCB surface convective heat transfer w ill depend both  on how  far the flow  conditions 

deviate from  boundary layer flow, and on the sensitivity o f  heat transfer to these 

conditions. In addition, w all function form ulations constrained to  having near-w all cell 

y+ values greater than  30 are not suitable for detailed analysis o f  com ponent-PCB heat 

transfer.

• The k-s m odel was show n to be unsuitable for the analysis o f  unsteady flow s as it does 

not capture flow  unsteadiness. This lim itation could be critical depending on the 

sensitivity o f  com ponent operating tem perature to such flow  conditions.

• The LV EL m odel predictions were consistently low er than k -s ’s by on average 5°C 

(10%). H owever, this m odel was shown to m aintain its predictive accuracy using low er 

grid densities, unsuitable for the k-s m odel. This suggests L V E L ’s greater applicability 

for system  level turbulent flow  analysis, w here grid  density is constrained by 

com putational limits.

• In alm ost all instances, using either the lam inar or k-s flow  m odel, com ponent operating 

tem perature was overpredicted, leading to a conservative therm al design. However, 

qualitative trends m ay not be correctly predicted, in  term s o f  identifying the hottest 

operating com ponents on the board.

• The application o f  experim ental flow  visualisation w as dem onstrated to help identify the 

com plex flow  phenom ena that develop over forced air-cooled PCBs. F low  visualisation 

enabled the location o f  aerodynam ically sensitive regions on the boards to be both 

identified and associated w ith significant prediction  error in com ponent operating 

temperature.

A lterna tive  f lo w  m o d e llin g  approaches

• U sing turbulence m odels m ore suited to the analysis o f  low -Reynolds num ber flows, 

prediction accuracy for com ponent operating tem perature im proved by up to 15% 

relative to a  standard high-R eynolds num ber k-s flow  model. Such im provem ents are 

associated w ith im proved prediction o f  both board leading edge heat transfer and 

com ponent therm al interaction.
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• N um erical energy balance analyses o f com ponen t hea t transfer show ed tha t the 

com ponen t in ternal conductive dom ain w as w eakly sensitive to flow  model. H ence 

im provem en ts in ju n c tio n  tem perature accuracy w ere rela ted  to the represen tation o f  the 

convective dom ain, tha t is the flow  field prediction.

• Using the SST k-oo m odel, com ponen t junction  tem pera tu re predic tions were w ithin 

+2°C (5%) o f  m easurem en t. Such an accuracy w ould enable param etric analysis o f 

product therm al perform ance to be undertaken w ith grea ter confidence. Such 

im provem en ts could also con tribute to the genera tion o f  m ore accurate tem perature 

boundary conditions for use in  Physics-of-Failure based reliability  predic tion m ethods.

• D espite its sim pler calculation strategy, the Spalart-A llm aras m odel perform ance was 

found to be com parable to  that o f  the SST k-co m odel in  th is study.

8 .1 .3  C o m p o n e n t  T r a n s ie n t  H e a t  T r a n s fe r

• Conjugate transient heat transfer from  a single board-m ounted electronic com ponent 

was found to be accurately predicted. This suggests that CFD analysis could p lay an 

im portant role in providing critical therm al boundary conditions for com ponent 

electrical perform ance and therm o-m echanical behaviour analyses, w hich at present are 

obtained using non-conjugate methods.

• CFD analysis could also aid in  the design o f  com ponent reliability screens and 

convective solder reflow  tem perature profiles. C om ponent therm al behaviour in such 

environm ents can be difficult, i f  not im possible to experim entally characterise 

accurately.

8 .1 .4  N u m e r ic a l  M o d e l l in g

• The robustness o f  the com ponent and board m odelling m ethodologies em ployed, w hich 

are based on nom inal com ponent dim ensions and m aterial therm o-physical properties, 

w as dem onstrated for both steady-state and transient heat transfer. The level o f 

predictive accuracy obtained for single com ponent applications (±3°C or 5%) was 

m aintained for individually pow ered com ponents on the non-insulated Stage 3 PCB in 

free convection, dem onstrating that the m odelling m ethodologies transferred to m ulti- 

com ponent board applications.

• The predictive perform ance o f  resistor netw ork-based com ponent com pact therm al 

m odels (CTM s) im plem ented in a CFD environm ent w as found to decay by 7% to 20%  

relative to the corresponding detailed com ponent m odels. Errors in the prediction o f 

com ponent-board therm al interaction were highlighted and the coupling o f  the CTM  to
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the board w as show n to im pac t on predictive accuracy. The results suggest tha t 

im proved accuracy could be ob tained by m odelling com ponen t hea t transfer using four 

CTM s, each represen tative o f  a quarter geom etry de tailed m odel. H ow ever, the level o f 

predictive accuracy achievable w ith detailed m odelling  should bring balanced 

expectations from  com ponen t com pact therm al m odelling.

• The value o f  CFD analysis in providing insigh ts in to com plex m ulti-m ode, three- 

dim ensional hea t transfer in electronics system s was highligh ted. For exam ple, energy 

balance analyses o f  com ponen t heat transfer showed tha t hea t transfer to the PCB w hat 

is the dom inan t com ponen t hea t transfer pa th at on  order 70% , m ainly by lead 

conduction. This results in com ponen t junction  tem pera tu re being highly sensitive to 

board construction. CFD  codes can therefore be used as diagnostic tools to evaluate 

therm al design op tions for low ering com ponen t opera ting tem perature.

• The com putational expenses associated w ith the use o f  unstructured m eshing 

considerably constrains the analysis o f  com ponen t/PC B  hea t transfer. The use o f  a 

structured C artesian m esh allow ed the grid volum e to be increased by a  fac tor o f  three, 

in this instance up to 6 m illion cells. N evertheless, grid  refinem en t analyses suggested 

tha t even finer grids m ay be requ ired to m ore accurately resolve the flow  fields over the 

boards, w hich w ould be incom patible w ith typical com putational resources. This 

highligh ts considerable difficulties to undertake m eaningful system  level analysis in a 

design environm ent.

• Significant m an-pow er and solution tim e resources are required for the therm al analysis 

o f electronics, to build  the CFD m odels, define the grid  and obtain  both w ell-converged 

and grid-independent solutions. This is at odds w ith  the current requirem ent for 

efficient analysis.

8 .2  R e c o m m e n d a t io n s

• The benchm arks presented in  this Thesis could be used in  subsequent studies to assess 

the perform ance o f  other turbulence m odels or com putational techniques for the 

prediction o f  electronic com ponent heat transfer. The benchm arks could also serve to 

evaluate other com ponent and board num erical m odelling m ethodologies.

• Based on the findings o f  this research, a m ore robust therm al design m ethodology 

should also aim  at im proved predictive accuracy. W hile design productivity 

enhancem ents, th rough  im proved CFD code pre- and postprocessing, respond to the 

electronics industry’s current demand, the success o f  virtual prototyping m ethods in the 

long-term , w ill depend upon their accuracy. Such a  change in philosophy w ould be
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requ ired to enable critical product design decisions or reliability  predic tions to be made 

w ith confidence. The elec tronics industry should therefore allow  vendors o f  CFD codes 

dedicated to the therm al analysis o f  electronic equ ipm en t to re-deploy som e o f  their 

resources, often focused on developing pre- and pos t processing capabilities, to im prove 

predictive accuracy through im proved num erics and flu id  flow  m odelling.

• The adop tion o f  eddy-viscosity turbulence m odels m ore su ited to the analysis o f  low- 

R eynolds num ber, w all-bounded flows in dedica ted CFD  codes should be considered so 

as to enable m ore accurate predic tion o f  electronic com ponen t operational tem perature 

relative to a  s tandard high-Reynolds num ber k-e flow  m odel. B ased on the results 

presen ted in this study, the SST k-co and Spalart-A llm aras m odels represen t po ten tially 

good candida te m odels. The im plem en tation o f  such m odels in  CFD codes having a  

structured C artesian grid system  w ould reduce com putational expenses rela tive to those 

incurred in  this study w ith an  unstructured grid system.

• U n til im proved flow  m odelling is incorpora ted in to dedica ted CFD  codes, the use o f  

flow  visualisa tion on m ock-up pro to types should be considered as a valuable design tool 

early in the design phase, in  term s o f  iden tifying aerodynam ically sensitive regions, 

w here predic tions should be view ed w ith caution, and helping w ith the selec tion o f  a 

num erical flow  m odelling strategy.

• U sing either a  structured grid system  or increased com putational pow er, future w ork 

could assess the perform ance o f the SST k-co and Spalart-A llm aras m odels for the 

insulated S tage 3 PCB configurations, w hich represen t the m os t challenging test cases in 

this study. This w ould  no t only perm it their capability  to m odel transition to be further 

evaluated, but also their full po ten tial for im proved accuracy to be determ ined relative to 

the standard k-s flow  model.

• W hile experim en tal flow  visualisa tion helped isolate sources o f  predic tion error in 

com ponen t junction  tem perature in this study, in  subsequen t benchm ark studies the use 

o f  quantitative flow  field and heat transfer m easurem en ts com bined w ould enable the 

im pact o f  flow  field  predic tion error on hea t transfer predic tion  to be m ore accurately 

assessed.

• Future benchmark studies on component heat transfer should consider fan-cooling 

conditions for a range o f  fan operating points representing different swirling flow conditions.

• Benchm arks should also be undertaken for radiation heat transfer, w hich is an im portant 

heat transfer m echanism  in natural convection. The test cases should include m ultiple 

sinks and sources o f  radiation over a range o f  tem peratures.
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• The predic tion  o f  com ponen t transien t heat transfer should be s tud ied for m ulti- 

com ponen t board applications so as to assess the im pac t o f  bo th aerodynam ic and 

therm al in teraction predic tion errors on  the PC B  assem bly’s therm al tim e constant. 

There is a  need for accurate benchm ark da ta to fu rther assess the po ten tial o f  CFD to aid 

in the design o f  convective solder reflow  profiles.

• To fully iden tify sources o f  CTM  predictive errors, fac tors such as inclusion o f  a Side 

node in  the resistor ne tw ork topology, and the coupling o f  the C TM  to the board should 

be further exam ined. The im pac t o f  m odelling com ponen t therm al w akes using CTM s 

on dow nstream  com ponen t therm al in teraction should also be evaluated.

• W ith ever-rising hea t fluxes, com ponen t m in ia turisa tion and em erging technologies, 

such as M icro-Elec tro-M echanical System s (M EM s), the m odelling o f  m icro- (1-1000 

|xm) and nano- (sub-m icron) scale hea t transfer w ill becom e an increasingly im portant 

area o f  developm en t for bo th the design o f  m icroelectronics, and the in tegra tion o f 

m icro cooling system s at chip level. This w ill requ ire new  physical m odels and 

com putational techniques.
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A p p e n d ix  A : T h e r m a l  T est C o m p o n e n ts

In this appendix, vendor supplied package ex ternal geom etry details for the PQFP 160, 

S 0 8  and PQ FP 208 are given, on  the basis o f  w hich the com ponen t num erical m odels were 

constructed. C orresponding com ponen t in ternal architecture w as docum en ted in Chap ter 3. 

The therm al tes t d ies layouts and their operating charac teristics are also given in this 

appendix. A dd itional Scanning A coustic M icroscopy (SA M ) im ages are presen ted for the 

PQFP 160 test com ponen t, supporting the structural analyses undertaken in C hap ter 3.

A .1  E x te r n a l C o m p o n e n t  G e o m e tr y

The P Q F P  160, S 0 8  and P Q F P  208 package ex ternal geom etry de tails are given in 

Figures A .l to A.3 respectively. Their geom etry are in  accordance w ith the appropriate 

JEDEC standard [185] for each package type.

D ETA IL  C

l l l i t t i l ü l  B Ï illT a W iïîr ilÏ Ï Ï Ï Î a îH f i

Variab le D im en s ion

(mm )

To le rance

(mm )

A 4 .1 0  M ax . R e fe re n c e

A l 0 .3 7 5 ± 0 .1 2 5

A 2 3 .4 0 ±0 .2 0

b 0.31 -0 .0 8 , + 0 .0 6

C l 0 .1 5 ± 0 .0 4

D 3 1 .2 0 R e fe re n c e

D1 2 8 .0 R e fe re n c e

D 2 2 5 .3 5 R e fe re n c e

E 3 1 .2 0 R e fe re n c e

E l 2 8 .0 R e fe re n ce

E 2 2 5 .3 5 R e fe re n ce

e 0 .6 5 R efe re n ce

L 0 .8 8 ±0 .1 5

L I 0 .25 R e fe re n c e

F ig u r e  A . l  160-lead PQ FP (Am kor) package body geom etry details.
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J ____ x_
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Variable D im ension

(mm)

Tolerance

(mm)

A 1 .7 5  M a x . R e fe r e n c e

a l 0 .2 -0.1

a2 1 .4 5 -0 .2

b 0 .3 5 -0 .1 5

b l 0 .2 - 0 .0 1 ,+ 0 .0 5

c l 4 5 ° R e fe r e n c e

D 5 .0 -0 .2

E 6 .0 ± 0 .2

e 1 .2 7 R e fe r e n c e

e3 3 .8 1 R e fe r e n c e

F 4 .0 -0 .2

L 0 .4 + 0 .8

M 0 .6  M a x . R e fe r e n c e

S 8 °  M a x . R e fe r e n c e

Figu re  A.2 S 0 8  (Infineon) package body geom etry details.
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V ariable D im e n s io n

(mm )

Tole ran ce

(mm )

A 3 .7 5 ± 0 .3 0

A1 0 .3 5 ± 0 .1 0

A 2 3 .4 0 ± 0 ,2 0

B 0 .2 2 ± 0 .0 6

c 0 .1 5 2 ±  0 .0 3 5

D 3 0 .6 0 ± 0 .2 0

D 1 2 8 .0 0 ± 0 ,1 0

D 3 2 5 .5 0 R e fe re n ce

e 0 .5 0 R e fe re n ce

E 3 0 .6 0 +  0 20

E l 2 8 .0 0 ± 0  10

E 3 2 5 .5 0 R e fe re n ce

L 0 .5 0 R e fe re n ce

L I 1.30 ± 0 .1 2 5

M 0.95 R e fe re n ce

M l 3 .8 0 R e fe re n ce

S I 13 .00 R e fe re n ce

S2 13 .00 R e fe re n ce

K 3° 0 1 <1 o

F ig u r e  A.3 PQ FP 208 (ST m icroelectronics) package body geom etry details.

A.2 T h e r m a l  T es t D ie

Each com ponen t con tained an em bedded therm al tes t die w ith functionality tha t 

conform ed to SEM I standard G32-94 [193]. The respective therm al tes t die layouts are 

shown in F igu re A.4.

Com ponen t pow er dissipa tion w as provided by a  diffused resistor for all tes t dies, w ith 

centrally located tem perature sensitive diodes used for junction  tem peratu re m easurem en t. 

The vendor specified linear coefficien ts for the PQ FP 160, S 0 8  and PQ FP 208 sensing 

diodes were 10.0, 1.83 and 2.05 m Y  per °C rise in  tem peratu re respectively, a t a 

recom m ended excitation curren t o f  300, 100 and 100 |aA respectively. The tem perature 

sensitive diodes on each tes t die w ere calibrated to an accuracy o f  ±0.4°C, ±0.5°C and 

±0.2°C for the PQ FP 160, S 0 8  and PQ FP 208 com ponen ts respectively.

2 3 6



N ote: T est die d im en s ions =  7 .5  m m  square. N o m ina l thickness =  6 1 0  to  6 6 0  (xm.

( a )  P Q F P  1 6 0 :  D e lp h i  P S T 5 -0 1  te s t  p a ttern  [2 8 4 ]

N ote: T est d ie d im ensions =  0 .63 m m  square. N om inal th ickness =  38 0 [im . R  =  R esistor pad, A  =  A n o de pad 
o f  the diode, C  =  cathode pad o f  the diode.

(b )  S 0 8 :  I n f in e o n  G 4 5 3 A  te s t  pattern  [ 1 6 8 ]

N o te :  T e s t  d ie  d im e n s io n s  =  9 .2  m m  sq u a re . N om inal thickness =  6 2 0  pm .

(c )  P Q F P  2 0 8 :  S T  M ic r o e le c tr o n ic s  P 6 5 5  te s t  p attern  [1 9 5 ]  

F ig u re  A .4 Therm al tes t d ie layouts.
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A.3 Scanning A coustic M icroscopy

In addition to the Scanning A coustic M icroscopy (SAM ) analysis presen ted in Section

3.3.4 for package designs I and III, Sam ples G  and C  respec tively, additional scans w ere 

perform ed for package design I, Sam ples, (A,G,H), using an  U ltrasonic Sciences L im ited 

(USL) m achine, equ ipped w ith a 25 M H z focused probe.

The SAM  im ages shown in  Figure A. 5 provide supporting evidence o f  delam ination a t 

the die-paddle interface. A lthough im age resolution is n o t as good as in  Figure 3.25(b,i), 

due to lim ited equ ipm en t resolution, the red  coloured regions over the die region, and 

charac teristic pa tterns a t the die com ers, clearly indica te delam ina tion over the en tire 

surface area o f  the die. The pa tterns a t the die com ers o f  sam ple G , Figure A. 5(b) m atch 

those ob ta ined for this sam ple in Figure 3.25(b,i).

(a )  S a m p le  A (b ) S a m p le  G (c )  S a m p le  H

Paddle

N o te :  R e d  c o lo u r e d  r e g io n s  in d ic a te  d e la m in a tio n .

F ig u re  A .5 Scanning  A coustic M icroscopy (SAM ) analysis o f  the die-paddle in terface for 

the 160-lead PQFP com ponen t, package design I.
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A p p e n d ix  B : U n c e r ta in ty  A n a ly s is

Estim a ted uncertain ties in the m easured variables used to assess num erical predictive 

accuracy, nam ely com ponen t junction  tem perature and com ponen t/board surface 

tem perature, as well as variables form ing num erical boundary  conditions, nam ely 

com ponen t pow er dissipa tion and free-stream  air velocity, w ere given in  Chap ter 3 for the 

respective tes t configurations. These estim ates w ere based on  an N th  order, single-sam ple 

uncertain ty analysis [204-208], details o f  w hich are given in  this appendix.

The N th  order uncertain ty represen ts the overall uncerta in ty  in the m easurem en t, 

accounting for bo th process instab ility  as view ed  through the instrum en tation, and the fixed 

and random  errors in  the instrum en tation. The single-sam ple uncertain ty  in  a  m easured 

quantity R, calculated from  a set o f  individual m easu rem en ts or param eters, is given by 

com bining the individual sensitivity tim es the uncertain ty in terval for each con tributing 

param eter by a  roo t-sum -square method:

5R =
<=i Kd x i y

5 x s2 (B .l)

where the da ta  reduction equation for R  is given by R  = f  (x i,x 2,...,xn), Xi are the individual 

m easurem en ts or param eters, 8xi is the uncertain ty in  Xj, 5R/3xj is the sensitivity coefficien t 

for R  w ith respec t to the m easurem en t o f  X j .  The odds are 20/1 tha t the value o f  R  is w ithin 

±8R  o f  the recorded value, w hereby the m easurem en ts are assum ed to have a “norm al” 

distribution cen tred around the recorded value, w ith a standard devia tion o f  8R/2.

D etails o f  the analysis used to estim ate m easurem en t uncerta in ty  in  com ponen t junction  

tem perature are given in the follow ing section.

B . l  U n c e r t a in t y  in  M e a s u r e d  C o m p o n e n t  J u n c t io n  T e m p e r a t u r e

Com ponen t junction  tem perature m easurem en t was deduced from  the individual 

m easurem en ts o f  the therm al tes t die diode tem pera ture rise above am bien t conditions and 

o f  the reference (am bien t air) tem perature, as:

Tj =  T ref +  ATj (B.2)

where Tj is the com ponen t junction  tem perature, T ref is the m easu red reference tem perature, 

and ATj is the m easured diode tem perature rise above reference conditions, given by 

Equation (3.2).

A pplying the uncertain ty  analysis form ulated in  Equation (B .l) , the uncertain ty in 

m easured com ponen t junction  tem perature, derived from  the da ta  reduction equation for
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this variable, Equation (B.2), is expressed as:

5T, = ((V „ - V j 8 K J + 2 K 28V[! + 5 T ^ f 2 (B.3)

where 8K, 8Vf, and 8Tref are the uncertain ties in the m easu red linear coefficien t for forward 

voltage change w ith tem peratu re (K  factor), diode forw ard voltage, and reference 

tem perature respectively. W hereas the latter two uncertain ties w ere directly deduced from  

instrum en t calibration, the experim en tal uncertain ty in the K  factor was derived from  

Equation (3.2) as:

8K =

f  V /2
2K

8T , 2 + , „ SV,.2
v ( V „ - V j ! ( v „ - v n ) ! '

(B.4)

The m easured K  factors, given in Table B .l ,  are based on a  80°C diode tem perature rise 

above reference conditions for each tes t com ponen t. For all test configurations, the 

uncertain ty in  the K  fac tor is solely rela ted to the uncertain ty  in the reference tem perature, 

as uncertain ty in  the voltage m easurem en t is negligible due to h igh  instrum en t precision.

T a b le  B . l  M easured param e ters and estim ated uncertain ties.

Parameter and  
unit

Nominal value Uncertainty

V f (V) A ll tes t configu ra tions — ± 1 0 '5

I (A) A ll tes t configu ra tions — ± 1 0 's

Tref (°C ) P Q FP 160, popu la ted  PCB 1 3 - 2 0 ±0.3

P Q F P  160, SEM I PC B 1 0 - 2 0 ±0.5

S 0 8 , P Q F P  208 20 ±0 .2

K  (°C /V ) P Q FP 160, popu la ted  PCB -100 ± 0 .6  (0 .6% )

P Q F P  160, SE M I PC B -100 ± 0 .9  (0 .9% )

S 0 8 -546 .4 ± 4 .8  (0 .9% )

P Q F P  208 -489.5 ±1 .7  (0 .4% )

N o te :  T h e  u n c e r ta in ty  in  m e a su r e d  K  fa c to r  is  g iv e n  a s b o th  a n  a b s o lu te  v a lu e , a n d  n o r m a lise d  v a lu e  (% ) in  

p a r e n th e sis  ( ) .  T h e  n o r m a lis e d  u n c e r ta in ty  in  K  fa c to r  is  th e  ra tio  o f  th e  a b s o lu te  u n c e rta in ty  in  K  fa cto r  to  

th e  m ea su re d  K  fa c to r  v a lu e .

The estim ated uncerta in ties in m easured com ponen t ju n c tio n  tem perature given in 

Chap ter 3, w ere derived from  Equation (B.3) using the uncertain ties given in Table B .l for 

the m easured K  factor, diode forw ard voltage, and reference tem perature.
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A p p e n d ix  C : F lu id  F lo w  M o d e l l in g

In  this appendix the tim e-averaged governing equations solved by Com putational F lu id  

D ynam ics (CFD) analysis for the predic tion o f  flu id  flow  and hea t transfer are given. In 

addition, the m a them atical form ulations o f  the eddy viscosity  tu rbulence m odels evaluated 

in this study are presen ted.

C . l  T im e -A v e r a g e d  C o n s e r v a t io n  E q u a t io n s

The tim e-averaged con tinu ity , m om en tum  and energy equations for incom pressible 

flow, w hereby the Reynolds stresses and fluxes are m odelled  by  the B oussinesq hypo thesis, 

are [15]:

Continuity:

^  + ̂ (pui) + ̂ (puj) + ̂ ~ (puk) = 0 (C1)Dt OX, OX  j  OXk

X -m om en tum  (y and z  m om en tum  similar):

d 8  d d  . d . d u .
—  (pUi ) + —  (Pu iu i ) +  —  (p u ju i ) + —  (p u ku ; ) -  — - ^  )
ut, ÔXfc ÔXj  ÔXj  ÔX i

S =  (C .2)a  v r  e ll «  /  y~\ v r  err
ax ■ aXj 5 x k a x k ck;

where the effective viscosity , (ierr, is the sum o f  the m olecular v iscosity  and an apparen t 

viscosity due to tu rbulen t m ixing:

(C.3)

Energy:

(C.4)
GXj GXj GXk GXk Ot

where the effective conductivity , keff, is the sum o f  the m olecular conductivity and an 

apparen t conductivity  due to tu rbulen t m ixing:

k eff = k  + k t (C.5)
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The tu rbulen t conductivity, kt, and the turbulen t viscosity , (j,t, are rela ted by the turbulen t 

Prand tl num ber:

^ C P
= Prt =  0.9 (C.6)

k

The tu rbulen t viscosity , |_it, is com puted using an eddy v iscosity  turbulence model.

C .2  E d d y  V is c o s i t y  T u r b u le n c e  M o d e ls

In this study, bo th eddy viscosity  turbulence m odels typically  em ployed in  CFD codes 

dedicated to the therm al analysis o f  electronic equ ipm en t, and alternative tu rbulen t flow  

m odelling stra tegies, available in general-purpose CFD  codes, are evaluated for the 

predic tion o f  elec tronic com ponen t heat transfer. In F lo therm  [69], a  dedica ted CFD code, 

a zero-equation m ixing leng th m odel, LVEL [233], and tw o-equation high-R eynolds 

num ber k-e m odel [234] are assessed. The po ten tial for im proved predictive accuracy is 

evaluated using a  one-equation Spalart-A llm aras m odel [241], tw o-layer zonal m odel [247] 

and tw o-equation Shear S tress Transport (SST) k-co m odel [246], all o f  w hich im plem en ted 

in Fluen t [70], a  general-purpose CFD code. The charac teristics o f  these turbulence 

m odels were presen ted in  Sections 4.2 and 4.3. Their m a them a tical form ulations, given in 

the respective CFD code user m anuals [69,70], are sum m arised in  this Section to provide 

an insigh t in to calculation strategies.

C .2 .1  L V E L  M o d e l

The zero-equation m ixing-leng th LVEL m odel [233] autom a tically calculates a leng th 

scale for each flu id  cell by solving a Laplacian type differen tial equation to determ ine the 

distance o f  the cell from  all apparen t walls. This leng th scale, toge ther w ith the locally 

com puted velocity  is used to com pute a turbulen t viscosity.

L eng th  sca le . The distance from  the wall is deduced from  the solution o f  the following 

differen tial equation:

distance be tw een w alls, D, is deducible from  the local value and local gradien t o f  ®:

VO = - l (C.7)

w ith the boundary condition 0  = 0 w ithin the flu id  dom ain. The distance to the wall or

(C.8)

N ea r-w a ll trea tm ent. The dim ensionless distance from  the w all, y+, and the

242



dim ensionless velocity  parallel to the wall, u+, are rela ted  through the follow ing wall 

function form ulation [238]:

y =  u  +- ! “  — 1 — K U + M ‘ l

6 2 4
(C.9)

where the V on K arm an’s constant, k , and the wall roughness param eter, E, are taken as 

0.417 and 8.6 respectively.

The dim ensionless effective viscosity, v+, defined as the ra tio o f  the effective viscosity 

to the lam inar viscosity , is com puted as:

v + =1 +
K

e KU - 1 - K u 4
M 2 k ) 3l

2 6
(C.10)

C .2 .2  S t a n d a r d  H ig h - R e y n o ld s  N u m b e r  k -8  M o d e l

The standard tw o-equation k-s m odel [234,235] com putes the eddy viscosity by solving 

additional differen tial equations for tu rbulen t k ine tic energy, k, and for the rate o f 

dissipation o f  tu rbulence energy, e:

| ( p k ) + ^ - ( p u , k ) = ^ - ( r l  A ) + 0 k  + g „ - p s - s k ( c . i i )
Ot  O X  i O X  j C X j

and

| w ^ (m e ) = A ( r * ) + (Gk + c tGl) q , ^ - q / + S i  (C -12 )
a  ^  dtj dcj k k

where Gk and Gb represen t the generation o f  turbulence k ine tic  energy due to the m ean 

velocity gradien ts and due to buoyancy respectively; Sk and SE are user-defined source 

terms; C iE, C2e and are constants; and  the effective diffusivities, Tk and Te, are given by:

r k = n + ^ -  ( c .  13)

and

r ,  = i j + —  (C.14)

where a k and a E are the tu rbulen t Prand tl num bers for k  and s respectively.

The eddy viscosity, (at, is com puted by com bining k  and 8 as:
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'M - c  V  (C .15)
&

The production o f  tu rbulence kine tic energy is m odelled  as:

5U|

° k = " P u i 'u i ' ^  (C -16)

where Gk is expressed as G k = jo.tS 2, S being the m odulus o f  the m ean ra te-of-strain  tensor, 

defined as S =  .

The generation o f  tu rbulence due to buoyancy is given by:

-  j i t 3T

(C17 )

where Prt is the tu rbulen t P rand tl num ber for energy and gi is the com ponen t o f  the 

gravitational vec tor in the ith direction. The default value o f  P rt is 0.9 and 0.85 in F lo therm  

and Fluen t respectively. The coefficien t o f  therm al expansion, |3, is defined as:

For ideal gases, E quation  (C.17) reduces to:

° b  = - s , - 7 r i r  <C 1 9 )p P rt o x  j

It can be seen from  the transport equation for k, E quation (C .l 1), that turbulence kinetic 

energy tends to be augm ented (Gb > 0) in unstable stratification. For stable stratification, 

buoyancy tends to suppress the turbulence (Gb <  0).

By default in  both  F lotherm  and Fluent, the buoyancy effects on  s are neglected sim ply 

by setting Gb to zero in  the transport equation for s, E quation (C .l2). H ow ever, i f  the 

buoyancy effects on e are included, the value o f  Gb given by E quation (C.17) is used in the 

transport equation for e. The degree to w hich s is affected by the buoyancy is determ ined 

by the constant C3e. In  Flotherm , C3E is specified as 1.0. In  Fluent, C3E is calculated 

according to the follow ing relation:

„  p k 2

C3e =  tanh (C.20)

where v is the com ponent o f  the flow  velocity parallel to the gravitational vector and u  is
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the com ponen t o f  the flow  velocity perpendicular to the  gravitational vector. C3e will 

becom e un ity for buoyan t shear layers for w hich the m ain  flow  d irec tion is aligned w ith the 

direc tion o f  gravity. For buoyan t shear layers tha t are perpendicular to the gravitational 

vector, C3e w ill becom e zero.

The m odel constants defined in Flo therm  and F luen t are given in Table C .l .

T able C .l  M odel constants for the high-R eynolds num ber k-s m odel im plem en ted in 

Flo therm  [69] and Fluen t [70]._______ ___________ _______________________ ___________

Ci. c 2f c 3e c tl Ok o£

Flo therm 1.44 1.92 = 1.0 0.09 1.0 1.217

Fluen t 1.44 1.92 tanh v/u 0.09 1.0 1.3

N ear-w all treatm ent. In  this study the k-s m odel w as em ployed in  conjunction w ith wall 

functions in Flo therm , and a  tw o-layer zonal m odel in  Fluen t. N ear-w all trea tm en t for the 

tw o-layer zonal m odel is given in Section C.2.4.

Two wall functions form ulations are available for use in  conjunction w ith the k-e m odel 

in Flotherm, referred to as standard and revised [69]. B o th are based on the form ulation o f  

Launder and Spalding [235]. The perform ance o f  the standard m odel is lim ited i f  the near 

wall fluid grid cell is w ithin  the viscous sub-layer, as w all skin friction and heat transfer 

can be considerably overestim ated as shown in this study. To rem edy this issue, the revised 

form ulation incorporates proprietary corrections blending together turbulent viscosity in 

the near-wall region and the bulk flow. This form ulation was em ployed for all 

com putations perform ed using the k-s m odel im plem ented in  Flotherm  in  this study, as 

outlined in  Chapter 4. The wall function form ulation is given as follows, w ith the 

exception o f  the proprietary corrections m ade to turbulent viscosity.

To evaluate the surface friction and the surface heat transfer coefficient, the universal 

logarithmic variation o f  velocity and tem perature profiles in  turbulent flow  near a solid 

surface is used. The non-dim ensional distance from  the w all y+ is defined as:

v

The friction velocity, uT, is equal to (xw / p)1/2 , where xw is the shear stress evaluated at 

the wall.

For y + >  11.5 (turbulent):

u + = —  = - l n ( E y +) (C.22a)
u T K

where the Von K arm an’s constant, k , and the w all roughness parameter, E, are taken as 

0.435 and 9 respectively in  Flotherm.
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For y+ < 11.5 (lam inar):

u + =  —— = y + (C .22b)

From  the calculated value o f  u  at a distance y from  the surface, shear stress is calculated 

and applied as a  source (negative) o f  m om en tum  at the near-w all cell. The S tanton num ber 

St is used in  the application o f  the heat transfer boundary conditions where:

St = ------ ------------  (X.23)
Pu C p( T - T w)

w ith q ” being the w all hea t flux and Cp the specific hea t capacity o f  the fluid. The w all 

hea t transfer coefficien t is deduced as:

h  = St p u  Cp (C.24)

For lam inar flow  (y+ < 11 .5 ):

St =  — —  (C.25a)
R e-Pr

For tu rbulen t flow  (y+ >  11.5) via generalised form  o f  Taylor-Prand tl analogy (heat flux 

is proportional to m om en tum  flux):

St = -------- —  (C.25b)
0.9(1+ s 1/2P j)

where s = t w / (p  u  ), 0.9 is the turbulen t Prand tl num ber, and Pj is Jaya tilleke’s sub-layer 

resistance function.

From  calculated values o f  u, Pj, To (hence s), qw is deduced and applied to the near-w all 

cells.

D om ain  in le t b o undary  conditions. In F lo therm , the kine tic turbulen t energy and 

dissipation ra te o f  tu rbulen t k ine tic energy prescribed at in le t are calculated based on the 

following gu idelines. The kinetic turbulen t energy is calculated as:

k = 1 0 '3 (u inI ) 2 (C.26)

where Ujn is the average inlet velocity and I is the tu rbulence in tensity at inlet.

The dissipation rate  o f  turbulent kinetic energy is estim ated as:

s = (C ,3/4k 3/2) / l in (C.27)

where li„ is a turbulent length scale arbitrarily calculated as:

li = 0.1 A in1/2 (C.28)

where Ajn is the nom inal in let area.
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As the above estim ates represen t crude approxim a tions [15], solution sensitivity to the 

values o f k  and s at in let boundaries needs to be assessed.

The specification o f  turbulent boundary conditions at dom ain  inlet boundaries for the 

high-Reynolds num ber k-s m odel im plem ented in  F luent is outlined in Section C.2.4.

C .2 .3  S p a la r t -A I lm a r a s  M o d e l

The Spalart-AIlm aras m odel [241] is a  one-equation m odel that solves a m odelled 

transport equation for a  quantity that is a  m odified form  o f  the turbulent eddy viscosity. 

The transported variable, u, is identical to the turbulent kinem atic viscosity  except in the 

viscosity-affected near-w all region. The transport equation for n is:

d ,  -s  ô  _ 1
— ( P  V )  + — ( P w u i )  =  G v +  —at 8 x i ctb,

8 8  v
— {(H + P *0— } + C b2p
oxj dXj

( 8 ^
2

Ô X  :
V  1

-  Y + S .
v v

(C.29)

where Gv is the production o f  turbulent viscosity  and Yv is the destruction o f  turbulent 

viscosity that occurs in the near-w all region due to w all blocking and viscous dam ping; v is 

the m olecular kinem atic viscosity; S^ is a user-defined source term ; and and Cb2 are 

constants having the follow ing values: at, =  2/3, Cb2 = 0.622.

The turbulent viscosity, fit, is com puted from:

Ht =  P  »  f vl

with the viscous dam ping function, fvi, given by:

(C.30)

f  = __ ±___
vl a, 3 r*3X + C  vt

( C . 3 1 )

w here % = (n / v) and Cvi = 7.1.

The production term , Gv, is m odelled as:

G v = C bl p S „i/

where

(C.32)

S = S + - ^ - y f „ 2 
k  d

and

fv 2 = l -
1 +  3C f vi

( C . 3 3 )

( C . 3 4 )
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Cbi and k  are constants equalling 0.1355 and 0.4187 respectively, d is the distance from  

the wall, and S is a  scalar m easure o f  the deform a tion tensor. B y default in  Fluen t, as in the 

original m odel proposed by Spalart and A llm aras, S is based on the m agnitude o f  the 

vorticity:

s = V 2 n »n i (C.35)

where Qy is the m ean ra te-of-ro tation tensor and is defined by:

n ü. = -  
11 2

dUj dtij

S x  Ô X:
v  j

(C.36)

The jus tifica tion  for the default expression for S is that, for the w all-bounded flow s that 

were o f  m ost in terest w hen the m odel was form ulated, tu rbulence is found only where 

vorticity is generated near walls. How ever, it has since been  acknow ledged tha t the effect 

o f mean strain on the turbulence production should also be taken  in to account, and a 

m odifica tion to the m odel has been proposed [285] and incorpora ted in to Fluent. This 

m odifica tion com bines m easures o f  bo th ro tation and strain tensors in  the definition o f  S:

s = n „ + C prodm in(0,|S ij| - | Q ij|) (X.37)

where Cprod =  2.0, Q y = ^ 2 Q ~ p ^ , and Sfj = ^ 2 S ^  

w ith the m ean strain rate, Sy, defined as:

dUj 3u: 
1 +■ '

dx, dx-.
(X.38)

j y

Includ ing bo th the ro tation and strain tensors reduces the production  o f  eddy viscosity 

and consequen tly reduces the eddy viscosity itse lf in  regions w here the m easure o f  vorticity 

exceeds tha t o f  strain rate.

The tu rbulen t destruction term  is m odelled as:

Yv = C w l p f ,  

where 

f w = g

(C.39)

1 + C
1/ 6

w3

gb + c
(C.40)
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g = r  + C w2( r 6 - r ) (C.41)

r =!
v

SK2d 2

w ith constants CW2 =  0.3, CW3 =  2.0, and

(C.42)

C wl =
K

(C.43)

and S  is given by E quation (C.33). N o te tha t the m odifica tion  described above to include 

the effects o f  m ean strain on S w ill also affect the value o f  S  used  to com pute r.

The m odel constants are given in  Table C.2.

Table C .2 M odel constants for the Spalart-A llm aras m odel im plem en ted in Fluen t [70].

C o n sta n t Value

Chi 0.1355

Cb2 0.622

04 2/3

C „ 7.1

Cwl c bl . (1 +  C b 2 )
2 ' 

k  a v

C W2 0.3

C W3 2.0

K 0.4187

W all boundary  cond ition s. A t w alls, the m odified tu rbulen t k inem a tic viscosity, u, is 

set to zero. W hen the m esh is fine enough to resolve the lam inar sublayer, the wall shear 

stress is ob ta ined from  the lam inar stress-strain rela tionship g iven in E quation (C.21). I f  

the m esh is too coarse to resolve the lam inar sub-layer, it is assum ed tha t the centroid o f  

the wall adjacen t cell falls w ithin the logarithm ic region o f  the boundary  layer, and the law- 

of-the-wall defined in  Equation (C.22a) is em ployed, w ith the V on K arm an constant, k , and 

the wall roughness param eter, E, taken as 0.4187 and 9.793 respec tively. The form er 

calculation strategy w as em ployed for this study, w hereby no w all functions were relied 

upon.

D om ain  in le t b o undary  conditions. B ased on the user-specified tu rbulen t viscosity ratio 

a t inlet boundaries, the boundary value for the m odified tu rbulen t viscosity , u, is com puted 

by com bining (Vp. w ith the appropriate values o f  density and m olecular viscosity. As such 

an estim ate represen ts a  crude approxim ation, solution sensitivity  to the prescribed 

turbulen t viscosity  ra tio  at inle t needs to be assessed.
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The tw o-layer zonal m odel [247] is an alternative to the w all function approach for 

m odelling the near-w all region w hen using a  k-e m odel, such as standard high-R eynolds 

num ber k-s [235] or R N G  k-e [250,251]. In  the tw o-layer zonal m odel, the viscosity- 

affected near-w all region is resolved all the w ay to the viscous sublayer. The flu id  dom ain 

is subd ivided in to a viscosity-affec ted region and a fully-tu rbulen t region. The dem arcation 

o f  the two regions is de term ined by a  w all-distance-based, tu rbulen t Reynolds num ber, Re^, 

defined as:

R e , = ^  (C .44)
£

where y  is the norm al distance from  the w all a t the cell cen tres, in terpre ted as the distance 

to the nearest wall:

y = m in  11 r  - r  w 11 (C.45)
f we r w

where r  is the position  vector at the field poin t, r w is the position  vector on the w all 

boundary, and r w is the un ion o f  all w all boundaries involved.

In the fully tu rbulen t region (Re_y >  200), a  k-s m odel is em ployed. In the viscosity- 

affected near-w all region (Re^ < 200), the one-equation m odel o f  W olfsh tein [249] is 

applied. This m odel solves the same transport equation for m om en tum  and the turbulen t 

k inem atic energy as for the standard high-R eynolds k-s m odel (Sec tion C.2.2), but the 

turbulen t viscosity, (iL2-iaycr, is com puted from:

H t_2-layer = p C (1lflV k (C.46)

where the leng th scale, 1̂ , is com puted from:

1̂  = y C 1( l - e -Re,/A'1) (C.47)

where is a  constant equalling 70 [247]. The tw o-layer form ulation for turbulen t 

viscosity described above is sm oo thly blended w ith the high-R eynolds-num ber (it definition 

from  the outer region, as proposed by Jongen [286]:

M't — outer _ region 0  )M 't_2-layer (C.48)

where |it o u te r reg io n  is the high-R eynolds num ber definition described in  Sec tion C.2.2 for the

C .2 .4  T w o -L a y e r  Z o n a l  M o d e l
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k-s m odel, and Xe is a blending function defined in such a w ay tha t it is equal to unity far 

from  w alls and is zero very near to w alls. The blending function is:

K = ~  
E 2

f

1 + tanh
R ey- 2 0 0

(C.49)

where the constant A  determ ines the w id th o f  the blending function. By defining a w id th 

such tha t the value o f  X,E w ill be w ithin 1% o f  its far-field value given a  varia tion o f  A t h e  

result is:

IA R e I
A  =  —!------ (C.50)

tanh(0.98) v '

Typically, ARe,, w ould be assigned a value tha t is be tw een 5%  and 20%  o f  the Re,, value 

o f  200. The m ain purpose o f  the blending function is to p reven t solution convergence from  

being im peded w hen the k -s solution in  the outer layer does no t m atch w ith the tw o-layer 

formulation.

The s field is com puted from:

k 3/ 2

e = —  (C.51)
6

where the leng th scale 1E is com puted from  C hen and Patel [247] as:

l s = y C , ( l - e ' Rt' /A‘ ) (C.52)

where Q  = k  C |f 3/4 and A E =  2 Q . I f  the w hole flow  dom ain is inside the viscosity-affected 

region (Re^ <  200), s is no t ob tained by solving the transport equation, but instead ob tained 

algebraically from  Equation (C.51).

A  procedure sim ilar to tha t em ployed for is used to ensure a  sm oo th transition 

be tw een the algebraically-specified value o f  s in the inner region and the value o f  s 

ob tained from  solution o f  the transport equation in the outer equation.

Wall boundary  cond ition s. W hen the m esh is fine enough to resolve the lam inar 

sublayer, the w all shear stress is ob tained from  the lam inar s tress-strain  relationship given 

in Equation (C.21). This calculation strategy was em ployed for this study, w hereby no wall 

functions w ere relied  upon.

D om ain  in le t boundary  cond ition s. The kinetic tu rbulen t energy is calculated from the 

user-prescribed turbulence in tensity as:
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k = 3/2 (u in I ) 2 (C.53)

where Ujn is the average inle t velocity  and I is the tu rbulence in tensity  at inlet.

The value o f  s is ob ta ined from  the user-specified tu rbulen t viscosity  ratio, jit/^ , and k 

using the follow ing relationship:

As the above estim ates represen t crude approxim ations [15], solution sensitivity to the 

prescribed values o f  k  and 8 at in let needs to be assessed.

C .2 .5  S h e a r  S tr e s s  T r a n s p o r t  (S S T )  k-co M o d e l

The SST k-co m odel [246] blends a standard k-co m odel [245] in the inner region o f  the 

boundary layer, and a high-R eynolds num ber k-e m odel [235] in the outer part. To achieve 

this, the k-s m odel is converted into a k-co m odel form ulation. The standard k-co m odel is 

based on m odelled transport equations for the turbulence k inetic energy (k) and the specific 

dissipation rate (co), w hich represents the frequency o f  the vorticity  fluctuations. The k-co 

m odel is essentially a direct translation o f  the low -R eynolds num ber k-s m odel, w ith the 

addition o f  transition specific closure coefficients [66]. In  the SST k-co m odel, the 

definition o f  the turbulent viscosity  is m odified to account fo r the transport effects o f  the 

principal turbulent shear stress. It also incorporates a  dam ped cross-diffusion term  in the co

The turbulence k inetic energy, k, and the specific dissipation rate, co, are obtained from 

the follow ing transport equations:

where Gk represents the generation o f  turbulence kinetic energy due to m ean velocity 

gradients; G m represents the generation o f  co; I \  and r m represent the effective diffusivities 

o f  k and ro respectively; Yk and Y œ represent the dissipation o f  k  and co due to turbulence; 

D m represents the cross-diffusion term ; and Sk and Sffl are user-defined source terms.

The effective diffusivities are given by:

equation.

(C.55)

and

(C.56)
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rk = n+

r*  = n +
m

(C.57)

(C.58)

where Ok and ctu are the turbulen t Prandtl num bers for k and co respectively. The turbulen t 

viscosity is com puted as:

pk 1

CO 1 q f 2
m a x X )

a

(C.59)

where 

Q  =

Î

CT., =

F| / CTk.l + (1 _ F l ) / a k>2

______ 1__________

F./Oa,.. + ( 1- Fl ) / a <o.2

(C.60)

(C.61)

(C.62)

where Qy is the mean ra te-of-ro tation tensor, and the coefficien t a*  dam ps the turbulen t 

viscosity causing a low -Reynolds num ber correction:

a*  = a .

(  * 
a 0 + R e , / R li

1 + R e . / R k
\  /

(C.63)

w here Rk =  6, ao* =  Pi / 3, pi =  0.072 and 

pk
R e t =

J.IC0

The blending functions, Fi and F2, are given by:

(C.64)

Fj =  ta n h (0 , )

<D, = m in

/

m ax
V k 500|j,

0.09coy py to

4pk
+ .,2

y

(C.65)

(C.66)
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D „+ = m ax 2p
i  i  ak  a® 1 0 _2O

G aa  CD d x i ÔXj
(C .67)

F2 =  tanh(® 2 ) (C.68)

0 2 =  max
Vk 500(.i

0 .09 coy  ’ p y 2o>
(C.69)

where y is the distance to the next surface and Dw+ is the positive portion o f  the cross- 

diffusion term (Equation C.80).

The production o f  turbulence kinetic energy is defined as:

d u ,
O . - p u . ' u ^ (C.70)

where G k is expressed as G k = (.i,S2, S being the m odulus o f  the m ean ra te-of-strain tensor, 

defined in the same way as for the standard k-e m odel, S = ^2S ~S ~ .

The production o f  co is given by:

G . ^ G k (C.71)

where Gk is g iven by Equation (C .70) and the coefficient a«j is g iven  by:

= F j  + ( l - F1) a oc2 (C.72)

w h e r e

Pi.. K

* r
P* CTw,,VPo

(C.73)

a «,2 =
P u K

P- CTw.2a/p «*

(C.74)

w h e r e  k  = 0.41, P y  =  0.075 a n d  P ^  =  0.0828.

The dissipation o f  turbulence kinetic energy is g iven by:

Y k =  p p k  co (C.75)
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where

P* =  pi* [1 +  F(M t)] (C.76)

w ith Ç* = 1.5, Rp = 8 and pœ* =  0.09, and

(C.77)

where Ret is given by E quation (C.64). 

The dissipa tion o f  co is given by:

Y . - p P i  co2 (C.78)

where

p i = F 1 p u + a - F I) p w (C.79)

w ith Pi,i = 0.075, pj;2 = 0.0828 and Fi is ob ta ined from  E quation  (C.65).

To blend the s tandard k-co and SST k-co m odels together, the standard k-e m odel has 

been transform ed into equations based on k and co, w hich leads to the in troduction o f  a 

cross-diffusion term , Dm, in  E quation (C.56). Do, is defined as:

The m odel constants are given in Table C.3.

T able C .3 M odel constants for the SST k-co m odel im plem en ted in  F luen t [70],

Constant CTlil °k.2 <V 1 CT,„ : n - Om* cu an R„ Rk Ron Min

Value 1.176 1.0 2.0 1.168 0.31 0.075 0.0828 1.0 0.52 1/9 0.09 8 6 2.95 1.5 0.25

Wall boundary  cond ition s. W hen the m esh is fine enough to resolve the lam inar 

sublayer, the w all shear stress is obtained from the lam inar stress-strain relationship given 

in Equation (C.21). This calculation strategy was em ployed for this study, w hereby no wall 

functions w ere relied upon.

D om ain  in le t b o undary  conditions. The kinetic turbulent energy is calculated from  the 

user-prescribed turbulence intensity using Equation (C.53). The value o f  co is obtained 

from the prescribed turbulent viscosity ratio, |Vfi, and k  using the follow ing relationship:
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G) =  p —
k l V

(C.81)

As the above estim a tes represen t crude approxim a tions, solution sensitivity to the 

prescribed values o f  k  and e at in let needs to be assessed.
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